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ABSTRACT

Ribosome biogenesis is an energy consuming process that occurs mainly in the nucleolus.
This membrane-less organelle is located in the nucleus, and its structural organization is
dependent on active ribosome biogenesis. The process itself includes the transcription and
maturation of ribosomal RNAs, their assembly with ribosomal proteins, their export to
the cytoplasm and ribosomal subunit assembly. The synthesis of ribosomes requires a
huge energy investment of the cells; therefore it is tightly synchronized with nutrient
availability, cell growth, cell cycle and stress signals reaching the cells. Impaired
ribosome biogenesis triggers the activation of the tumor suppressor p53, that promotes
cell cycle arrest, apoptosis or senescence. Collectively, this cellular response is termed as
ribosome biogenesis stress. Perturbation of ribosome biosynthesis is also a hallmark of
multiple diseases, characterized mainly by the altered structure of the nucleolus.
According to a recently emerged concept, the nucleolus and factors of ribosome
biogenesis are also involved in the coordination of multiple signaling pathways, such as
DNA damage response.

In this work, we identified a nucleolar protein, HEATR1 as an important player of
ribosome biogenesis. In the absence of this protein, ribosome biogenesis stress is
activated, characterized by the elevated level of p53, cell cycle arrest and structural
changes of the nucleolus. Furthermore, HEATR1 seems to be involved in the early steps
of ribosome biogenesis, since it possesses similar localization signal to Pol | and its
ablation completely abolishes rRNA transcription. Besides its function in ribosome
biosynthesis, HEATR1 may be required for DNA damage signaling as well, evidenced
by DNA damage-dependent phosphorylation of this protein. Overall, our work presents
HEATRL, a novel player in ribosome biogenesis and DNA damage response.

Keywords: Ribosome biogenesis, nucleolus, HEATRL1, p53, cancer, DNA damage

response
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1. INTRODUCTION

Ribosomes are large protein-RNA complexes, composed of a small subunit (40S
or SSU) and a large subunit (60S or LSU) (Klinge et al. 2012; Wilson and Doudna Cate
2012; Yusupova and Yusupov 2014). Ribosomes are present in the cytoplasm and
engaged in protein translation, however their biosynthesis is mainly tied to a sub-nuclear
organelle, called nucleolus. The main steps of ribosome biogenesis occurring in the
nucleolus include ribosomal RNA (rRNA) synthesis, processing and assembly with
ribosomal proteins (RPs). During their maturation, the ribosomal subunits are moving
towards the nucleus followed by transport to the cytoplasm where late steps of processing
and assembly take place (Fig. 1) (Henras et al. 2008; Henras et al. 2015). The fully
assembled 80S ribosomes contain four rRNAs and 80 RPs (Yusupova and Yusupov
2014).
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Figure 1. Ribosome biogenesis. Ribosome biogenesis is initiated in the nucleolus by the rRNA
synthesis, followed by rRNA processing and subunit assembly. The premature ribosomal subunits
are moving through the nucleus and transported into the cytoplasm. In the cytoplasm, the 40S and
60S subunits unite to formulate the 80S ribosome during translation. Under normal conditions 5S
RNP is incorporated into the 60S ribosomal subunit and p53 is sequestered and ubiquitilated by
Mdmz2, followed by proteasomal degradation of p53. The newly synthesized ribosomal proteins
are transported into the nucleolus in order to be incorporated into the ribosome. Exp: exportin;
Imp: importin; RP: ribosomal protein; RPS: ribosomal protein of the small subunit; RPL:
ribosomal protein of the large subunit.
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1.1. The nucleolus

1.1.1. rRNA encoding genes

The nucleolus is a specialized membrane-less organelle, organized around
nucleolar organizer regions (NORs) found on the short arms of acrocentric chromosomes,
I.e. chromosome 13, 14, 15, 21 and 22 (Fig. 2). NORs are highly repetitive regions of the
genome, containing clusters of rRNA encoding genes (McStay 2016). The individual
ribosomal DNA (rDNA) genes are separated by intergenic spacers (IGS) (Fig. 3), which
contain the rDNA promoter and enhancer elements that regulate rDNA transcription;
replication origins; replication fork barriers, which inhibit collision of replication and
transcription machineries; and spacer promoters that are involved in the transcription of
other non-coding RNAs (Goodfellow and Zomerdijk 2013; Akamatsu and Kobayashi

2015). Because of the repetitive nature of this genomic region, rDNA is exposed to
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Figure 2. Human acrocentric chromosomes. Short arms of the chromosomes containing the NORs
are marked with red circles. (Adopted from McStay et al., 2016.)
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Figure 3. Organization of the human rDNA array. rDNA genes are separated by intergenic
spacers (IGS). 5’ETS — 5° external transcribed spacer; ITS1 — internal transcribed spacer; ITS2 —
internal transcribed spacer; 3’ETS — 3° external transribed spacer. (Adopted from McStay, 2016.)

the amount of rDNA repeats can vary between individuals of the same species and even
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between cells of the same individual (McStay 2016). Moreover, it was also shown that
the instability of this genomic region contributes to decreased lifespan and altered rDNA
clusters are often seen in solid cancers (Qu et al. 1999; Powell et al. 2002; Chan et al.
2005; Stults et al. 2009; Kobayashi 2014).

In mammalian cells, only half of the rDNA genes are involved in active
transcription at any given time. Transcriptionally active rDNA genes are associated with
promoter CpG hypomethylation and euchromatic histone modifications such as
acetylation of histone 4 (H4ac) and trimethylation of histone 3 lysine 4 (H3K4me3). In
contrast, silent rDNA genes exhibit promoter hypermethylation and heterochromatic
histone marks, such as di- or trimethylation of histone 3 lysine 9 (H3K9me2/3),
trimethylation of histone 4 lysine 20 (H4K20me3) and trimethylation of histone 3 lysine
27 (H3K27me3) (Guetg and Santoro 2012; Grummt and Langst 2013). Under normal
conditions, silent rDNA genes are maintained in a transcriptionally repressed state which
contributes to genome stability, as these regions counteract unequal recombination events
and govern the formation of nuclear heterochromatic regions as well (Guetg and Santoro
2012; Grummt and Langst 2013). Therefore, rRNA synthesis is mainly regulated via

alterations in the transcription rate of already active rDNA genes (Orsolic et al. 2016).

1.1.2. The structure of the nucleolus

The nucleolus is assembled in the early G1 phase of the cell cycle and
disassembled during the beginning of mitosis. In interphase, silent rDNA genes are
located in extra-nucleolar regions surrounding the nucleolus, while actively transcribed
rDNA genes are dispersed within this organelle, encompassed by the primary rRNA
transcript and other protein and RNA factors involved in ribosome biogenesis (Sirri et al.
2008; Guetg and Santoro 2012). Consequently, the amount of global nucleolar DNA is
very low, therefore nucleoli are DAPI excluded structures, seen as dark areas when
stained with this fluorescent dye (Fig. 4) (Sirri et al. 2008). In mammalian cells the
structure of the nucleolus can be further divided into three main components, observed

by electron microscopy (Fig. 5).



Figure 4. Nucleoli are DAPI excluded structures. Nuclei of U20S cells were visualized by
DAPI staining. Dark areas represent nucleoli. Prominent nucleoli are marked with white arrows.

Fibrillar centers (FC) are clear areas, containing the rDNA and the components of
the rRNA transcription machinery which are not engaged in transcription at the moment.
FCs are surrounded by the highly contrasted dense fibrillar component (DFC). The
transcription of rRNA occurs at the interface between FC and DFC, and the primary
rRNA transcript accumulates in the DFC. Early processing factors are also localized to
the DFC to promote rRNA maturation. The FC-DFC compartments are embedded into
the granular component (GC) of the nucleolus. The GC contains late rRNA processing
factors, and RPs are localized here as well (Fig. 5) (Sirri et al. 2008; Hernandez-Verdun
et al. 2010). Tripartite organization of the nucleolus is the characteristic of higher
eukaryotes and is dependent on active ribosome biogenesis. Repression of ribosome
biosynthesis by low doses of actinomycin D (ActD), which is known to specifically, leads
to the reorganization of the nucleolar structure. Under these circumstances, the
components of FC and DFC migrate to the periphery of the nucleolus to form so-called
‘nucleolar caps’ in a juxtaposed position, while GC proteins remain in the central body

(Shav-Tal et al. 2005). Furthermore, similar nucleolar segregation can be observed, when
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rRNA processing is inhibited (Sirri et al. 2008), which further supports the notion that

nucleolar organization is directly related to the activity of ribosome biogenesis.

Figure 5. Tripartite structure of the nucleolus of HelLa cells visualized by electron
microscopy. The three nucleolar components are: fibrillar center (asteriks); dense fibrillar
component (white arrow); granular component (GC). (Adopted from Hernandez-Verdun et al.,
2010.)

1.2. Ribosome Biogenesis

1.2.1. rRNA synthesis
The first step of ribosome biogenesis, rRNA synthesis is carried out by the RNA

polymerase | (Pol I) (Fig. 1). Pol I is assembled with the upstream binding factor (UBF),
the selectivity factor (SL1 or TIF1-B) and the transcription initiation factor 1A (TIF1-A
in mice and hRRN3 in human) to form the pre-initiation complex (PIC) at the rDNA
promoters. Mechanistically, PIC assembly is initiated by UBF homodimer formation;
thus it gains an ability to bind distinct sequences in the promoter region. One subunit of
the homodimer is associated with the core promoter region, whereas the other is bound to
the upstream core element (UCE), thereby UBF creates a DNA stem-loop structure,

which promotes the enhancement of transcription. SL1 is recruited to this structure to
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interact with both UBF and the rDNA promoter. Meanwhile Pol | associated with hRRN3
is also recruited to the promoter via multiple interactions to form the PIC. The successful
formation of the PIC enables promoter opening and transcription initiation. After the first
couple of ribonucleotides are formed, Pol | is released from the complex to proceed to the
transcription elongation phase. Promoter escape leads to the dissociation of hRRN3 from
the promoter region as well, whereas UBF and SL1 remain to be bound and able to initiate
another cycle of PIC formation. Surprisingly, UBF is associated with the whole length of
the rDNA gene, suggesting a role for this protein in transcription elongation as well.
Finally, transcription termination is facilitated by several factors, such as the transcription
termination factor 1 (TTF-1) and the Pol | and transcript-release factor 1 (PTRF1).
Dissociation of Pol | from the rDNA transcript unit can be immediately followed by the
recycling of the Pol I complex and the initiation of the next cycle of transcription (Fig. 6)
(Russell and Zomerdijk 2005; Albert et al. 2012).
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Figure 6. The transcription cycle of the Pol I machinery. See text for detailed description.
(Adopted from Russell and Zomerdijk, 2005.)

rDNA transcription by Pol | machinery results in the synthesis of a single,

polycistronic primary transcript, called 47S pre-rRNA. The 47S pre-rRNA contains

rRNA components of the SSU: 18S and the LSU: 5.8S and 28S. These individual rRNAs

are separated from each other by internal transcribed spacers (ITS1 and 1TS2), and the

whole transcript is flanked by external transcribed spacers at the 5'- and 3'-end (5-ETS

and 3'-ETS, respectively) (Fig. 1; Fig. 3 and Fig. 7) (Henras et al. 2015). The mature
12



rRNAs arise after subsequent processing steps, which occur either co- or post-
transcriptionally (see below).

Ribosome biogenesis is mainly regulated by alteration of the rRNA synthesis.
Multiple pathways involved in cell growth, proliferation or stress signaling converge on
the activation or repression of the Pol I transcription machinery. Mitogenic signals, the
presence of growth factors and nutrient availability activate mitogen-activated protein
kinase/extracellular-signal regulated kinase (MAPK/ERK) and phosphatidylinositol 3-
kinase/protein kinase B alpha/mammalian target of rapamycin (PI3K/AKT/mTOR)
signaling cascades which upregulate rRNA synthesis (Grummt 2010; Hannan et al. 2011).
For instance, ERK is capable of phosphorylating both hRRN3 and UBF, increasing
transcription initiation and elongation rate, respectively (Zhao et al. 2003; Stefanovsky et
al. 2006; Stefanovsky and Moss 2008). The PIBK/AKT/mTOR pathway also affects Pol
| transcription machinery at multiple levels. Through the activation of ribosomal protein
S6 kinase (S6K) this pathway also upregulates the phosphorylation of UBF and hRRN3,
promoting PIC assembly (Hannan et al. 2003; Mayer et al. 2004). MAPK/ERK and
PISBK/AKT/mTOR signaling are interconnected, and both can activate the transcription
factor c-Myc (Mendoza et al. 2011). It has been suggested that c-Myc is the master
regulator of ribosome biogenesis since it can increase rRNA synthesis, through multiple
mechanisms. For instance, it enhances the transcription of Pol I machinery components
(Poortinga et al. 2004; Grewal et al. 2005; Poortinga et al. 2011) interacts with SL1 to
promote UBF-SL1 complex formation and it also binds to the rDNA to facilitate PIC
formation (Arabi et al. 2005; Grandori et al. 2005; Shiue et al. 2009; van Riggelen et al.
2010). Opposing these signaling cascades, specific tumor suppressors act to decrease the
rate of rRNA synthesis. The most common example is the tumor suppressor protein p53,
which can downregulate ribosome biogenesis directly by forming a complex with SL1,
preventing its association with UBF (Zhai and Comai 2000) or indirectly by the activation
of the retinoblastoma protein (pRB). pRB binds to UBF and inhibits its function to recruit
SL1 to the rDNA promoter (Cavanaugh et al. 1995; Hannan et al. 2000). Moreover, the
negative regulator of PIBK/AKT/mTOR pathway, PTEN tumor suppressor protein is
involved in quenching rRNA synthesis directly by inducing the dissociation of the
subunits of SL1 (Zhang et al. 2005a). Besides these central regulators, a multitude of other
factors contributes to the control and alteration of the rRNA synthesis rate via
posttranslational modifications (PTMs) or by altering the expression level or the

accessibility of Pol I transcription machinery proteins (Grummt 2010).

13



It has been suggested that the rate of rRNA synthesis, thus ribosome biogenesis is
mainly regulated by altering the activity of Pol | transcription machinery at
transcriptionally active genes (Grummt and Langst 2013). However, several studies
implicated that it can be modulated by changing the ratio between eu- and
heterochromatic rDNA as well. Although the presence of stable, silent rDNA genes is
indispensable for genome stability, certain shift between eu- and heterochromatic state
(which correlates with rRNA synthesis rate) is observed under physiological conditions,
such as cellular differentiation and changes in energy status of the cell (Murayama et al.
2008; Poortinga et al. 2011). The maintenance of the heterochromatic rDNA is
established by the nucleolar remodeling complex (NoRC) that promotes transcription
repression by recruiting factors involved in DNA methylation and histone modification
(Grummt 2010).

rRNA synthesis by Pol I occurs in the nucleolus and leads to the emergence of 3
rRNAs: SSU 18S rRNA and LSU 5.8S and 28S rRNAs (Henras et al. 2015). The third
LSU component, 5S rRNA is an exception, in a manner that 5S rRNA genes are located
outside of the NORs, on chromosome 1 (Fig. 7), where similarly to 47S rRNA genes, they
are also organized into tandem repeated units (Serensen and Frederiksen 1991). These
genes are transcribed by RNA Polymerase 111 (Pol I11) in the nucleus (Fig. 1). Besides 5S
rRNA, Pol Il is also involved in the production of other small, non-coding RNAs, such
as all transfer RNAs (tRNAs), U6 spliceosomal RNA and signal recognition particle 7SL
RNA (Paule and White 2000). Transcription initiation at the promoter region of the 5S
rRNA gene is facilitated by several transcription factors: transcription factor I11A, 111B
and HIIC (TFIIA, TFIIB and TFIHIC). Initiation is followed by promoter opening and
escape, elongation and termination of transcription. In contrast to Pol I, Pol 111 is able to
recognize terminator sequences and does not require other factors (such as TTF-1 in the
case of Pol 1) to terminate transcription. Moreover, after releasing the nascent primary
transcript, Pol 111 might remain bound to the template, which facilitates rapid re-initiation
of the transcription cycle (Paule and White 2000).

Regulation of the 5S rRNA transcription is governed by the same pathways
involved in the control of Pol | transcription machinery. For instance, MAPK/ERK
signaling and c-Myc both activate TFIIIB (Felton-Edkins et al. 2003; Gomez-Roman et
al. 2006), while mTOR also stimulates TFI1IB (Woiwode et al. 2008), as well as TFIIIC
to upregulate Pol I11-mediated 5S rRNA transcription (Kantidakis et al. 2010). In contrast,
p53 and pRB counteract Pol Il activity by directly targeting TFIIIB (Scott et al. 2001;
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Crighton et al. 2003). Thus, regardless of the differences between the synthesis of 47S
and 5S rRNAs, rRNA transcription is controlled by these mitogenic and tumor
suppressive signaling pathways via the up- or downregulation of all rRNA transcription,

respectively.

1.2.2. rRNA processing

Maturation of the 47S pre-rRNA is a complex and highly hierarchic process,
which includes endo- and exonucleolytic cleavages and posttranscriptional modifications
of the transcript. rRNA processing is initiated co-transcriptionally, as some processing
factors are recruited to the 5' end of nascent rRNA already during transcription. These
earliest factors are involved in the processing of the 18S rRNA, thus this complex is often
referred to as SSU processome. Later on, the SSU and LSU processing pathways are
separated by a cleavage introduced in the ITS1 region (Fig. 7). For a detailed description
of 47S pre-rRNA processing steps see Figure 7 and reviews in the topic (Mullineux and
Lafontaine 2012; Henras et al. 2015).

Posttranscriptional modifications of the rRNA include pseudouridylation and 2'-
O-methylation. These chemical reactions are carried out by box H/ACA and box C/D
small nucleolar ribonucleoprotein (snoRNP) complexes, respectively. Both of these
complexes are named after the unique motif present in the RNA component. The
components of box H/ACA snoRNP are the pseudouridine synthase dyskerin, auxiliary
proteins Nhp2, Nop10, Garl and the box H/ACA snoRNA. Box C/D snoRNP consists of
the methyltransferase fibrillarin (FBL), accessory proteins Nop56, Nop58, 15.5 K/NHPX
and the box C/D snoRNA. In both snoRNP complexes, the RNA component is
responsible for site-specificity, as it hybridizes to the rRNA which allows the accessibility
of the complex as well as the chemical modification to occur at defined sites of the rRNA.
Furthermore, by binding and changing its conformation, both box H/ACA and box C/D
snoRNP complexes are involved in directing endo- and exonucleolytic cleavage of the
rRNAs (Watkins and Bohnsack 2012).
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Figure 7. rRNA processing steps in mammalian cells. A very early cleavage of the 47 S pre-
rRNA inthe 5° — ETS (A° site) and in the 3° — ETS (02 site) result in the emergence of 45 SrRNA.
Subsequently, 45 S rRNA is cleaved either in 5° — ETS (red) or in ITS1 (green). If the first
cleavage of the 45 S rRNA occurs in the 5° — ETS (AO site), the resulting 41 S rRNA can be
processed either at E or at 2 cleavage sites of the ITS1. By the cleavage at site 2 of ITS1, 21 S
rRNA of the SSU pathway and the LSU 32 S rRNA are separated. Resection of the 3’end of 21 S
rRNA leads to the formation of 21 S-C intermediate, which is cleaved at E site to produce 18 S-
E pre-rRNA. Finally, 18 S rRNA is formed by exonucleolytic processing of 3’end by NOBI in
the cytoplasm. Alternatively, 41 S pre-rRNA can be cleaved at site E (purple), which leads to the
immediate formation of 18 S-E rRNA and a 36 S LSU precursor, which is converted into 32 S
rRNA by ITS1 resection. However, if the first cleavage of 45 S rRNA occurs in the ITS1 at site
2, the SSU pathway is initiated by the formation of the 30 S precursor, which is cleaved at AQ site
in 5° — ETS subsequently, leading to the formation of 21 S rRNA and the following steps occur
as described before. In all cases, cleavage of ITS1 leads to the formation of the 32 S LSU
precursor. ITS2 is processed by an endonucleolytic cleavage at site 4, followed by exonucleolytic
resections leading to the emergence of mature 28 S rRNA in the nucleus and mature 5.8 S rRNA
in the cytoplasm. (Adopted from Henras et al., 2015.)

To ensure ongoing ribosome biogenesis, other proteins or protein complexes, such
as RNA helicases, kinases, ATPases and GTPases are involved in altering the
conformation of the rRNA, removal of processing factors from the rRNA and facilitating
assembly of RPs (Henras et al. 2008; Henras et al. 2015). It is worth to highlight the

importance of two multifunctional proteins: nucleophosmin (NPM) and nucleolin (NCL),
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both of which have a crucial role at multiple stages of ribosome biogenesis (Tajrishi et al.
2011; Durut and Saez-Vasquez 2015; Box et al. 2016). Both these proteins possess
histone chaperone activity to facilitate remodeling and dissociation of histones around the
rDNA genes, thus promoting rRNA synthesis (Swaminathan et al. 2005; Angelov et al.
2006; Murano et al. 2008). Furthermore, NCL was also found to be associated with the
rDNA genes at promoter and coding regions, thereby aiding Pol | mediated transcription
elongation (Cong et al. 2012). Both NPM and NCL have a role in rRNA processing as
well, however while NPM is involved in LSU maturation via assisting ITS2 cleavage of
the pre-rRNA, NCL is required for 5-ETS processing, thus for SSU maturation (Ginisty
et al. 1998; Savkur and Olson 1998; Ginisty et al. 2000; Itahana et al. 2003). Moreover,
NPM regulates the nuclear export of RPL5 and pre-ribosomal subunits, whereas NCL
coordinates diverse steps of pre-ribosomal assembly (Bouvet et al. 1998; Roger et al.
2003; Yu et al. 2006; Maggi et al. 2008). In addition, NPM, as well as NCL, have extra-
ribosomal functions (e.g. regulation of cell cycle and genome maintenance) which
provides a possible regulatory connection between ribosome biogenesis and other cellular
processes (Box et al. 2016; Scott and Oeffinger 2016; Jia et al. 2017).

The maturation of the 5S rRNA mainly occurs in the nucleus, however, this
complex process —especially in mammalian cells — is poorly understood. After its
transcription, the precursor of 5S rRNA is associated with the La protein. La protein is
involved in chaperoning and stabilizing Pol Il transcripts, including 5S rRNA (Wolin
and Cedervall 2002). Furthermore, several exonucleases have been shown to be involved
in the processing of the 3'end of 5S rRNA in Saccharomyces cerevisiae (Ciganda and
Williams 2011). Human homologs of these yeast exonucleases exist, however, are not
characterized to date. Furthermore, pseudouridylation of 5S rRNA has been demonstrated
to require Pus7 pseudouridine synthase independently of box H/ACA snoRNPs in yeast
(Decatur and Schnare 2008). Importantly, 5S rRNA forms a complex with several RPs
which is required for its subsequent transport into the nucleolus and incorporation into

the pre-60S subunit (Fig. 1; see below).

1.2.3. Import and assembly of RPs
Mature ribosomes are composed of the 18S rRNA and 33 SSU RPs (RPSs), which
form the 40S and the 5S, 5.8S, 28S rRNAs and 47 LSU RPs (RPLs), which form the 60S

subunit (Yusupova and Yusupov 2014). RP genes are located at both sex chromosomes
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and all autosomal chromosomes, except for chromosome 7 and 21 (Fig. 8) (Uechi et al.

2001). The genes encoding RPs are transcribed by the RNA Polymerase 1l (Pol Il) in the
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Figure 8. Human ribosomal protein encoding genes are located on all chromosomes, with
the exceptions of chromosome 7 and 21. The localization of 47 srRNA and 5 S rRNA encoding
genes are represented here as well. (Adopted from Uechi et al., 2001.)

nucleus, and RP mRNAs are translated in the cytoplasm. However, most of these RPs
accumulate in the nucleolus immediately after their synthesis to be incorporated into the
ribosomal subunits, otherwise free RPs are rapidly degraded by the proteasome (Warner
et al. 1985; Lam et al. 2007). In order to be imported into the nucleolus, the RPs must
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pass the nuclear membrane through the nuclear pore complex (NPC). RPs cannot directly
diffuse through the NPC; their transport is an energy-dependent process, facilitated by
several nuclear receptor proteins of the B-karyopherin family, called importins (Fig. 1)
(Rout et al. 1997; Jakel and Gorlich 1998; Jikel et al. 2002). For instance, importin-f,
transportin, RanBP5 and RanBP7 have been suggested to be involved in the import of
RPL23A, RPS7 and RPL5 (Jékel and Gorlich 1998), importin-11 has been shown to
participate in RPL12 import (Plafker and Macara 2002), while importin-7 seems to be
required for the nuclear import of RPL4, RPL6 and RPL23A (Jikel et al. 2002). However,
the detailed mechanism of nuclear import of many RPs still remains to be elucidated.

The incorporation of RPs into the ribosome and rRNA processing occur
simultaneously. RPs are assembled with the rRNAs during their maturation in a highly
hierarchic order, and it has been reported that these proteins contribute to the rRNA
processing as well, possibly by chaperoning rRNAs. Assembly of the RPs can occur early
or late in ribosome biogenesis, which determines their position in the mature ribosome.
Some of the RPs that are located on the outer surface of the ribosome, associate with the
pre-ribosome only in the cytoplasm (Henras et al. 2015).

In contrast to other RPs, LSU components RPL5 and RPL11 have been reported
to have different incorporation mechanism. RPL5 and RPL11 associate with the 5S rRNA
to form the 5S RNP complex in the nucleus (Fig. 1) (Zhang et al. 2007; Sloan et al. 2013).
Incorporation of the 5S RNP into the pre-ribosome is facilitated by two assembly factors,
called Bxdcl and Rrsl in yeast (Zhang et al. 2007; Donati et al. 2013; Sloan et al. 2013).
Furthermore, the formation of the ternary complex of 5S RNP might provide mutual
protection of its components from proteasomal degradation, and indeed, 5S RNP has been
reported to be stably present in ribosome-free fraction and to be involved in another

process (see chapter 1.3.).

1.2.4. Export of pre-40S and pre-60S subunits and final assembly of the ribosome

At later steps of ribosome biogenesis, the premature SSU and LSU are transported
into the cytoplasm. The energy-dependent nuclear export is promoted mainly by another
B-karyopherin family member protein, exportin-1 (Fig. 1) (Thomas and Kutay 2003),
followed by the association of last RPs and the dissociation of processing factors (Henras
et al. 2008). Final assembly of the 80 S ribosome occurs only during the initiation of

protein synthesis by the release of eukaryotic translation initiation factor 6 (elF6) from
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LSU mediated by the elongation factor like-1 (EFL1) GTPase enzyme (Jackson et al.
2010; Weis et al. 2015).

1.3. Ribosome biogenesis stress

Ribosome biogenesis is a complex process and requires the coordinated action of
numerous factors in the cell, including all three RNA Pols, for the synthesis of rRNAs
and RP mRNAs; more than 200 auxiliary factors, for rRNA maturation and subunit
assembly; protein translation apparatus, for the synthesis of RPs; and ATP-dependent
nuclear transport of RPs and ribosomal subunits (Golomb et al. 2014). Thus, ribosome
biosynthesis means a vast energy investment for the cell, and it has been suggested that
ca. 80% of'the cell’s energy is consumed in this process (James et al. 2014). Furthermore,
the rate of ribosome biogenesis directly determines the rate of translation, which
ultimately drives cellular growth and proliferation (Grummt 2003; Ruggero and Pandolfi
2003; Moss 2004; Rudra and Warner 2004). Accordingly, ribosome biogenesis must be
tightly regulated by numerous pathways and strictly dependent on the nutrient
availability, cell cycle and stress level of the cell. Vice versa, ribosome biosynthesis also

affects numerous cellular pathways (Fig. 9) (Grummt 2003; Boulon et al. 2010; Grummt
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Figure 9. The in- and outputs of ribosome biogenesis. Examples of cellular pathways that
affect the rate of ribosome biogenesis. On the other hand, ribosome biogenesis is also involved
in the regulation of numerous pathways. (Adopted from Quin et al., 2014.)

2010; Quin et al. 2014; Sanchez et al. 2016). This complex relationship of ribosome
biogenesis and other cellular processes can be best investigated when the production of
ribosomes is perturbed. Impairment of ribosome biogenesis can be achieved by the
deficiency or overexpression and overstimulation of ribosome biogenesis factors, by the

perturbation of nutrient signaling pathways or by cellular stressors (Boulon et al. 2010;
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Grummt 2010; Quin et al. 2014). Collectively, the dysregulation of ribosome biogenesis
is often referred to as ribosome biogenesis stress, ribosomal stress or nucleolar stress
(Bursac et al. 2014; Golomb et al. 2014; James et al. 2014; Quin et al. 2014). Specifically,
gross alteration of ribosome biogenesis can result in severe consequences, such as cell
cycle arrest, apoptosis or senescence. In majority of these cases activation of the p53
protein is responsible for the onset of such stress responses. Ribosome biogenesis stress
is also one of the main characteristics of a diverse group of human diseases, such as
ribosomopathies, cancer and neurodegenerative diseases (Narla and Ebert 2010; Hetman
and Pietrzak 2012; Armistead and Triggs-Raine 2014; Parlato and Liss 2014; Orsolic et
al. 2016).

1.3.1. The 5S RNP/Mdm2/p53 pathway

p53 is often referred to as ‘the guardian of the genome’ and is considered to be the

main tumor suppressor protein in the cells (Lane 1992; Efeyan and Serrano 2007). p53 is
activated in response to numerous cellular stresses, and as a transcription factor it is able
to stimulate or repress the expression of its target genes; moreover it possesses
transcription-independent functions, as well (Vousden and Prives 2009; Zilfou and Lowe
2009; Brady and Attardi 2010). The fate of the stressed cells defined by p53 activation is
determined by the cell type, the genetic and environmental background and the nature of
the cellular stress. Lower levels of stress will activate p53-dependent temporary cell cycle
arrest, which allows the cells to repair the damage before proceeding to replication or
mitosis. On the contrary, persistent or severe stress activates p53-mediated programmed
cell death or apoptosis; or cellular senescence, the metabolically inactive state of the cells
(Murray-Zmijewski et al. 2008; Zilfou and Lowe 2009; Brady and Attardi 2010). Under
normal conditions the level of p53 is kept low, to ensure proper growth and division and
to avoid pathological activation of the processes mentioned above. This is assured by a
heterodimeric protein complex, called Mdm2-MdmX by binding to p53 (Fig. 1; Fig. 10)
(Haupt et al. 1997; Honda et al. 1998; Gu et al. 2002; Michael and Oren 2003). The active
enzyme of this complex is Mdm2, an E3 ubiquitin ligase that is responsible for attaching
mono- and polyubiquitin moieties to p53, thus triggering its nuclear export and
proteasomal degradation, respectively (Fig. 1) (Hock and Vousden 2014). MdmX is the
inactive paralogue of Mdm2, which renders the protein complex more stable, ensuring
the activity of Mdm2 towards its substrate, p53 (Gu et al. 2002). Furthermore, by binding
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to p53, the Mdm2-MdmX complex also inhibits p53’s transactivating activity, the ability
of p53 to induce the expression of its target genes (Toledo and Wahl 2006).

A Regulation of p53 by MDM2

N-terminus PPPPPPPPP C-terminus
MDM2 | | psaeD | Cental Acidic Region RING finger | |

@ Nb Protein folding to allow
interaction between E3 ligase and p53
MDM2 ubiquitinylates p53

p53 degraded by proteasome
p53 target genes remain silent

B Lack of p53 regulation by MDM2

Ribosomal

Arf\ Is proteins
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Figure 10. Schematic structure and regulation of Mdm2. A. Under normal conditions p53 is
bound to the p53 binding domain (p53 BD) of Mdm2. The protein folding of Mdm2 allows the
interaction between p53 and the E3 ubiquitin ligase activity possessing RING finger domain of
Mdm2. As a result p53 is ubiquitylated by Mdm2 and degraded by the proteasome. B. Under
diverse conditions ARF, NS and RPs bind to the central acidic domain of Mdm2 at distinct sites.
These interactions disrupt the protein folding of Mdmz2. Consequently, p53 is release from its
interaction with Mdm2 and it can be stabilized to fulfil its effector functions. (Adopted from
James et al., 2014.)

The stress-induced activation of p53 can occur through two diverse processes: via
PTMs of Mdm2 and/or p53 (e.g. DNA damage-dependent phosphorylation of p53) or
sequestration of Mdm2 by several factors. Both mechanisms result in the disruption of
the interaction between Mdm2 and p53, followed by the stabilization of p53, so it can
fulfil its effector functions to trigger stress responses (Caspari 2000; Sherr 2006; Zhang
and Lu 2009; Brady and Attardi 2010; Cheng and Chen 2010). However, in response to
cellular stress p53 is often stabilized through both PTMs and Mdm2 sequestration that
ensures the full transactivation potential of p53 (Murray-Zmijewski et al. 2008).
Stabilized p53 binds to DNA to transcriptionally activate p53-responsive genes. Some of
the main target genes involve p21 protein and 14-3-3 complex which are promoting cell
cycle arrest; Bax, Noxa and Puma which are factors that activate apoptosis and pai-1,

which is involved in cellular senescence (Murray-Zmijewski et al. 2008; Vousden and
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Prives 2009). p53 is also responsible for the transactivation of Mdm2, thus providing a
negative feedback loop to quench its own activity after the activating stress has been
overcome (Picksley and Lane 1993; Murray-Zmijewski et al. 2008). Additionally, p53
possesses transcription independent effector functions as well. For instance, upon stress
conditions, it can bind to some of the anti-apoptotic Bcl-2 family proteins to counteract
their function and promote apoptotic response (Moll et al. 2005; Zilfou and Lowe 2009).

Under ribosome biogenesis stress conditions, a subset of RPs bind to the central
acidic domain of Mdm2 (Fig. 10), thereby disrupting its interaction with p53 and the
stabilized tumor suppressor protein can trigger cell cycle arrest, apoptosis or senescence
subsequently, depending on the nature of the stress (Zhang and Lu 2009; Golomb et al.
2014). Multiple RPs (e.g. RPL23, RPL26, RPS3, RPS7, RPS14) have been described to
bind Mdm2 and also to promote p53 activation, when they are overexpressed in cells (Dai
and Lu 2004; Dai et al. 2004; Jin et al. 2004; Chen et al. 2007; Yadavilli et al. 2009; Zhu
et al. 2009; Zhang et al. 2010; Zhou et al. 2013). Although, given the fact, that RPs are
highly basic proteins that can easily interact with the acidic domain of Mdm2 non-
specifically when in excess amount, data with overexpressed RPs must be handled with
caution (Bursac et al. 2014). On the contrary, the interaction of two LSU components
RPL5 and RPL11 with Mdm2 has been suggested to promote p53-mediated stress
responses upon ribosome biogenesis stress exclusively. The central role of RPL5 and
RPL11 in this pathway is widely accepted and is supported by several observations. First,
the depletion of RPL5 and/or RPL11 leads to the impairment of ribosome biogenesis,
similarly to other RP deficiencies. However, unlike depletion of other RPs, ablation of
RPL5 and/or RPL11 cannot activate p53, suggesting that these RPs are central mediators
of p53 induction (Bursac et al. 2012; Fumagalli et al. 2012). Second, Pol I inhibition by
low dose ActD treatment generally induces ribosome biogenesis stress and a p53
response; however, in the absence of RPL5 and/or RPL11 this p53 induction is totally
inhibited, while concomitant depletion of most other RPs cannot abolish p53 activation
in this manner (Bursac et al. 2012; Fumagalli et al. 2012). Furthermore, despite RPs are
being continuously synthesized upon perturbed ribosome biogenesis, most free RPs are
rapidly degraded by the proteasome (Warner 1977; Lam et al. 2007; Bursac et al. 2012).
However, under these same conditions, RPL5 and RPL11 are able to accumulate in a
ribosome-free fraction, as a result of their mutual protection from proteasomal
degradation, further supporting the central function of these proteins in p53 induction

(Bursac et al. 2012). As it was described before, during unperturbed ribosome biogenesis,
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RPL5 and RPL11 are assembled with the 5S rRNA to form the 5S RNP complex, which
Is then incorporated into the ribosome as a unit (Fig. 1) (Zhang et al. 2007; Sloan et al.
2013). 5S RNP has been shown to accumulate in the ribosome-free fraction; therefore it
has been suggested that RPL5 and RPL11 are needed to be also assembled in this complex
in order to interact with Mdm2 under ribosome biogenesis stress conditions (Donati et al.
2013). Indeed, the requirement of the 5S RNP for the activation of p53 has been reported
by several research groups. For instance, depletion of the POLR3A gene that encodes the
catalytic subunit of Pol 111 abolished 5S rRNA synthesis and induced a p53-independent
cell cycle arrest (Onofrillo 2013). Similarly, the deficiency of TFIIIA transcription factor,
which is involved exclusively in 5S rRNA transcription (Engelke et al., 1980; Shastry et
al., 1984), induced cell cycle arrest in a p53-independent manner and could also reverse
the activation of p53, induced by Pol I inhibition (Donati et al. 2013; Sloan et al. 2013).
These data further supported the essence of the 5S RNP complex in this process.
Traditionally, ribosome biogenesis stress has been associated with the
morphological alterations of the nucleolus. The disintegration of the nucleolar structure
is often described upon perturbed ribosome biogenesis, which led to the assumption that
nucleolar RPs and other nucleolar proteins are released to the nucleoplasm passively,
where some of them can interact with Mdm2 to activate p53 response (Zhang and Lu
2009). More recently, however, several studies have reported an alternative source of RPs
involved in p53 regulation. Fumagalli et al. have presented that impairment of the SSU
biogenesis does not lead to the disruption of the nucleolar structure; however, still triggers
p53 activation. In this case, the authors observed that the translation of 5' terminal
oligopyrimidine tract containing messenger RNAs (5-TOP mRNAs), including RPL11
MRNA, is upregulated (Fumagalli et al. 2009). The nascent RPL11 protein produced in
this process can be transported into the nucleus subsequently, and along with freshly
synthesized RPLD5, it could be the source of Mdm2 sequestration, which promotes the
activation of p53 (Fumagalli et al. 2009; Fumagalli et al. 2012). However, it can be argued
that the upregulation of RPL11 translation might be only a unique consequence of the
impaired SSU biogenesis since biosynthesis of the LSU is still intact and RPL11 is
consumed in the assembly of the 60S subunit as well as in the p53 response to SSU
impairment. Under these conditions, there is an increased need for RPL11 protein
synthesis. Surprisingly, simultaneous defects of both LSU and SSU biogenesis still causes
translational upregulation of RPL11, however, in this case, the more significant amount

of freshly synthesized RPL11 elicits stronger induction of p53 (Fumagalli et al. 2012).
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Nonetheless, Bursac et al. have demonstrated that even under conditions when the
nucleolar structure is disrupted, induction of p53 relies rather on the presence of freshly
synthesized RPL5 and RPL11 (Bursac et al. 2012). Thus, it seems that disintegration of
the nucleolus is preferably a passive consequence of ribosome biogenesis stress, although
it is still unknown why only certain conditions can induce such morphological alterations.
Additionally, the sensing and signaling of ribosome biogenesis stress is also a matter of
debate. Some suggest that the 5S RNP complex might have a function in monitoring
ribosome biogenesis. The rationale behind this theory is that this complex stably exists in
the ribosome-free fraction and can be quickly mobilized to interact with Mdm2 to turn on
the p53 response when it is needed (Sloan et al. 2013). However, details of this

mechanism remain mostly unexplored.

1.3.2. Non-canonical ribosome biogenesis stress pathways

Alternative activation of p53

Besides the 5S RNP complex, there are several other factors which are involved
in p53 activation upon ribosome biogenesis stress. The nucleolar factor, alternative
reading frame protein (ARF) is such an example. The gene encoding ARF is located at
the INK4A locus, which also encodes a cyclin-dependent kinase (CDK) inhibitor protein,
pl6 under alternative reading frame (Quelle et al. 1995; Sherr 2006). Under normal
growth conditions, ARF is expressed at low levels and found in a complex with NPM in
the nucleolus. The expression of ARF is typically upregulated by increased mitogenic
signaling, which promotes excessive growth, therefore the elevation in the rate of
ribosome biogenesis. Under these conditions, ARF is moved towards the nucleoplasm,
where it can interact with the central acidic domain of Mdm2, at a site distinct from the
5S RNP binding site (Fig. 10) (Midgley et al. 2000; Korgaonkar et al. 2005; Sherr 2006;
Sherr 2012). Similarly to Mdm2 binding by the 5S RNP, this interaction also promotes
the stabilization and activation of p53 (Midgley et al. 2000; Sherr 2006; Sherr 2012).
Additionally, ARF possesses several p53-independent effector functions to inhibit
ribosome biogenesis. For instance, this protein directly suppresses Pol I-mediated
transcription, by counteracting the phosphorylation of UBF, and the nucleolar import of
TTF-1 (Ayrault et al. 2006; Lessard et al. 2010). Furthermore, ARF also constrains the
activity of DDX5, an RNA helicase involved in both rRNA transcription and maturation
(Saporita et al. 2011). By exerting an inhibitory effect on multiple levels of ribosome

biogenesis, thus strongly inhibiting ribosome biosynthesis, ARF also promotes the
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emergence of the 5S RNP mediated canonical ribosome biogenesis stress pathway
(Bursac et al. 2014).

The nucleolar protein NPM is involved in the regulation of ARF. Most studies
suggest that by interacting with ARF, NPM protects it from being degraded and also
sequesters ARF to the nucleolus, preventing its interaction with Mdmz2 in the nucleoplasm
under normal conditions (Kuo et al. 2004; Korgaonkar et al. 2005). Surprisingly, one
study demonstrated that NPM is also capable of interacting with Mdm2, thereby
promoting the activation of p53 (Kurki et al. 2004). However, the involvement of NPM
in the regulation of p53 is rather context-dependent, as it can either promote or inhibit
both the activation and the effector functions of p53 (Lim and Wang 2006; Colombo et
al. 2011; Box et al. 2016).

Another nucleolar factor, nucleostemin (NS) has been suggested to be required for
p53 activation under certain conditions (Dai et al. 2008). The expression of NS is high in
stem and cancer cells; however in normal differentiated cells its level is decreased (Tsai
and McKay 2002). When overexpressed, NS also interacts with the central acidic domain
of Mdmz2, disrupts its complex with p53, thus promotes the stabilization and activation of
p53 (Fig. 10) (Dai et al. 2008). While this mechanism has been clearly demonstrated
under artificial conditions, the involvement of NS in p53 regulation under physiological
conditions remains to be elucidated.

Besides RPL5 and RPL11, there are several RPs which can contribute to the
activation of p53 through different mechanisms. For instance, under certain stress
conditions (e.g. genotoxic stress) RPL26 can bind to the 5’ and 3' UTR regions of the p53
MRNA, thereby stabilizing it and promoting its translation (Takagi et al. 2005; Ofir-
Rosenfeld et al. 2008). Furthermore, RPS15, RPS20 and RPL37 have been reported to
downregulate the level of MdmX, which then promotes the degradation of Mdmz2, thus
the stabilization and activation of p53 (Daftuar et al. 2013).

It is now generally accepted that the activation of p53 is promoted predominantly
by the canonical 5S RNP/Mdm2/p53 pathway when ribosome biogenesis is perturbed.
Although these and maybe more, yet undiscovered alternative processes exist which
might have a rather fine-tuning effect on p53 activation, under specialized circumstances.
p53-independent ribosome biogenesis stress response

Recently, several studies have been reported that ribosome biogenesis stress
response can also be activated in the absence of p53. Cells which have defective p53

expression are still capable of inducing cell cycle arrest in response to ribosome
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biogenesis perturbing conditions. This p53-independent cell cycle arrest can occur
through several mechanisms. Donati et al. have reported that in cells lacking p53 RPL11
is responsible for inducing cell cycle arrest, by promoting the degradation of E2F-1 when
ribosome biogenesis is impaired (Donati et al. 2011b). E2F-1 is a transcription factor
involved in cell cycle progression, and it is often found upregulated in cancer cells
(Croshy and Almasan 2014). Mechanistically, E2F-1 forms a complex with Mdmz2, and
this interaction protects it for proteasomal degradation (Zhang et al. 2005b). However,
impaired ribosome biogenesis promotes the association of RPL11 with Mdmz2, which in
turn releases E2F-1 from the complex. As a result, E2F-1 is degraded, and cell cycle
progression is inhibited in a p53 independent manner (Donati et al. 2011b).

Additionally, RPL11 has also been shown to counteract mitogenic signaling
induced upregulation of ribosome biogenesis, independently of p53. As described earlier,
the elevated expression of the oncogene c-Myc increases the rate of ribosome biogenesis
at multiple levels: it upregulates both rRNA and RP synthesis (van Riggelen et al. 2010).
Therefore, as other RPs, RPL11 is in excess amount upon c-Myc activation.
Consequently, when overexpressed, RPL11 is capable of binding to both the oncoprotein
cMyc and its mMRNA, leading to the degradation of c-Myc (Dai et al. 2007). Thus, RPL11
is involved in an autoregulatory negative feedback loop, which serves as a p53-
independent protection against increased ribosome biogenesis in response to mitogenic
stress.

Besides RPL11, another RP has been suggested to be required for the induction
of p53-independent ribosome biogenesis stress checkpoint. Russo et al. have noted that
RPL3, when overexpressed, can promote the expression of p21 (Russo et al. 2013). p21
is one of the main transcriptional targets of p53, and as being a CDK inhibitor, it can
trigger cell cycle arrest (Abbas and Dutta 2009; EI-Deiry 2016). In this case, RPL3, in
complex with other factors accumulates at the promoter of p21 and activates its
expression, independently of p53 (Russo et al. 2013). Although this study is based on the
artificial overexpression of RPL3, which might not represent physiological conditions in
the cells, upregulation of RP synthesis is often seen in response to mitogenic signaling.
Although, since most RPs are degraded rapidly by the proteasome when not consumed in
ribosome biogenesis until the physiological upregulation of RPL3 has been
unambiguously shown, the validity of such a model remains questionable.

In addition to RPs, another, somewhat surprising factor has also been presented to

be involved in p53-independent cell cycle arrest upon impaired ribosome biogenesis. The
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proto-oncogene serine/threonine-protein kinase 1 (PIM1) has been reported to have such
a function. Under normal conditions, PIM1 binds to the SSU through its interaction with
RPS19 (Chiocchetti et al. 2005). Moreover, PIM1 is also responsible for the
phosphorylation of a cell cycle inhibitor, p27¥?%, By this PTM, p27X"*! is marked for
further ubiquitylation and proteasomal degradation (Larrea et al. 2009). However,
impaired ribosome biogenesis causes the proteasomal degradation of PIM1 through an
unknown mechanism, which in turn stabilizes p27K"*1, followed by a p27X!-dependent
cell cycle arrest (ladevaia et al. 2010).

Ribosome biogenesis stress pathways, which operate independently of p53 gained
prominent attention throughout the past couple of years. Because the knowledge
withdrawn from these studies is extremely relevant for the clinics, especially in cancer
therapy (see chapter 1.3.4.), understanding details of these processes or discovering

similar pathways are central issues in this research field.

1.3.3. Impaired Ribosome Biogenesis Checkpoint and the associated diseases

Impaired Ribosome Biogenesis Checkpoint

Ribosome biogenesis is consuming most of the cells’ energy, therefore it is
interconnected with all signaling pathways in the cell. Mitogenic or stress signals all
affect this process and are capable of causing ribosome biogenesis stress, as it was
described earlier. Deficiency of the components and factors of ribosome biogenesis or
direct inhibition of the process elicit a strong response in terms of ribosome biosynthesis
perturbation and activation of p53-dependent and -independent stress responses.
Recently, this subtype of ribosome biogenesis stress response was named Impaired
Ribosome Biogenesis Checkpoint (IRBC) (Gentilella et al. 2017). The earliest
observation of IRBC originates from a study performed by Volarevic et al. These authors
reported that the conditional knockout of RPS6 leads to cell cycle arrest in mouse liver
cells (Volarevi¢ et al. 2000). In the past two decades, a myriad of studies has reported that
disruption of ribosome biogenesis at virtually any level can activate the canonical 5S
RNP/Mdm2/p53 pathway, followed by cell cycle arrest, apoptosis or senescence.

Perturbation of the Pol | mediated rRNA synthesis by depletion of the PIC
components (Rubbi and Milner 2003; Yuan et al. 2005; Donati et al. 2011a) or by
chemical inhibition of rRNA transcription (Rubbi and Milner 2003; Peltonen et al. 2010;
Bywater et al. 2012; Holmberg Olausson et al. 2012; Peltonen et al. 2014); impaired

rRNA processing by decreased expression of maturation factors (Takagi et al. 2005;
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Angelov et al. 2006; Qin et al. 2011; Carrillo et al. 2014; Watanabe-Susaki et al. 2014);
impaired subunit assembly by deficient RPs (Jin et al. 2004; Barkic et al. 2009; Fumagalli
et al. 2009; Lindstrom and Nistér 2010; Llanos and Serrano 2010; Sun et al. 2010; Dutt
et al. 2011; Bursac et al. 2012; Fumagalli et al. 2012; Daftuar et al. 2013; Zhou et al.
2013); impaired nuclear import of the RPs and impaired nuclear export of the ribosomal
subunits by depleted B-kariopherins (Golomb et al. 2012) all result in the strong activation
of p53 mediated mainly by the 5S RNP complex (Fig. 11).
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Figure 11. The activation of the IRBC response in response to perturbation of the rRNA
sythesis. Impaired 47S pre-rRNA synthesis results in the stabilization and activation of p53 that
initiates cell cycle arrest, apoptosis or senescence.

Ribosomopathies

IRBC is clinically well-represented by a group of diseases, called
ribosomopathies. Ribosomopathies are characterized by natural mutations in RP or
ribosome biogenesis factor genes (Table 1; Fig 12). Since cells rely on ribosome
biogenesis for their growth and proliferation, one could easily imagine that complete
abrogation of this fundamental process is incompatible with life. However, the mutations
associated with ribosomopathies rather affect the availability of mutated proteins that

cause a decrease in the rate of ribosome biogenesis. Thus, such conditions lead to growth
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arrest, due to the insufficient translation and/or the continuous activation of the IRBC
pathway. Although the impairment of such ubiquitous process would suggest a global
effect on the affected individual, symptoms of patients suffering from ribosomopathies
are tissue-specific. Although the affected tissue also varies among the different
ribosomopathy conditions, several standard features can be characterized, i.e.
hematological defects, short stature and predisposition to cancer (Narla and Ebert 2010;
Armistead and Triggs-Raine 2014; Nakhoul et al. 2014; Danilova and Gazda 2015).
Tremendous effort was made to discover what causes the tissue-specific phenotypes of
these disorders at the molecular level. It is generally accepted that these specific
phenotypes featuring each disease add up from the combined effect of insufficient
translation, constant activation of p53 due to activated IRBC and impaired extra-
ribosomal function of the deficient factor (Armistead and Triggs-Raine 2014).
Ribosomopathies include rare genetic disorders, such as Treacher-Collins syndrome,
Dyskeratosis congenita, Diamond-Blackfan anemia, 5g- syndrome, Shwachman-

Diamond syndrome and other even less frequent syndromes (Table 1).
Table 1. Ribosomopathies

Ribosomopathy Inheritance Main clinical Affected Role in ribosome
symptoms gene(s) biogenesis
5@- syndrome somatically macrocytic anemia, RPS14 SSU biogenesis
acquired AML
Bowen-Conradi autosomal prenatal growth delay, EMG1 SSU biogenesis
Syndrome recessive craniofacial, limb,
kidney, brain, heart
abnormalities
Cartilage  hair autosomal skeletal abnormalities, RMRP rRNA maturation
hypoplasia recessive hypoplastic anemia,
immunodeficiency,
cancer
Diamond- autosomal craniofacial, limb, RPS19, RPLS5, SSU/LSU biogenesis
Blackfan anemia dominant cardiac, urogenital RPL11, RPL15,
abnormalities, cancer RPL36, RPL35A,
RPS7, RPS10,
RPS17, RPS24,
RPS26, RPS27A
Dyskeratosis X-linked/ mucocutaneous DKC1 rRNA maturation
congenita autosomal abnormalities, TERC, TERT
dominant/ immunodeficiency,
autosomal growth retardation, NHP2, NOP10
recessive neurological
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abnormalities,
pulmonary fibrosis
cancer
Isolated autosomal asplenia, primary RPSA SSU biogenesis
congenital dominant immunodeficiency
asplenia
North American autosomal neonatal jaundice, UTP4 rRNA synthesis and early
Childhood recessive biliary cirrhosis processing
cirrhosis
Shwachman- autosomal pancreatic SBDS LSU biogenesis, ribosome
Diamond recessive insufficiency, assembly
gastrointestinal,
Syndrome skeletal, immune
system abnormalities,
AML
Treacher-Collins autosomal craniofacial TCOF1 rRNA synthesis and early
syndrome dominant/ abnormalities processing
autosomal POLR1C
recessive POLR1D

rDNA
% rRNA synthesis  TCS
“7¢s, DC, DS
RNA
processmg
DBA, 5a-

pre-408 Subunit

assembly
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Figure 12. Human ribosomopathies impair ribosome biogenesis at diverse steps. TCS:
Treacher-Collins syndrome, DC: Dyskeratosis congenita, SDS: Shwachman-Diamond sydrome,
DBA: Diamond-Blackfan anemia, 5g-: 5g- syndrome.
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Treacher-Collins syndrome (TCS) is a severe craniofacial disorder, inherited
mainly in an autosomal dominant fashion., TCS is most frequently associated with
mutations in the TCOF1 gene, which encodes a protein named Treacle. Treacle has
involvement in rRNA transcription and early pre-rRNA processing steps (Fig 12) (Valdez
et al. 2004; Gonzales et al. 2005; Kadakia et al. 2014). In a minor group (ca. 8%) of TCS
patients mutations occur in the POLR1C and POLR1D genes that encode RPAC1 and
RPAC?2 proteins, respectively. Both proteins are subunit components of Pol I and Pol 11l
complexes (Kadakia et al. 2014; Ahmed et al. 2016). Mutations in the TCOF1 gene lead
to haploinsufficiency of Treacle, which impairs ribosome biogenesis, followed by the
activation of the IRBC pathway. As a consequence, p53 is stabilized, and it mediates
apoptosis, specifically in neural crest cells during early embryogenesis (Dixon et al. 2006;
Sakai and Trainor 2009). This population of stem cells are responsible for the formation
of most of the bone, connective, cartilage and peripheral neuron tissues of the head
(Graham et al. 1996). In TCS extensive apoptosis of neural crest cells causes the severe
craniofacial abnormalities, including underdevelopment of the lower jaw and the
zygomatic bone, external ear deformities, eye problems due to the drooping of the eyelids
or absence of the eyelashes, dental and nasal abnormalities (Chang and Steinbacher 2012;
Posnick 2014). TCS is an excellent example of IRBC activation and pathological effects
of constitutively active p53. Mouse TCS models are further promoting the importance of
p53 in the development of this disease. Treacle haploinsufficient mice display similar
craniofacial abnormalities, which phenotype could be easily reversed by chemical
inhibition or genetic inactivation of p53 (Jones et al. 2008). Although in neural crest cells
abnormal activation of p53 seems to mediate the pathological effects, it remains mostly
unknown why other cells are not affected by these mutations. Some suggest that Treacle
may have several extra-ribosomal functions which could be more critical in the affected
cell type (Sakai et al. 2012). Indeed, Treacle has been presented to be required for mitotic
progression (Sakai et al. 2012), translational regulation (Werner et al. 2015) and DNA
damage signaling (see chapter 1.4.1.) (Ciccia et al. 2014; Larsen et al. 2014; Sakai et al.
2016). Most importantly, the function of Treacle in DNA damage response has emerged
as a reasonable explanation for the tissue-specific penetrance of this disease. Specifically,
it has been reported that neuroepithelial cells exhibit a higher level of reactive oxygen
species (ROS), compared to other cell types (Sakai et al. 2016). ROS are potent inducers
of DNA damage (Jena 2012; Cadet and Wagner 2013); thus proficient DNA damage

response, mediated by Treacle, may be extremely crucial in neuroepithelial cells (Sakai
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et al. 2016). Additionally, a recent study proposed that another protein, namely DDX21
is responsible for the tissue-specific pathology of TCS (Calo et al. 2018). DDX21 is an
RNA helicase, required for rRNA synthesis and processing; furthermore it is also
involved in the Pol Il-mediated transcription of RP genes (Calo et al. 2014). It has been
noted that Treacle ablation or suppression of rRNA transcription induces the
redistribution of DDX21, as it relocates from the nucleolus and chromatin fraction to the
nucleoplasm, resulting in the inhibition of ribosome biogenesis. Importantly, this
redistribution occurs in cranial neural crest cells, but not in other cell types. Thus, the
authors suggest that Treacle haploinsufficiency induces faulty rRNA transcription, rDNA
damage, p53 activation and DDX21 redistribution as a consequence that results in
apoptosis in neural crest cells, which are hypersensitive to the increased level of p53 (Calo
et al. 2018). Although precise mechanism through which DDX21 may mediate the
pathology of TCS is still missing, recent developments in this field may hold a great
promise for therapy of TCS patients.

Dyskeratosis congenita (DC) is another disease, traditionally called
ribosomopathy and usually diagnosed by a classical triad of mucocutaneous symptoms:
hyper- or hypopigmentation of the skin, nail dystrophy and leukoplakia of the oral
mucosa. Additionally, patients might also show a variety of the following symptoms:
telangiectasia, alopecia or premature greying of the hair, neurological abnormalities,
cancer predisposition and pulmonary fibrosis. Most commonly the cause of death is bone
marrow failure (Kirwan and Dokal 2008; Wilson et al. 2014). DC is caused mainly by
mutations in the DKC1 gene. DKCL1 is located on the X chromosome and encodes
dyskerin protein, which is a component of the box H/ACA snoRNP. As box H/ACA
snoRNP is required for the pseudouridylation of the pre-rRNA, mutations of DKC1 have
been suggested to impair ribosome biogenesis (Fig. 12; Table 1) (Angrisani et al. 2014).
However, in addition to its function in rRNA maturation, as a part of the telomerase
complex, dyskerin is also involved in the maintenance of telomeres (Kirwan and Dokal
2008; Angrisani et al. 2014). Indeed, patients suffering from DC show accelerated
telomere shortening which is more pronounced in the rapidly dividing stem and
progenitor cell populations, explaining the majority of the symptoms and affected tissues
in this disease (Angrisani et al. 2014). Furthermore, instead of disrupting the catalytic
activity or the expression level of dyskerin, mutations occurring in the DKC1 gene rather
impair the RNA binding domain of the protein, which associates with the telomerase

complex, through an interaction with the telomerase RNA component (TERC) (Kirwan
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and Dokal 2008; Mason and Bessler 2011). Moreover, a minority of DC patients show
mutations in the telomerase reverse transcriptase (TERT) and TERC encoding genes, in
these cases, DC is inherited in an autosomal dominant manner (Table 1) (Kirwan and
Dokal 2008; Angrisani et al. 2014; Fok et al. 2017). Additionally, in several cases, other
telomerase components have been observed to carry the mutation causing the pathology
of DC, which are inherited in an autosomal recessive fashion (Table 1) (Walne et al. 2007,
Vulliamy et al. 2008). All these pieces of evidence show that symptoms of DC arise
instead from the dysfunction of the telomerase complex and not from impaired ribosome
biogenesis. However, it has also been reported that in the X-linked form of DC (X-DC),
when dyskerin is mutated, pseudouridylation of the rRNA is also affected. This impaired
rRNA maturation causes qualitative alterations in translation, which might promote
tumorigenesis, contributing to the cancer susceptibility seen in X-DC patients (see chapter
1.3.4.) (Yoon et al. 2006; Bellodi et al. 2010). The activation of p53 can be also observed
in cells derived from DC patients; however it seems to be rather a consequence of
telomere dysfunction than activated IRBC (Carrillo et al. 2014; Fok et al. 2017). Thus,
although it might contribute to the complex pathogenesis of the disease, ribosome
biogenesis stress is presumably not the primary cause of DC.

Diamond-Blackfan anemia (DBA) and 5g- syndrome are classic examples of
ribosomopathies, as both of these diseases are characterized by mutations of the RP genes
(Table 1; Fig. 12) (Nakhoul et al. 2014). DBA is a bone marrow failure syndrome
inherited in an autosomal dominant fashion. Symptoms of DBA patients also include
macrocytic anemia, short stature, craniofacial, limb and urogenital abnormalities and
cardiac defects (Lipton and Ellis 2009; Wilson et al. 2014). In nearly half of the cases,
DBA is caused by mutations in small or large subunit RP genes, while the genetic
background in the other half remains mostly unknown. The known DBA causing
mutations occur in the following RP genes: RPS19, RPL5, RPL11, RPL15, RPL36,
RPL35A, RPS7, RPS10, RPS17, RPS24, RPS26 and RPS27A, however, the mutation of
RPS19 is most commonly observed. These mutations cause haploinsufficiency of RP
proteins, which lead to both activation of IRBC and insufficient translation (Table 1)
(Narla and Ebert 2010; Ellis and Gleizes 2011). Consequently, increased apoptosis of the
erythroid progenitor cells can be observed in the bone marrow of DBA patients, causing
severe anemia (Ellis 2014; Danilova and Gazda 2015). However, the exact mechanism
that leads to impaired erythropoiesis is a matter of debate. Reduced expression of RPs is

known to induce IRBC and p53-mediated apoptosis that could explain increased
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apoptosis of erythroid progenitors (Lipton and Ellis 2009; Narla and Ebert 2010; Dutt et
al. 2011). Indeed, activation of p53 has been observed in bone marrow samples derived
from DBA patients (Dutt et al. 2011). However, several reports suggest that RP
haploinsufficiency also reduces the rate of global translation that might be crucial for
erythroid progenitors, which express hemoglobin at a lower level in this case.
Consequently, the amount of free heme is increased that leads to oxidative stress, which
induces p53-independent apoptosis in these cells (Chiabrando and Tolosano 2010; Narla
and Ebert 2010; Ellis 2014). This theory also provides an appealing explanation for the
tissue-specific cell death observed in DBA, although the involvement of IRBC in the
pathology of the disease cannot be entirely excluded. Furthermore, it is also worth to
mention that many RPs also possess extra-ribosomal function, which could also be
affected, when expressed at a lower level, therefore could contribute to the pathological
appearance of DBA (Warner and Mcintosh 2009; Zhou et al. 2015). For instance,
haploinsufficiency of RPL5 and RPL11, the primary mediators of IRBC, are known to
cause a more severe form of the disease, as phenotypes like cleft palate/cleft lip and thumb
malformations can be seen only when these proteins are mutated (Gazda et al. 2008).

5¢- syndrome is a somatically acquired condition, characterized by the deletion of
the long arm of chromosome 5. Patients suffering from the 5g- syndrome show
macrocytic anemia and predisposition to acute myeloid leukemia (AML) due to impaired
erythropoiesis (Padron et al. 2011; Pellagatti and Boultwood 2015). Among the ca. 40
genes encoded by the lost chromosomal fragment, RPS14 seems to be the most important
for the pathology of this disease (Table 1; Fig. 12) (Padron et al. 2011; Pellagatti and
Boultwood 2015). Supporting this theory, haploinsufficiency of RPS14 in mouse models
is capable of inducing the same phenotype, observed in 5g- patients (Barlow et al. 2010).
Furthermore, activation of p53 as a consequence of IRBC can be detected in both the
mouse models and in cells derived from 5g- patients (Barlow et al. 2010; Pellagatti et al.
2010). Thus, active IRBC and p53-dependent apoptosis have been suggested to mediate
impaired erythropoiesis (Armistead and Triggs-Raine 2014; Nakhoul et al. 2014),
however, similarly to DBA, oxidative stress induced by heme overload cannot be
excluded as a positive contributor to 5g- syndrome.

Shwachman-Diamond syndrome (SDS) is another ribosomopathy, inherited in an
autosomal recessive manner (Table 1). SDS is also characterized as a bone marrow failure
syndrome, and additional symptoms of SDS include mainly: exocrine pancreatic

insufficiency, gastrointestinal, skeletal and immune system abnormalities with

35



susceptibility to AML (Burroughs et al. 2009; Nakhoul et al. 2014; Nelson and Myers
2018). Majority of the SDS patients carry biallelic mutations of the SBDS gene, which
encodes a protein presumably involved in multiple steps of ribosome biogenesis. SBDS
has been reported to participate in the final assembly of the ribosomal subunits during
translation initiation, by promoting the EFL1-mediated removal of elF6 from the LSU
(Fig. 12) (Finch et al. 2011; Wong et al. 2011; Burwick et al. 2012). Furthermore, several
studies have suggested that SBDS might also be involved in rRNA maturation, due to its
localization to the nucleolus and interactions with NPM and the 28S rRNA (Fig. 12)
(Austin et al. 2005; Ganapathi et al. 2007). Activation of IRBC has been suggested to be
the primary cause of this disease, supported by upregulation of p53 observed in cells
derived from SDS patients (Dror 2002; Elghetany and Alter 2002). However, less is
known about the mechanism, through which SBDS mutations affect only specific tissues.
Thus, similarly to other ribosomopathies, the molecular background of SDS needs to be
further evaluated to understand better the role and contribution of ribosome biogenesis
and IRBC to these and other related diseases, such as cancer (see chapter 1.3.4.).

1.3.4. Ribosome biogenesis and cancer

Altered nucleolar structure can be seen in many human diseases, and it usually
reflects altered ribosome biogenesis. For instance, the increased size and/or number of
the nucleoli are recognized as traits of many tumor types (Zink et al. 2004). It is widely
accepted that upregulation of ribosome biogenesis drives the excessive growth and
proliferation of cancer cells, which are gaining a competitive advantage over normal cells
as a result (Orsolic et al. 2016). Proto-oncogenic mitogen signaling pathways, such as
MAPK/ERK and PIBK/AKT/mTOR signaling cascades, upregulate ribosome biogenesis
on the level of rRNA synthesis, affecting mainly the Pol | transcription machinery.
Furthermore, c-Myc promotes ribosome biogenesis on multiple levels: it triggers PIC
formation and rRNA synthesis; and increases the synthesis of RPs and factors involved
in diverse steps of ribosome biogenesis (see chapter 1.2.) (Felton-Edkins et al. 2003;
Hannan et al. 2003; Zhao et al. 2003; Mayer et al. 2004; Gomez-Roman et al. 2006;
Stefanovsky et al. 2006; Stefanovsky and Moss 2008; Woiwode et al. 2008; Grummt
2010; Kantidakis et al. 2010; van Riggelen et al. 2010; Hannan et al. 2011).

Although in the majority of the cases upregulation of rRNA synthesis in cancer is
achieved through positive regulation of the Pol I transcription machinery, many tumors

show altered epigenetic features of the rDNA as well. These alterations include the
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decrease of the CpG methylation of rDNA promoters and the increased amount of
euchromatin histone modifications of rRNA genes (Qu et al. 1999; Powell et al. 2002;
Ghoshal et al. 2004). These epigenetic alterations promote rRNA synthesis, as well as
induce changes in the extra-nucleolar chromatin structure, leading to genome instability
(Guetg et al. 2010; Orsolic et al. 2016).

Recent studies suggest that upregulation of ribosome biogenesis is a crucial step
in the tumorigenic program, thus instead of being a passive consequence it rather
promotes the initiation and progression of tumors (Yoon et al. 2006; Barna et al. 2008;
Belin et al. 2009; Bywater et al. 2012). For instance, in their pioneer study Barna et al.
have used a transgenic mouse model that is overexpressing c-Myc (Ep-Myc mice), which
make these animals prone to develop B-cell lymphomas. However, when intercrossed
with mice heterozygous for RPL24 and showing haploinsufficiency of this protein, the
onset of B-cell lymphoma was delayed. The authors have suggested that this outcome
was the consequence of normalized translation, decreased growth rate and re-established
genome stability (Barna et al. 2008). Although the results of this study indeed suggest
that upregulation of ribosome biogenesis is an essential step in tumorigenesis, several
other factors might also contribute to this process. First, RPL24 haploinsufficiency might
lead to the activation of p53 via the IRBC pathway, which is resulting in growth arrest.
Therefore, increased ribosome biogenesis might only constrain the activation of p53. On
the other hand, RPL24-deficient ribosomes might not promote the translation of specific
MRNASs, which are required for excessive growth following c-Myc upregulation (Orsolic
et al. 2016).

Nonetheless, more and more studies report that not only the upregulation in the
rate of ribosome biogenesis but also the selective overexpression of diverse factors in
ribosome biogenesis may have tumorigenic potential. For instance, the expression of the
key rRNA processing factor, box C/D snoRNP component FBL has been shown to be
upregulated in some malignancies (Choi et al. 2007; Belin et al. 2009; Koh et al. 2011;
Su et al. 2013). Overexpression of FBL changes the 2'-O-methylation pattern of the
rRNA, and as a consequence, structurally altered ribosomes can be formed that severely
affect the quality of translation. These non-conventional ribosomes have been termed as
‘cancer ribosomes’ by Marcel et al., who have also demonstrated that the overexpression
of FBL leads to alterations in the internal ribosome entry site (IRES)-dependent
translation of several mMRNAs (Marcel et al. 2013). Importantly, upregulation of the IRES-
dependent translation of proto-oncogenic mMRNAs, such as IGF1R, MYC, FGF1/2 and
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VEGFA (Marcel et al. 2013); and downregulation of the IRES-dependent translation of
p53 (Belin et al. 2009) occur under these conditions. Collectively, this differential
translation caused by FBL overexpression and thus altered 2-O-methylation of rRNA
seems to contribute to tumorigenesis.

Similarly to FBL, overexpression of other rRNA processing factors have been
observed in cancer. For instance, the box H/ACA snoRNP component dyskerin has been
shown to be upregulated in several tumor types (Sieron et al. 2009; Liu et al. 2012a).
Dyskerin governs pseudouridylation of rRNA, thus analogously to FBL upregulation,
dyskerin overexpression might also lead to the formation of structurally altered ‘cancer
ribosomes’, by changing the pseudouridylation pattern of rRNA. However, such data has
not been reported to date.

Upregulation of NCL and NPM multifunctional ribosome biogenesis factors have
also been reported in many cancers (Tsui et al. 2004; Leotoing et al. 2008; Coutinho-
Camillo et al. 2010; Pianta et al. 2010; Liu et al. 2012b; Kalra and Bapat 2013; Wong et
al. 2013; Kim et al. 2014; Sekhar et al. 2014; Zhou et al. 2014; Holmberg Olausson et al.
2015; Jia et al. 2017). Their tumorigenic potential is commonly associated with their
positive impact on ribosome biogenesis, however since both factors are involved in
several extra-ribosomal cellular processes (Tajrishi et al. 2011; Abdelmohsen and
Gorospe 2012; Box et al. 2016; Jia et al. 2017), other effects might add up to induce tumor
transformation in NCL or NPM overexpressing cells.

Furthermore, selective overexpression of RPs has also been observed to promote
tumor progression in some cancers (Shi et al. 2004; Guo et al. 2011; Du et al. 2014;
Sulima et al. 2017). Theoretically, the excess amount of an RP leads to a change in the
stoichiometry of RPs, which might result in the formation of structurally altered
ribosomes, which again promote proto-oncogenic mRNA translation or suppress tumor
suppressor mRNA translation. An example of such selective upregulation of RPs has been
reported in gastric cancer. In this case, selective upregulation of RPS13 and RPL23 have
been shown to contribute to the multidrug resistance of these cells (Shi et al. 2004).
However, it is also worth to mention that RPs have also been reported to possess several
extra-ribosomal functions (Warner and Mcintosh 2009; Zhou et al. 2015), which might
also contribute to tumorigenesis and/or tumor progression.

The main consequence of upregulated ribosome biogenesis is the upregulation of
global protein synthesis. The higher rate of translation increases the number of proteins

in the cells and might also result in the decrease of translation fidelity, that leads to the
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appearance of damaged or misfolded proteins (Conn and Qian 2013; Galbiati et al. 2017;
Sulima et al. 2017). Furthermore, selective upregulation of several ribosome biogenesis
factors or RPs may also alter the physiological balance of proteins, proteostasis in cells.
Collectively, these pathological changes in global protein homeostasis are termed as
proteotoxic stress and often occur in cancer cells (Bastola et al. 2018; Madden et al. 2019).
Consequently, abundant and/or damaged proteins accumulate in the endoplasmatic
reticulum (ER), which in turn initiates the unfolded protein response (UPR). UPR aims
to restore proteostasis, by enhancing protein folding processes, proteasomal degradation
of misfolded and damaged proteins and slowing down translation (Moon et al. 2018;
Madden et al. 2019). Upregulated UPR provides an advantage for cancer cells to avoid
proteotoxic stress but still obtain a high proliferation rate (Bastola et al. 2018; Madden et
al. 2019). Proteasomes are essential elements of the UPR pathway; therefore in various
malignancies, the primary therapeutic approach includes proteasome inhibition (Bastola
etal. 2018; Moon et al. 2018). We have recently discovered that a commercially available
drug, called Antabuse, has a similar mechanism of action and it could be beneficial for
cancer therapy. Antabuse is an alcohol-aversion drug, which has been used to treat
alcoholism for decades. The active compound of Antabuse is disulfiram, the main
metabolite of which is a ditiocarb-copper complex (CuET) that has potent anti-tumor
effects (Skrott et al. 2017). CuET inhibits the activity of the p97/VCP segregase, which
is involved in the removal of membrane-embedded ubiquitylated proteins for further
proteasomal degradation, thereby contributing to UPR and maintenance of global
proteostasis (Skrott et al. 2017; van den Boom and Meyer 2018). CUET binds to and
immobilizes NPL4 protein, which is an important cofactor of p97. By this mechanism,
CUET treatment leads to the accumulation of polyubiquitylated proteins in the cells,
which cannot be degraded and form insoluble protein aggregates. Consequently, cell
death is induced. Furthermore, cancer cells seem to be hypersensitive for CUET treatment,
and CuET also seems to preferentially accumulate in cancer cells of mouse xenograft
models (Skrott et al. 2017). This pre-clinical study is encouraging and promotes the
initiation of clinical trials based on CUET treatment. Since there is a direct connection
between intensive ribosome biogenesis, a higher rate of translation and UPR in cancer
cells, the indication of upregulated ribosome biosynthesis, such as altered nucleolar
structure, could be a useful marker for the successful treatment with CuET in cancer

therapy.
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Targeting the upregulated ribosome biogenesis directly is also an emerging
approach in cancer therapy. Small molecule inhibitors of rRNA synthesis have been
proved to have very potent anti-cancer effects. Such a promising compound, called CX-
5461, exerts its inhibitory effect on rRNA transcription through the suppression of SL1
recruitment to rDNA promoters (Drygin et al. 2011). Additionally, CX-5461 has also
been shown to induce DNA damage via the stabiliziation of four-stranded DNA
structures, so-called G-quadruplexes (Xu et al. 2017). Importantly, CX-5461 has been
reported to preferentially target cancer cells, leading to apoptosis, senescence or
autophagy, whereas normal cells remain mostly unaffected by this drug (Drygin et al.
2011; Bywater et al. 2012). These encouraging results show the potential of targeting
ribosome biogenesis in cancer therapy. Consequently, CX-5461 is now being tested in
phase I clinical trials
(https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=364713;
https://ClinicalTrials.gov/show/NCT02719977). ActD is another rRNA synthesis
inhibitor, which is being used for the therapy of multiple cancers (Sikora et al. 1999;
Kroon et al. 2014; Bhavana et al. 2017). ActD is a DNA intercalator, and it preferentially

intercalates into the DNA at guanosine-cytosine (GC) rich regions, which are enriched in
rDNA genes. This, in turn, inhibits the progression of the Pol I transcription machinery,
however at higher concentration it also suppresses RNA synthesis by Pol Il or Pol I11. As
a result, ActD interferes with many processes in the cells and exerts its cytotoxic effects
in cancer as well as in normal cells. Consequently, severe adverse effects can be observed
in patients treated with ActD (Chun et al. 2007; Burger et al. 2010; Hernandez-Verdun et
al. 2010). Another newly identified drug, BMH-21 is also a DNA intercalating compound,
which, similarly to ActD, intercalates into GC-rich rDNA genes. In addition to its
inhibitory effect on rRNA synthesis, it also promotes proteasomal degradation of Pol |
(Peltonen et al. 2010; Peltonen et al. 2014). This additional effect of BMH-21 on Pol |
degradation might increase its specificity towards rRNA synthesis inhibition, thus could
improve cancer therapy when compared to ActD treatment. Clinical trials with BMH-21
have not been initiated to date.

Small molecules, which are targeting other selectively upregulated ribosome
biogenesis factors might be also beneficial for cancer therapy. For instance, an aptameric
compound AS1411 interferes with NCL’s RNA binding activity, thus inhibits its function
in ribosome biogenesis (Soundararajan et al. 2008; Bates et al. 2009). This compound has

been tested in phase I/11 clinical trials, where its therapeutic potential has been presented
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(Laber et al. 2004; Laber et al. 2006; Stuart et al. 2009; Rosenberg et al. 2014). Another
promising compound is NSC348884, which by binding to NPM induces cytotoxicity in
several cancers (Qi et al. 2008; Balusu et al. 2011; Zhang et al. 2012).

The high cytotoxic efficiency of these ribosome biogenesis inhibitors in cancer
cells is mainly explained by their effect to induce IRBC. As most cancer cells have
upregulated ribosome biogenesis and rely on this process for their growth and
proliferation, impairment of this process strikes these cells and induces a more robust
activation of p53, when compared to normal non-transformed cells. Consequently, this
therapeutic approach is selective enough to be extremely beneficial for cancer treatment.
Furthermore, although half of the human cancers gain diverse p53 mutations, which
render p53 ineffective in tumor suppression, drug-induced IRBC can promote several
p53-independent pathways leading to growth arrest and/or cell death (see chapter 1.3.2)
(Bursac et al. 2014; James et al. 2014; Orsolic et al. 2016). Selective cancer targeting and
promotion of both p53-dependent and -independent IRBC have been reported for CX-
5461 in pre-clinical studies. While CX-5461 induces p53-dependent apoptosis in Ep-Myc
lymphoma cells (Bywater et al. 2012), it promotes p53-independent senescence and
autophagy in solid tumor cell lines (Drygin et al. 2011). In both cases the cytotoxic effect
of CX-5461 on normal primary cells is negligible (Drygin et al. 2011; Bywater et al.
2012). Although these examples show that targeting upregulated ribosome biogenesis is
an advantageous approach in cancer therapy, it is also worth to mention, that other highly
proliferative cells, such as stem cells have upregulated ribosome biosynthesis (Yang et al.
2011; Qu and Bishop 2012; Le Bouteiller et al. 2013; Watanabe-Susaki et al. 2014). Thus,
the usage of these compounds must be considered cautiously, since it can lead to severe
consequences in patients, emerging from stem cell depletion.

As the previous examples show, cancer cells often obtain upregulated ribosome
biogenesis via various mechanisms, which is believed to be associated with their elevated
growth potential. However, several recent studies have reported that the decreased rate of
ribosome biosynthesis can also contribute to tumorigenesis (Bursac et al. 2014; Orsolic
et al. 2016). The best examples are ribosomopathies where, despite the perturbation of
ribosome biogenesis, the appearance of various types of tumors is relatively common
(Narla and Ebert 2010; Armistead and Triggs-Raine 2014; Nakhoul et al. 2014; Danilova
and Gazda 2015). There are several mechanisms through which a decreased rate of
ribosome biogenesis is believed to promote tumorigenesis. For instance, the reduction in

the rate of ribosome biogenesis results in the limited amount of available ribosomes,
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which leads to a global drop in protein synthesis. Thus, translation of those mMRNAs,
which have a lower affinity towards the ribosomes is lost, due to competition with other
high-affinity mRNAs. Since these low-affinity mRNAs usually encode tumor suppressor
proteins, decreased ribosome biogenesis and thus the reduced number of ribosomes can
be accounted for tumor progression (Lodish 1974; Ruggero 2013). Moreover, in
ribosomopathies the decreased rate or defective components of ribosome biogenesis
promote IRBC response, resulting in the activation of p53. Thus, there is a selection
pressure for inactivating mutations of p53, and indeed, p53 is often found mutated in
ribosomopathies, such as 5g- syndrome (Jadersten et al. 2011; Bursac et al. 2014).

Another mechanism by which impaired ribosome biogenesis can promote
tumorigenesis is specifically characterized in DC. In addition to the pathological impact
on telomere maintenance, mutations of DKC1 also alter the pattern of rRNA
pseudouridylation, which leads to several qualitative changes in the translation. Altered
rRNA pseudouridylation, as well as altered rRNA methylation, due to FBL
overexpression are hypothesized to lead to the formation of differential ‘cancer
ribosomes’. In X-DC, mutations in the DKC1 gene seem to alter the IRES-dependent
translation of several mRNAs. Specifically, downregulation of IRES-dependent
translation of p53 and p27 tumor suppressor and XIAP and BCL-X. anti-apoptotic
proteins have been observed (Yoon et al. 2006; Bellodi et al. 2010).

Furthermore, similarly to the selective overexpression, selective downregulation
of RPs, seen in DBA and 5g- diseases, can also alter the stoichiometry of RPs in the
ribosome. As it was described earlier, this could result in the production of structurally
altered ribosomes, which might promote tumorigenesis.

In conclusion, alterations, such as upregulation or impairment of ribosome
biogenesis both have the potential to promote tumorigenesis; thus tight regulation of

ribosome biogenesis is indispensable to avoid such pathological consequences.

1.4. Extra-ribosomal functions of the nucleolus

According to the new, emerging concept, besides governing ribosome biogenesis,
the nucleolus possesses several extra-ribosomal functions and is involved in various
cellular processes. As a proteomic study revealed, more than 4500 proteins localize to the
nucleolus and only a minority of these proteins (about 30%) are actively required for

ribosome biogenesis (Ahmad et al. 2009). The rest of these nucleolar proteins are linked
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to various unrelated cellular processes, such as cell cycle regulation, DNA damage
signaling and repair, telomere maintenance, global gene expression, and others (Diesch
et al. 2014; Orsolic et al. 2016). Furthermore, since the nucleolus is a membrane-less
organelle, instead of having a stationary proteome, soluble proteins efficiently shuttle
between the nucleolus and the nucleoplasm, mostly depending on the physiological state
of the cell. Additionally, several ribosome biogenesis factors also have recognized extra-
ribosomal functions (Yang et al. 2018). These observations indicate that the nucleolus is

a multifunctional organelle.

1.4.1. The nucleolus as the main stress sensor of the cells

Numerous external and internal stress stimuli have been shown to alter the protein
composition of the nucleolus, also leading to alterations in the nucleolar morphology
and/or impairment of ribosome biogenesis. Virtually any cell stressing conditions,
including but not limited to: hypoxia, heat shock, DNA damage, nutrient starvation and
nucleotide depletion are able to induce ribosome biogenesis stress, leading mainly to the
activation of p53 (Fig. 8) (Boulon et al. 2010; Quin et al. 2014). In this manner, the
nucleolus acts as a stress sensor, in response to various insults it shuts down the energy
consuming process of ribosome biogenesis and initiates growth arrest to avoid further
damage to the cells and re-sort the energy supplies to be used for repair mechanisms. The
molecular mechanism by which the nucleolus senses stress stimuli differs among diverse
stress insults and best characterized in the case of DNA damage.

Ribosome biogenesis stress as a consequence of DNA damage

Various forms of DNA damage may arise from endogenous or exogenous sources.
For instance, ROS originating from cellular metabolism, or DNA mismatches as a result
of faulty DNA replication are examples of the former and ionizing radiation (IR), and
ultraviolet light (UV) are examples of the latter sources of DNA damage (Jackson and
Bartek 2009). DNA damaging agents induce the formation of various DNA lesions,
including DNA base damages, base mismatches, DNA helix distortions due to the
incorporation of bulky adducts, DNA strand crosslinks, DNA strand breaks (Hoeijmakers
2001). The pathway responsible for DNA damage sensing and the following extensive
signaling and DNA damage repair is termed DNA damage response (DDR) (Jackson and
Bartek 2009; Ciccia and Elledge 2010). Besides facilitating the repair of DNA lesions,
DDR also promotes cell cycle arrest, in order to avoid replication of damaged DNA,

which would lead to the occurrence of mutations in the genome. Furthermore, in case of
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severe, persistent and irreparable damage, DDR rather triggers apoptosis or senescence
(Rich et al. 2000; Bartek et al. 2007). DNA damage signaling events are governed by two
major kinases of the phosphatidylinositol 3-kinase-related kinase (PIKK) family, namely:
ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related protein
(ATR) kinases. While ATM mainly responds to DNA double strand breaks (DSBs), ATR
Is activated following recognition of diverse DNA damage types (Marechal and Zou
2013). Once activated, these kinases phosphorylate hundreds of substrates, involved in
DNA repair, cell cycle regulation, apoptosis and other cellular processes (Fig 13)
(Matsuoka et al. 2007). The DDR kinases phosphorylate these substrates at specific sites
composed of a serine or threonine, followed by glutamine residue (S/TQ site) (Kim et al.
1999; O'Neill et al. 2000; Matsuoka et al. 2007). Although ATM and ATR are involved
in the signaling initiated by distinct DNA damage types, the two kinases phosphorylate
almost the same subset of substrates and often trigger the activation of each other
(Marechal and Zou 2013). One of the main target proteins of ATM and ATR is the tumor
suppressor p53. In response to DNA damage, DDR kinases phosphorylate the serine 15
residue on p53 (pSerl5-p53). This PTM, along with the phosphorylation of Mdm2 by
ATM/ATR stimulates the dissociation of p53 and Mdm2, resulting in the stabilization
and activation of p53, followed by the initiation of p53-dependent cell cycle arrest,

apoptosis or senescence (Caspari 2000).

Oncogenesis
Immunity and defense 25
25
Cell proliferation and differentiation
39 Nucleoside, nucleotide and

nucleic acid metabolism
202

Intracellular protein traffic
34

Cell structure and motility

40
Signal transduction
55
Developmental Protein metabolism
processes and modification
61 Cell cycle 93
72

Figure 13. Substrates of ATM/ATR are involved in numerous cellular processes. By a
proteomic screen numerous substrates of ATM/ATR could be identified and classified to several
groups according to their cellular function (Adopted from Matsuoka et al., 2007).
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In their pioneer study, Rubbi and Milner proposed that the nucleolus acts as a
stress sensor in response to DNA damage, as stabilization and activation of p53 under
these conditions only occur when the nucleolar structure is also disrupted (Rubbi and
Milner 2003). This suggests that in case of severe DNA damage, the DDR signaling
and/or DNA damage itself must reach the nucleolus, to induce its disruption.
Consequently, ribosome biogenesis is also disrupted, which promotes activation of IRBC
and the stabilization and activation of p53. Several research groups have demonstrated
that the DDR signaling indeed reaches the nucleolus, however instead of inducing its
disruption directly, it rather triggers the shutdown of rRNA synthesis, thereby triggering
IRBC and p53 activation (Kruhlak et al. 2007; Larsen et al. 2014; Harding et al. 2015;
van Sluis and McStay 2015). Kruhlak and colleagues were the first to report the
connection between the nucleolus and DDR. The authors have used laser micro-
irradiation to introduce DSBs in the nucleolar DNA and observed that rRNA transcription
by Pol I was transiently inhibited. This rRNA transcription inhibition did not spread to
the surrounding nucleoli, nor affected the rate of global transcription (Kruhlak et al.
2007). Kruhlak et al. also showed that this local inhibition of Pol I is mediated by the
DDR kinase, ATM. Mechanistically, when DSBs are introduced in the rDNA, ATM in
complex with two DDR adaptor proteins, Nijmegen breakage syndrome 1 (NBS1) and
mediator of DNA damage checkpoint (MDC1) interferes with PIC formation and
promotes the dissociation of the elongating Pol | (Fig. 14) (Kruhlak et al. 2007). DSBs in
the rDNA induce the formation of nucleolar caps, where proteins involved in DDR and
DNA repair are recruited and bind to rDNA (Harding et al. 2015; van Sluis and McStay
2015). Repression of rRNA transcription also occurs as a result of globally introduced
DSBs. Severe DNA damage in the non-nucleolar chromatin triggers the transcriptional
shutdown in all nucleoli of the cells and this global Pol I inhibition is also mediated by
ATM. Larsen et al. reported that in this case an ATM-dependent accumulation of NBS1
on nucleolar chromatin is facilitated, where NBS1 forms a complex with the Treacle
protein, which results in the inhibition of rRNA synthesis (Fig. 14) (Larsen et al. 2014).
Surprisingly, ATM is also localized to the nucleoli under normal conditions, suggesting
that it has a primary role in the protection of rDNA against damage (van Sluis and McStay
2015). Compared to non-nucleolar chromatin, due to the high transcription rate and its
repetitive nature, rDNA is extremely fragile (Durkin and Glover 2007; McStay 2016),
which might explain the basal localization of ATM to the nucleoli and its rapid response

to rDNA damage. Furthermore, other nucleolar proteins may be targeted by ATM
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(Matsuoka et al. 2007; Larsen and Stucki 2016). Additionally, while in the case of locally
introduced DSBs DDR signaling inhibits Pol | to trigger a fast response of repair
mechanisms in rDNA, in the case of globally introduced DSBs rRNA transcription
repression rather serves as a signal to turn on IRBC, leading to p53-dependent cell cycle
arrest. Similarly, other stress signaling pathways also converge on the inhibition of Pol |
and or other nucleolar factors (Boulon et al. 2010), indicating a significant role for

ribosome biogenesis in general stress response.

DSBs in rDNA DSBs in non-nucleolar chromatin

Nuclous

Figure 14. rRNA transcription shutdown in response to DSBs. A. DSBs induced in an
individual rDNA promote local rRNA transcription shutdown. Furthermore, a nucleolar cap is
formed which facilitates rapid DNA damage repair. B. DSBs formed in the non-nucleolar
chromatin induce a global Pol | transcription shutdown (Adopted from Larsen and Stucki., 2016).

Further supporting the importance of the nucleolus in stress sensing, Burger et al.
have recently reported that a subset of common chemotherapeutic drugs has a substantial
effect on ribosome biogenesis. Alkylating agents, e.g. cisplatin and oxaliplatin;
intercalating agents, e.g. doxorubicin and mitomycin C; and antimetabolites, e.g.
methotrexate strongly impair rRNA synthesis, while other antimetabolites, e.g. 5-
fluorouracil; topoisomerase inhibitors, e.g. camptothecin; kinase inhibitors, e.g.
flavopiridol; and translation inhibitors, e.g. cycloheximide perturb early or late rRNA
processing steps. Although these agents cause severe damage to the cells by inducing
DNA damage or by impairing other prominent cellular pathways, their inhibitory effect
on ribosome biogenesis also contributes to cytotoxicity (Burger et al. 2010). Targeting
ribosome biogenesis has been shown to be beneficial in cancer therapy, as it promotes
both p53-dependent and -independent responses. However, these chemotherapeutic
compounds have other cytotoxic effects, which may be toxic for non-transformed cells,
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as well. In contrast, drugs that solely target ribosome biogenesis could be more selective

to cancer cells.

1.4.2. The nucleolus in genome maintenance

There are several features of the rDNA genes, which render them extremely
vulnerable to DNA damage, and thus genome instability. These characteristics include
the highly repetitive nature and the elevated transcription rate of rDNA genes. On the one
hand, the repetitive nature of rDNA genes promotes the occurrence of intra- and
interchromosomal recombination, which might lead to gross chromosomal deletions or
translocations. On the other hand, the high rate of rRNA transcription might either
facilitate collisions between the transcriptional and replicational machineries, or inhibit
replication by the appearance of R-loops (DNA:RNA hybrids) formed during
transcription. Ultimately, both of these mechanisms trigger genome instability
(Tsekrekou et al. 2017; Lindstrom et al. 2018).

Recent proteomic studies have reported that besides of ATM, numerous other
DDR proteins and DNA repair components are also localized to the nucleolus (Ahmad et
al. 2009; Ogawa and Baserga 2017). Under normal conditions, these proteins accumulate
in a sub-nucleolar structure, called the intranucleolar body (INB) and are quickly re-
localized into nucleolar caps, in case of nucleolar DNA damage (Fig. 14) (Hutten et al.
2011). Although these DDR and DNA repair factors do not seem to have a function in
ribosome biogenesis, their nucleolar localization probably serves as a protection against
rDNA damage, promoting a fast sensing, signaling and repairing system to avoid genome
instability. Additionally, several nucleolar proteins which have a prominent function in
ribosome biogenesis have been shown to be involved in DDR as well (Ogawa and Baserga
2017). For instance, NCL has been reported to accumulate at DNA damage sites, where
it facilitates DNA repair (Kobayashi et al. 2012). Moreover, numerous ribosome
biogenesis factors carry the S/TQ phosphorylation site and are phosphorylated by ATM
and/or ATR DDR kinases following y-irradiation, which assumes a novel role for these
proteins, in genome maintenance processes (Matsuoka et al. 2007).

Besides being involved in DDR and DNA damage repair, the nucleolus
presumably promotes genome maintenance through other mechanisms as well. For
instance, it has critical importance in the regulation of cell cycle, telomere maintenance,
chromatin and genome organization (Tsekrekou et al. 2017; Lindstrom et al. 2018; Yuan

and Tong 2018). The key function of the nucleolus in extra-ribosomal processes might be
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interconnected with its primary function in the synthesis of ribosomes. Since ribosome
biogenesis is an energy consuming process, which is directly proportional to the rate of
translation that drives growth and proliferation, it has a strong effect on genome stability.
Accordingly, genome maintenance and ribosome biogenesis must operate in agreement
and be tightly controlled to avoid pathological consequences. This may also provide an
explanation, why the nucleolus governs numerous processes and behaves as a hub for a

myriad of proteins.

1.5. HEATRL1, a new player in ribosome biogenesis

The human HEAT repeat containing 1 (HEATR1) is a mostly uncharacterized
protein. Although it has been suggested to play a role in ribosome biogenesis and other
cellular pathways, its detailed function in these processes remains largely unknown. The
yeast homolog of HEATR1, UTP10 is classified as a transcriptional U three protein (t-
UTP) (Gallagher et al. 2004; Krogan et al. 2004; Dez et al. 2007). t-UTPs are components
of the SSU processome and are amongst the earliest factors recruited to the 5' end of the
nascent 47S pre-rRNA. These proteins are required for early 18S rRNA processing steps,
which are occurring co-transcriptionally and seem to promote Pol | mediated transcription
as well (Gallagher et al. 2004; Prieto and McStay 2007). Supporting their function in
rRNA synthesis, t-UTPs form bead-like structures during active transcription and re-
localize to nucleolar caps upon transcription inhibition and are strictly co-localized with
Pol I transcription complex under both conditions (Prieto and McStay 2007). Due to their
dual functions in both transcription and processing, it was suggested that t-UTPs might
facilitate interactions between the Pol | transcription machinery and subsequent
processing factors (Gallagher et al. 2004; Prieto and McStay 2007). In addition to the
yeast UTP10, zebrafish BAP28 and Trypanosoma brucei UTP10 homologs of HEATR1
have also been identified in rRNA synthesis and/or early SSU processing (Azuma et al.
2006; Faktorova et al. 2018).

The human HEATR1 gene is located at chromosome 1943 and encodes a large
(236 kDa) protein consisting of 2144 amino acids. This protein contains one HEAT repeat
on its C-terminus (Fig 15) (http://www.uniprot.org/uniprot/Q9H583). HEAT repeats have

been suggested to provide a platform for protein-protein interactions and can be found in
numerous other proteins, such as huntingtin, elongation factor 3 or protein phosphatase
2A, ATM, ATR and mTOR (Perry and Kleckner 2003; Yoshimura and Hirano 2016).
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Although the function of human HEATR1 remains largely uncharacterized, it has been
implicated in cancer. One study has presented that HEATR1 is often overexpressed in
glioblastomas and thus it may serve as an excellent target for cytotoxic T lymphocytes
(Wu et al. 2014). Another research group has reported that the frequent downregulation
of HEATR1 observed in pancreatic ductal adenocarcinomas (PDAC) accounts for
reduced sensitivity towards gemcitabine chemotherapeutic drug. Mechanistically,
HEATR1 promotes the dephosphorylation of AKT by acting as a scaffold and bringing
AKT in close proximity with the inactivating protein phosphatase 2A (PP2A). Therefore,
in the absence of HEATRL1, the PIBK/AKT/mTOR pathway is upregulated, assuring
resistance against gemcitabine treatment in PDAC cells. Furthermore, the authors of this
study proposed that HEATR1 primary localized to the cytoplasm, where it can interact
with AKT and PP2A (Liu et al. 2016).

Ser1492

1 ® 2106 2144

< ( HEAT repeat O

HEATR1 (2144 aa)

Figure 15. The schematic structure of HEATRL1 protein. The HEATRL1 protein consist of 2144
amino acids and contains a HEAT repeat domain at its C terminus. HEATRL is phosphorylated
by ATM/ATR, putatively on the Ser 1492 residue.

Several proteomic studies revealed that HEATR1 might also be a component of
DDR signaling pathway. For instance, it seems to be recruited to the DNA damage site in
response to UV irradiation (Chou et al. 2010). Additionally, HEATR1 might be a
substrate of the ATM/ATR DDR kinases, and its putative phosphorylation site is located
on the serine 1942 residue (Ser1492) (Fig 15) (Matsuoka et al. 2007).

In the following experimental part, we investigated the function of human

HEATRL1 in ribosome biogenesis.
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2. AIMS OF THE THESIS

1. Validating the role of a newly identified protein, HEATR1 in the stabilization
and activation of p53.

2. Characterization of HEATR1 and elucidation of its function in ribosome

biogenesis.

3. Elucidation of the possible involvement and function of HEATR1 in DDR.
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3. MATERIAL AND METHODS

3.1. Cell culture, treatments and generation of DSBs

All cell lines used in this study were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Table 2), supplemented with 10% fetal bovine serum (Life
Technologies) and penicillin/streptomycin (Sigma-Aldrich) in a humidified atmosphere
of 5% CO> at 37 °C. In the case of human primary fibroblasts (BJ and MRC-5 cells),
DMEM was supplemented with 1% MEM Non-essential amino acids (Life

Technologies).

Table 2. The list of cell lines used in this study. Cell lines were obtained from either ATCC or
the collection of Danish Cancer Society

Cell line Origin Growth mode  Cell culture
media

BJ (ATCC) Human skin fibroblast Adherent DMEM

HelLa (DCS) Human cervix carcinoma  Adherent DMEM

MRC-5 (ATCC) Human lung fibroblast Adherent DMEM

U20S (DCS) Human bone osteosarcoma  Adherent DMEM

Treatments of the cells were done as indicated in the ‘Results and discussion’

section. Chemical compounds are listed in Table 3.

Table 3. The list of chemical compounds used in this study.

Chemical compound Used concentration Treatment
period

Cycloheximide  (CHX,  Sigma- | 50 ug/ml 0-2 hours

Aldrich)

Actinomycin D (ActD, Sigma- | 5nM O/N

Aldrich)

BMH-21 (Selleckchem) 0.5 uM 3 hours

X-ray irradiation was carried out using the XYLON.SMART 160E/1.5 device
(XYLON, Horsens, Denmark) at the following settings: 150 kV, 6 mA, 11mGy/s.
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3.2. RNA interference

SiRNA transfections were done using the Lipofectamin RNAIMAX (Invitrogen)
transfection reagent, according to the manufacturer’s instructions. All siRNA duplexes

were purchased from Thermo Fisher Scientific, Ambion (Table 4).

Table 4. The list of sSiRNAs used in this study.

SIRNA Sequence

SiCON (negative control, AM4635) 5'-AGUACUGCUUACGAUACGGTT-3'

SIHEATR1#1 (s30230) 5'-CCACUUUCCAUUUGCGAUATT-3'
SIHEATR1#2 (s30231) 5-GAUGUUGUUUUGUCGGCUATT-3'
SIHEATR1#3 (s30232) 5'-CACUUUCCAUUUGCGAUAATT-3'
sip53 (s605) 5-GUAAUCUACUGGGACGGAATT-3
SiRPL5 (s56733) 5'-CAGUUCUCUCAAUACAUAATT-3’
SiRPL11 (s12169) 5'-CAACUUCUCAGAUACUGGATT -3’

3.3. Cell cycle analysis.

Cells were fixed in 70% ice-cold ethanol and stained with propidium iodide for
flow cytometric analysis. Fixed cells were analyzed on a FACS Verse instrument (BD
Biosciences), and cell cycle distribution was measured using the FACSuite software (BD

Biosciences).

3.4. Western blotting

Whole cell lysates were prepared in Laemmli sample buffer (LSB; 50 mM Tris,
pH 6.8; 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol). Cells from a
confluent 60 mm Petri dish were lysed in 300 pl LSB, followed by an incubation at 95 °C
for 5 minutes with shaking at 1250 rpm. Whole-cell lysates were subsequently separated
by SDS-PAGE, using 3-8% or 4-12% gradient, pre-cast electrophoresis gels (Thermo
Fisher Scientific) and transferred to nitrocellulose membranes (GE Healthcare). The
membranes were blocked in 5% (wt/vol) skim milk in 0.1% (vol/vol) Tween-20 in PBS
and probed with the primary antibodies (see Table 5 for the dilutions of specific
antibodies), followed by the HRP-labeled secondary antibodies (in 1:1000 dilution) GE
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Healthcare), and visualized by ECL detection reagents (GE Healthcare) and the

Chemidoc system. Band intensities were measured and quantified by the ImageJ system

(http://imagej.nih.gov/ij/).

Table 5. The list of antibodies used in this study.

Antibody Origin  Clonality Dilution Method

f-actin Mouse  Monoclonal 1:2000 Western blot

(Santa Cruz)

Fibrillarin Rabbit  Polyclonal  1:500 Immunofluorescence
(Abcam)

HEATR1 Rabbit  Polyclonal  1:250 Western blot
(Sigma-Aldrich) 1:50 Immunofluorescence
Importin f (3E9) Mouse  Monoclonal 1:1000 Western blot
(Abcam)

MDM2 (2A10) Mouse  Monoclonal 1:500 Western blot
(Abcam)

Nucleolin Rabbit  Polyclonal  1:500 Immunofluorescence
(Abcam) 1:1000 Western blot
Nucleophosmin Mouse  Monoclonal 1:500 Immunofluorescence
(FC82291) 1:1000 Western blot
(Abcam)

Nucleostemin Rabbit ~ Polyclonal  1:2000 Western blot
(Abcam)

p21 (12D1) Rabbit  Monoclonal 1:500 Western blot

(Cell Signaling)

p53 (DO-1) Mouse  Monoclonal 1:250 Immunofluorescence
(Santa Cruz) 1:500 Western blot
phospho-Histone Mouse  Monoclonal 1:1000 Immunofluorescence
H2AX (pSer139)

(JBW301)

(Millipore/Merck)

53



phospho-Histone Rabbit  Monoclonal 1:500 Western blotting

H2AX (pSer139)

(EP854(2)Y)

(Novus Biologicals)

Phospho-(Ser/Thr) | Rabbit  Polyclonal  1:20 Immunoprecipitation

ATM/ATR substrate

(Cell Signaling)

RPA194 (C-1) Mouse  Monoclonal 1:1000 Immunofluorescence

(Santa Cruz)

RPL5 Rabbit  Polyclonal  1:2000 Western blot

(Abcam) 1 pg/mg of Immunoprecipitation
lysate

SMC1 Rabbit ~ Polyclonal  1:1000 Western blot

3.5. Immunofluorescence

Cells were grown on 12-mm coverslips and were fixed with 4% paraformaldehyde
in phosphate buffered saline (PBS) for 15 minutes at 4 °C. Permeabilization was carried
out with PBS containing 0.2% (vol/vol) Triton X-100 for 5 minutes at room temperature.
The fixed cells were blocked in 5% (vol/vol) fetal bovine serum in PBS for 30 minutes,
then incubated with primary antibodies (see Table 5 for the dilutions of specific
antibodies) diluted in 5% (wt/vol) bovine serum albumin in PBS for 1 hour at room
temperature. Coverslips were washed 3 times in PBS supplemented with 0.1% (vol/vol)
Tween 20, once with PBS, then incubated with an appropriate secondary goat anti-rabbit
or goat anti-mouse Alexa Fluor 488 or Alexa Fluor 568 conjugated (Invitrogen)
secondary antibody (1:1000 dilution), diluted in 5% (wt/vol) bovine serum albumin in
PBS for 1 hour at room temperature. Coverslips were washed 3 times in PBS
supplemented with 0.1% (vol/vol) Tween 20, once with PBS, then mounted onto slides
using the DAPI containing Vectashield mounting reagent (Vector Laboratories). Slides
were visualized by the Axio Observer.Z1/Cell Observer Spinning Disc microscopic
system (Yokogawa and Zeiss) equipped with an Evolve 512 Photometrix) EMCCD

camera. Zeiss Plan Apochromat 100x/1.40 NA objective was used.
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3.6. EdU and EU staining

Cells were grown on 12-mm coverslips and labelled either with 10 uM EdU or
with 1 mM EU (Sigma-Aldrich) for 30 minutes, then fixed with 4 % paraformaldehyde
in PBS for 15 minutes and permeabilized with 0.2 % Triton X-100 for 5 minutes, followed
by incubation with the staining solution (100 mM Tris-HCI, pH=8.5, 1 mM CuS04, 1
uM azide conjugated Alexa Fluor 488, 100 mM ascorbic acid) for 30 minutes. Coverslips
were washed 3 times in PBS supplemented with 0.1% (vol/vol) Tween 20, once with PBS,
then mounted onto slides using the DAPI containing Vectashield mounting reagent
(Vector Laboratories). Image acquisition and analysis were performed using Scan R

acquisition and analysis software (Olympus).

3.7. Immunoprecipitation

Cells on a confluent 100-mm Petri dish were washed 3 times in PBS and lysed in
an ice-cold TNE buffer (150 mM NaCl, 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.5%
NP-40) supplemented with cOmplete and PhosSTOP tablets (Roche). Lysates were
homogenized by a 20G needle and incubated on ice for 30 minutes, then cleared by
centrifugation. Where appropriate, primary antibodies (see Table 5 for the dilutions of
specific antibodies) were added to the supernatant of the lysate and incubated for 16 hours
at 4°C. Lysates were then incubated with 25 ul of Dynabeads M-280 Sheep anti-Rabbit
IgG (Novex) for 1 hour at 4°C. IgG—antigen complexes were washed extensively, then
eluted in 2x LSB before SDS-PAGE.
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4. RESULTS AND DISCUSSION

4.1. ldentification of HEATRL1 in a high-resolution microscopy screen

To investigate the regulation of p53 stabilization and activation, a high content
RNA interference (RNAI) screen was performed in our laboratory (Moudry et al.,
unpublished data). In this screen, 175 unique human genes were targeted, each with three
independent siRNAs. A part of these genes was previously identified as ribosome
biogenesis factors in yeast, while the other half of them was suggested to have a role in
ribosome biosynthesis and related processes (Wild et al. 2010). Importantly, the RNAI
screen was performed in the human osteosarcoma (U20S) cell line, which is expressing
wild-type p53. Following the genetic knockdown of these target genes, the activation of
p53 was visualized by immunofluorescence.

The investigated genes were divided into five categories: inactivation of whose
resulted in no changes in the level of p53 (normal); gene knockdowns that caused a
decrease in p53 expression (decrease and strong decrease); and depletion of whose, which
induced the increase of p53 (increase and strong increase). Among 21% of siRNAs, which
strongly induced the expression of p53, we identified those that are targeting HEATR1
protein. Following HEATRL1 depletion the fluorescence intensity of p53 increased from
the normal range around 150 to 497, 498 and 410 for each siRNA targeting HEATR1
(Fig. 16).
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Color P53 intensity siRNA count Percentage
strong increase > 300 161 21,3%
increase 299 - 250 72 9,5%

normal 249 - 110 422 55,7%
decrease = 109 - 80 36 4,8%
strong decrease 79 -0 66 8,7%

HEATR1 knockdown — p53 intensity: 497, 498, 410

Figure 16. The expression level of p53 measured in the RNAI screen. 175 unique genes were
targeted, each by three independent siRNAs. Depletion of 56% of these genes did not alter, 5%
and 9% of them decreased and strongly decreased the expression of p53, respectively. Impaired
expression of 9% of the investigated genes led to the increase of p53 level, while 21% caused
strong increase in the expression of p53. Depletion of HEATR1 led to the strong increase of p53
level, as the fluorescence intensities of p53 were 497, 498 and 410 in the case of the 3 siIRNAs
specific to HEATR1.

4.2. Depletion of HEATRL leads to the stabilization of p53 and initiates p53-

dependent cell cycle arrest

To validate our observation from the RNAI screen that HEATR1 depletion leads
to an elevated level of p53, we transfected U20S cells with the three independent SiRNAs
against HEATRL1. All three siRNAs led to a reduction in the endogenous level of
HEATR1 to the same extent, while they indeed increased the expression of p53 and its
transcriptional target, p21 (Fig. 17A). Furthermore, to reduce potential off-target effects
of the individual siRNAs (Jackson et al. 2003), we used a pool of these siRNAs in this
(Fig 17A) and all following experiments. Depletion of HEATR1 was also efficient in
diploid human fibroblast (BJ) cells, where, similarly to U20S impaired HEATR1
expression led to the increased expression of both p53 and p21 (Fig. 17B).
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Increased expression of p53 is usually achieved by the stabilization of the protein
through several mechanisms (see chapter 1.3.1.). To confirm that p53 stabilization occurs
when HEATR1 is depleted, we inhibited global protein synthesis by applying
cycloheximide (CHX) to U20S cells, to investigate protein turnover of p53. Indeed, the
half-life of p53 increased in HEATR1-depleted cells from about 1 hour to nearly 2 hours
(Fig. 17C), suggesting that protein stabilization is contributing to the increased expression
of p53 in the absence of HEATR1.
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Figure 17. Depletion of HEATRL1 leads to the stabilization of p53. A. U20S cells were
transfected with control and HEATR1 siRNAs and 72 hours later whole cell lysates were prepared
and immunoblotted with the indicated antibodies. B. BJ cells were transfected with control and
HEATR1 siRNAs and 72 hours after the transfection whole cell lysates were prepared and
immunoblotted with the indicated antibodies. C. U20S cells were transfected with control and
HEATRI siRNAs and treated with 50 pg/ml cycloheximide (CHX) 72 hours after transfection.
Whole cell lysates were prepared at indicated time points and immunoblotted with p53 and B-
actin antibodies.

Next, we wondered whether stabilization of p53 following HEATR1 depletion has
an observable effect on the cells. In order to obtain more information about the cell cycle
progression of control versus HEATR1 deficient cells, we first studied the proliferation
rate of these cells. Total cell counts, assessed at 2, 4 and 6 days after sSiRNA transfection

showed that decreased expression of HEATR1 impairs proliferation in U20S cells (Fig.
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18A). Furthermore, a similar impairment of the proliferation rate could be seen in the case
of HEATRL1 depleted BJ cells, indicating that the observed proliferation arrest was not
cell-type restricted (Fig. 18B).
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Figure 18. Deficiency of HEATR1 leads to growth and/or proliferation arrest. A. U20S cells
were transfected with control and HEATR1 siRNAs and 100000 cells were seeded. Cell number
was determined 2, 4 and 6 days after transfection. Error bars indicate standard deviations (SDs),
n=3. Significance was determined by a two-tailed student test: * p<0.05. B. BJ cells were
transfected with control and HEATR1 siRNAs and 200000 cells were seeded. Cell number was
determined 2, 4 and 6 days after transfection.Error bars indicate SDs, n=3. Significance was
determined by a two-tailed student test: * p<0.05.

In further experiments, we compared the cell cycle profile of control versus
HEATRL1 deficient cells. U20S cells transfected with a control sSiRNA showed a normal
cell cycle profile, where a larger cell population (42% of the cells) was in G1 phase, while
38% of the cells progressed through S phase and 20% of them were in G2 phase (Fig.
19A). HEATRL1 ablation largely altered the standard cell cycle profile, since the amount
of cell in S phase was reduced to 19%, while the subpopulation of cells in G1 was
increased to 59% (Fig. 19A). To investigate whether this cell cycle arrest seen in
HEATR1 depleted cells is mediated by p53, we performed co-depletion of HEATR1 and
p53. Interestingly, the cell cycle progression of HEATR1 and p53-deficient cells was
restored entirely (Fig 19A). It is also worth to mention that RNAi-mediated depletion of
p53 alone did not induce any significant changes in the cell cycle profile (Fig. 20A). In
contrast to U20S cells, in human cervical carcinoma (HeLa) cell line, which has a
defective p53 expression, the ablation of HEATRL1 did not result in cell cycle arrest or the

alteration of the cell cycle profile (Fig. 19B).
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Figure 19. Ablation of HEATR1 alters the cell cycle profile. A. U20S cells were transfected
with the indicated siRNAs and 72 hours after the transfection cell cycle profiles were obtained by
flow cytometry. Cell cycle profiles are representative of three independent experiments. B. HeLa
cells were transfected with control or HEATR1 siRNAs. The cell cycle profiles were assessed by
flow cytometry 72 hours after the transfection. Results are representative of three independent
experiments.

To provide more evidence on the impairment of proliferation and cell cycle
progression in HEATRL1 deficient cells, we performed a 5-ethynyl-2'-deoxyuridine (EdU)
incorporation assay, to follow the replicating population of control and HEATR1 depleted
cells. The nucleotide analog EdU incorporates into the newly synthesized DNA strand
and with a simple click chemistry EdU can be visualized by fluorescence (see Material
and methods). Indeed, the subpopulation of replicating cells was reduced from 54% to
26% in the case of HEATR1 depleted cells (Fig. 20A). Importantly, similarly to the cell
cycle profile, the reduced rate of replication measured by EdU incorporation could be
rescued by the concomitant depletion of HEATR1 and p53 (Fig. 20A). Moreover, we also
confirmed that RNAi-mediated knockdown of p53 efficiently reduced the endogenous
level of the protein, without affecting HEATR1 protein abundance (Fig. 20B).

In conclusion, we confirmed our observations from the RNAI screen that impaired
expression of HEATR1 results in the elevated expression of the tumor suppressor protein,
p53. Following HEATRL1 silencing, p53 seems to be stabilized on the protein level and
activated, documented by the increased expression of its transcriptional target, p21.
Furthermore, HEATR1 depletion resulted in prominent proliferation and cell cycle arrest
in the G1 phase. Importantly, this cell cycle arrest could be reversed by concomitant
depletion of p53, indicating that the observed proliferation and cell cycle arrest is
mediated by p53. Additionally, we show here that activation of p53 and impaired
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proliferation due to HEATR1 depletion are not restricted to one cell type, as these
phenomena could be observed in both U20S and BJ cell lines. Notably, we could not
observe cell cycle arrest in HeLa cells following HEATR1 knockdown. However, in the
human papilloma virus (HPV) positive HeLa cells the expression of p53 is completely
abrogated by the HPV-encoded E6 oncoprotein (Scheffner et al. 1990; Werness et al.
1990). Thus, the absence of p53 could be accounted for failed cell cycle arrest in HelLa
cells, which is further supporting the central role of p53 in proliferation and cell cycle

arrest following HEATR1 depletion.
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Figure 20. Depletion of HEATR1 reduces the amount of replicating cells. A. U20S cells were
transfected with the indicated siRNAs and 72 hours later cells were labeled with 10 uM 5-ethynyl-
2’-deoxyuridine (EdU) for 30 minutes. Cells were fixed on coverslips, EdU was visualized by
click chemistry and nuclei were visualized by DAPI staining. Results are representatives of three
independent experiments. Bar, 10 um. B. U20S cells were transfected with the indicated siRNAs
and 72 hours after transfection whole cell lysates were prepared and immunobotted with
HEATRI, p53 and B-actin antibodies.

4.3. HEATRL1 is localized into the nucleolus

HEATRL1 protein homologs in diverse species, such as yeast UTP10 (Dez et al.
2007) and Trypanosoma brucei TOUTP10 (Faktorova et al. 2018) have been described as



nucleolar proteins, whereas Zebrafish BAP28 has also been suggested to reside in the
nucleolus (Azuma et al. 2006). Although human HEATR1 was also shown to localize to
the nucleolus (Prieto and McStay 2007), one recent study described HEATR1 as a
cytoplasmic protein (Liu et al. 2016). The authors identified HEATR1 as a member of
PISBK/AKT/mTOR signaling, being responsible for the deactivation of AKT by binding
both AKT and its phosphatase enzyme PP2A (Liu et al. 2016) (see chapter 1.5).
Apparently, the interaction of the three proteins must occur in the cytoplasm, where AKT
and PP2A are predominantly located to. Indeed, Liu and colleagues also suggested that
HEATRL is rather a cytoplasmic protein and its localization is required for its interactions
with AKT and PP2A (Liu et al. 2016).

In order to reveal the subcellular localization of HEATRL1 in our cultured human
cells, we applied immunostaining of endogenous HEATR1. According to our
immunofluorescence experiments, HEATR1 was localized almost exclusively in the
nucleus, where it was rather accumulated in nucleolar regions in U20S cells (Fig. 21A).
Similar localization of HEATR1 was observed in primary human fibroblast cells BJ and
MRC-5 (Fig. 21A). Importantly, the nucleolar areas were validated by co-
immunofluorescence of NPM and DAPI staining for all three cell lines (Fig. 21A).
However, in the case of the two fibroblast cell lines, endogenous HEATR1 could also be
visualized in the cytoplasmic fraction, indicating that HEATR1 might be present there, as
well (Fig. 21A). Furthermore, to test the specificity of this immunofluorescence signal
we depleted HEATR1 and then performed its immunostaining. In both U20S and BJ cells
knockdown of HEATR1 abolished the nucleolar signal of HEATR1, while left the weak
nucleoplasmic and cytoplasmic background fluorescence signal unchanged (Fig. 21B and
Fig. 21C).

From these results, we can conclude that HEATR1 is predominantly a nucleolar
protein. Although a weaker fluorescence signal could be observed in the nucleus as well
as in the cytoplasm following the immunostaining of HEATRL, silencing of the protein
only abolished the nucleolar fluorescence signal. This indicates that HEATR1 resides
mainly in the nucleolus and the weak nuclear and cytoplasmic fluorescent signal may be
the result of unspecific binding of the antibody used against HEATRL1. Furthermore, in
four diverse cell lines we tested HEATR1 was localized to the nucleoli, further supporting
our theory of HEATRL being a nucleolar protein. Though, it is important to mention that
we cannot exclude the possibility of differential localization of HEATRL1 in other cell

types, such as pancreatic cancer cells, used by Liu et al. Surprisingly, opposing our
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results, Liu et al. have showed that HEATR1 resides mainly in the cytoplasm and is
almost entirely excluded from the nucleus. However, since this study does not present the
validation of the antibodies used to assess the localization of HEATR1, the cytoplasmic

localization of HEATR1 remains debatable.

siCON siHEATR1

siCON siHEATR1

Figure 21. HEATRL1 is a nucleolar protein. A. U20S, BJ and MRC-5 cells were fixed and
immunostained with the indicated antibodies. Nuclei of the cells were visualized by DAPI staining.
Bar, 10 pm. B. U20S cells were transfected with control and HEATR1 siRNAs and 72 hours later
cells were fixed, then immunostained with HEATR1 antibody. Nuclei were visualized by DAPI
staining. Bar, 10 um. C. BJ cells were transfected with control and HEATR1 siRNAs and 72 hours
later cells were fixed, then immunostained with HEATR1 antibody. Nuclei were visualized by
DAPI staining. Bar, 10 pm.
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4.4. Downregulation of HEATR1 induces ribosome biogenesis stress

The fact that HEATR1 is a predominantly nucleolar protein, whose depletion
induces p53 and p53-dependent cell cycle arrest implied that HEATR1 might have an
active function in ribosome biogenesis; thus abrogation its expression may induce
ribosome biogenesis stress. To test this possibility, we investigated (I) the alterations of
the nucleolar structure and (1) the involvement of the RPL5 and RPL11 in the activation
of p53 upon HEATR1 knockdown.



4.4.1. Nucleolar structure alterations

To analyze the structure of nucleoli in control versus HEATR1-depleted cells, we
immunostained several nucleolar proteins with well-known localization. We followed the
localization of FBL, NCL and NPM, all of which showed a predominant accumulation in
the nucleolus under normal conditions in both U20S and HelLa cells (Fig. 22). However,
ablation of HEATRL1 induced dramatic alterations in the localization of these proteins.
Specifically, FBL relocated to the periphery of the nucleoli and formed nucleolar caps,
while NPM and NCL staining spread into nucleoplasmic regions under these conditions
(Fig. 22). Additionally, we also confirmed the activation of p53 upon HEATR1 ablation
in U20S cells by immunofluorescence staining (Fig. 22A). Furthermore, as previously
discussed, HeLa cells have defective p53 expression. In agreement with this, we did not
observe any induction of the protein by immunofluorescence staining following HEATR1
depletion (Fig. 22B).

Disintegration of the nucleolus described by the altered localization of nucleolar
proteins is a strong indication of ribosome biogenesis stress reported by numerous studies
(Rubbi and Milner 2003; Yuan et al. 2005; Boulon et al. 2010; Bursac et al. 2012) and it
is an acknowledged marker of multiple diseases (Narla and Ebert 2010; Hetman and
Pietrzak 2012; Armistead and Triggs-Raine 2014; Parlato and Liss 2014; Orsolic et al.
2016). For instance, FBL has been reported to form nucleolar caps in response to low
dose ActD treatment (Shav-Tal et al. 2005), whereas NCL and NPM have been shown to
relocate from nucleoli to nucleoplasm following diverse insults to ribosome biogenesis
(Yuan et al. 2005; Llanos and Serrano 2010; Su et al. 2013). However, in some cases,
ribosome biogenesis stress is not represented by the disruption of the nucleolar structure.
For example, Fumagalli et al. reported that the depletion of RPS6 induces the stabilization
of p53, which is not accompanied by morphological changes in the nucleolar structure
(Fumagalli et al. 2009). To date, it is not well-understood what are the signals or processes
that are leading to structural alterations of the nucleolus. Moreover, it is also not clear
whether such changes could have a valuable function under some conditions.
Nonetheless, it is widely accepted that disruption of the nucleolar structure means
impaired ribosome biogenesis; thus our observations suggested that the absence of

HEATRL1 activates ribosome biogenesis stress pathways.
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Figure 22. Disruption of the nucleolar structure upon HEATR1 knockdown. A. U20S cells
were transfected with control and HEATR1 siRNAs and 72 hours later the cells were fixed and
immunostained with the indicated antibodies. Nuclei of the cells were visualized by DAPI
staining. Bar, 10 pm. B. HelLa cells were transfected with control and HEATR1 siRNAs and 72
hours later cells were fixed, then immunostained with the indicated antibodies. Nuclei were
visualized by DAPI staining. Bar, 10 pm.
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4.4.2. Activation of the canonical 58 RNP/Mdm2/p53 pathway

Next, we wondered whether the impaired expression of HEATRL1 induces p53

stabilization via the canonical 5S RNP/Mdm2/p53 pathway. To test this possibility, we
performed simultaneous silencing of HEATRL1 and either RPL5 or RPL11 and monitored
the level of p53 by immunoblotting. Co-depletion of either RPL5 or RPL11 with
HEATRL1 successfully quenched the activation of p53 seen in HEATR1-deficient U20S
cells (Fig. 23A). This data suggested that stabilization of p53 is indeed mediated by RPL5
and RPL11. Of note, depletion of neither RPL5 nor RPL11 could induce any changes in
the expression level of HEATR1 (Fig. 23B). To further confirm the central role of these
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proteins in this process, we performed immunoprecipitation of RPL5. Importantly, while
in control cells RPL5 did not form a complex with Mdm2, we could detect a strong
interaction between these two proteins in HEATR1-deficient U20S cells (Fig. 23C).
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Figure 23. HEATRL1 depletion activates the canonical 5S RNP/Mdm2/p53 pathway without
inducing DNA damage. A. U20S cells were transfected with the indicated siRNAs and 72 hours
later cells were lysed and subjected for Western blot analysis with antibodies against p53 and
Importin B. B. U20S cells were transfected with control and HEATR1 siRNAs and 72 hours later
cells were lysed and immunoprecipitated with control (IgG) and RPL5 antibodies, then
immunoblotted with the indicated antibodies. C. U20S cells were transfected with the indicated
siRNAs and 72 hours later cells were lysed and immunoblotted with HEATR1 and B-actin
antibodies. D. U20S cells were either transfected with control or HEATR1 siRNAs or were
irradiated with 2 Gy. 72 hours after transfection or 1 hour after irradiation cells were fixed and
immunostained with YH2AX antibody. Nuclei were visualized by DAPI staining. Bar, 10 um.

In the following experiment, we investigated whether RNAi-mediated knockdown
of HEATR1 induces DNA damage or activation of DDR that could also lead to p53
stabilization and activation. To examine this possibility, we performed
immunofluorescence staining of YH2AX, an established marker of DNA damage.
Specifically, upon DNA damage, such as DSB induction ATM is activated that is
responsible for the phosphorylation of the histone variant H2AX on its serine 139 residue

(Rogakou et al. 1998). This key PTM is required for the recruitment of subsequent DDR
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factors to the DNA lesion and its spreading around the DNA damage sustains DDR
signaling (Rogakou et al. 1998; Jackson and Bartek 2009). Indeed, the introduction of
DNA DSBs by y-irradiation resulted in the induction of the YH2AX signal, which
appeared in a characteristic pattern, so-called irradiation-induced foci (IRIF) (Fig. 23D).
In contrast to irradiated cells, HEATR1-depleted U20S cells did not show the induction
of yYH2AX (Fig. 23D); thus we could exclude DNA damage and/or active DDR as a cause
of p53 stabilization in this case.

In conclusion, our experiments supported the hypothesis that ablation of HEATR1
induces p53 through the 5S RNP/Mdm2/p53 pathway. Importantly, we also excluded that
stabilization of p53 is a consequence of DNA damage-dependent phosphorylation of the
protein since depletion of HEATR1 did not induce DNA damage, evidenced by the
absence of yYH2AX IRIFs. Notably, it has been reported that U20S cells fail to induce
p53-dependent cell cycle arrest in response to DNA damage due to the overexpression of
a truncated, mutant form of the Wipl phosphatase, which is responsible for the removal
of the stabilizing phosphorylation mark from p53 (Kleiblova et al. 2013). This further
supports our theory that HEATRL1 deficiency induces p53 exclusively through the
canonical 5S RNP/Mdm2/p53 pathway.

Furthermore, the absence of yH2AX signal in HEATR1 deficient cells also
indicates the lack of DDR activation. One study has reported that activated ATM is
actively involved in the suppression of the ARF protein (Velimezi et al. 2013). Thus,
under such stress conditions when ATM is non-activated, ARF might be stabilized, and
by binding Mdm2 it could induce p53. Moreover, ARF has been shown to inhibit
ribosome biogenesis, by suppressing the nucleolar import of the TTF-1, thereby inducing
ribosome biogenesis stress (Lessard et al. 2010). This way ARF could also contribute to
the activation of the 5S RNP/Mdm2/p53 pathway. Thus, since HEATR1 depletion does
not induce the activation of DDR, ARF could be activated to induce the stabilization of
p53 in both direct and indirect manner. However, U20S cells, used in the majority of our
experiments do not express ARF, due to promoter hypermethylation (Badal et al. 2008).
This further supports the key importance of the 5S RNP/Mdm2/p53 pathway in the
induction of p53 in HEATR1 deficient cells.
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4.5. HEATRL1 is involved in rRNA synthesis

The nucleolar localization of HEATR1 and the fact that its depletion leads to
ribosome biogenesis stress and the induction of p53-dependent cell cycle arrest via the 5S
RNP/Mdm2/p53 indicated a potential role of HEATRL in ribosome biogenesis. Since
several studies reported that homologs of HEATR1 in multiple organisms are involved in
rRNA synthesis (Gallagher et al. 2004; Azuma et al. 2006; Prieto and McStay 2007;
Faktorova et al. 2018), first we analyzed nascent RNA synthesis in HEATR1-deficient
U20S and HelLa cells. In order to do so, we performed a 5-ethynyl uridine (EU)
incorporation assay. Similarly to EdU, EU is a nucleotide analogue that incorporates into
the newly synthesized RNA; thus nascent RNA synthesis can be followed by fluorescence
(see Material and methods). Under normal conditions, EU incorporation was the most
pronounced in the nucleoli of both U20S and HeLa cells (Fig. 24). This is in agreement
with the fact that rRNAs are the most abundant RNA species in the cell (Jao and Salic
2008). However, HEATR1 knockdown completely abolished the fluorescent signal of the
nucleolus in both cell lines, suggesting that the absence of HEATR1 impaired rRNA
synthesis (Fig. 24). Moreover, this inhibition of rRNA synthesis observed upon HEATR1
ablation was similar to the effect we detected upon low dose ActD treatment in U20S
cells (Fig. 24A).

Proteins, which are involved in rRNA transcription and associate with the Pol |
transcription machinery, localize into the FC region of the nucleoli. Moreover, although
the co-localization of these components is still retained during transcription inhibition,
they are redistributed to the periphery of the nucleolus forming so-called fibrillar caps
(Shav-Tal et al. 2005; Prieto and McStay 2007). Thus, in order to further confirm the
involvement of HEATR1 in rRNA synthesis, we investigated the co-localization of
HEATR1 with Pol I under normal conditions and upon rRNA transcription inhibition. We
performed immunofluorescence staining of HEATR1 and RPA149, which is the largest
subunit of Pol I. Under unperturbed growth conditions the staining pattern of HEATR1
and RPA149 was completely overlapping (Fig. 25). Furthermore, when we applied a low
dose of ActD to inhibit rRNA synthesis, Pol | along with HEATR1 redistributed to
overlaying fibrillar caps (Fig. 25A). To confirm our results seen upon ActD exposure, we
treated the cells with another rDNA intercalator drug, BMH-21. In addition to its

inhibitory effect on transcription by intercalation, the exposure to BMH-21 also induces
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Figure 24. HEATRL1 has a role in rRNA synthesis. A. U20S cells were either transfected with
the indicated siRNAs or treated with 5 nM ActD. 72 hours after transfection or 16 hours after
treatment cells were labeled with 1 mM EU for 30 minutes. Cells were fixed and EU detection
was performed by click chemistry. Nuclei are marked by white dashed lines. Bar, 10 um. B. HeLa
cells were transfected with either control or HEATR1 siRNA and 72 hours later cells were labeled
with 1 mM EU for 30 minutes. Cells were fixed and EU detection was performed by click
chemistry. Nuclei are marked by white dashed lines. Bar, 10 pm.

the degradation of Pol I (Peltonen et al. 2010; Peltonen et al. 2014). Indeed, RPA149 was
almost completely degraded in response to BMH-21 treatment. Meanwhile, HEATR1
was accumulated in fibrillar caps and colocalized with the remaining, not-degraded
RPA149 (Fig. 25B). Overall, these results suggested that HEATRL1 is a component of the
Pol I transcription machinery and supported our previous observations that it has a
function in rRNA synthesis.

In conclusion, with this data, we confirmed that besides being a nucleolar protein,
HEATRL1 is involved in ribosome biogenesis. Specifically, we found that HEATRI,
similarly to its homologs in different organisms, is a possible component of the Pol |
transcription machinery and its depletion results in the potent inhibition of rRNA
synthesis. Although these data represent strong evidence for HEATR1’s involvement in
rDNA transcription, we cannot exclude the possibility that HEATR1 participates in other
steps of ribosome biogenesis as well. For instance, yeast UTP10 and Zebrafish BAP28
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have been reported to be required for early SSU processing (Gallagher et al. 2004; Azuma
et al. 2006); thus it is likely that HEATR1 protein has a similar function.
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Figure 25. HEATRL co-localizes with Pol 1. A. U20S cells were either mock- or ActD (5 nM)-
treated overnight, then fixed and immunostained with HEATR1 and RPA149 antibodies. Nuclei
were visualized by DAPI staining. Bar, 10 um. B. U20S cells were either mock- or BMH-21 (0.5
uM)-treated for 3 hours. Following the incubation cell were fixed and immunostained with
HEATR1 and RPA149 antibodies. Nuclei were visualized by DAPI staining. Bar, 10 um.

Of note, the prominent role of HEATR1 in rRNA synthesis is not restricted to the
U20S cell line, since HEATR1 depletion impaired rDNA transcription in HeLa cells as
well (Fig. 24B). Moreover, as we observed in previous experiments, the deficiency of
HEATR1 also induced ribosome biogenesis stress in HeLa cells, evidenced by the altered
nucleolar structure (Fig. 22B). Therefore, it is likely that similarly to U20S cells, the 5S
RNP complex binds to Mdmz2 in these cells following the ablation of HEATR1. However,
as it was mentioned earlier, due to the overexpression of the HPV-encoded E6
oncoprotein, the expression of p53 is downregulated in HeLa cells (Scheffner et al. 1990;
Werness et al. 1990); thus the 5S RNP cannot induce p53 expression. Indeed, as we
presented earlier, HEATR1 knockdown could not induce p53-dependent cell cycle arrest
in HeLa cells (Fig. 22B). Interestingly, HEATR1 depletion did not induce cell cycle arrest

at all (Fig. 19B). Moreover, p53 downregulation could rescue cell cycle arrest in
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HEATR1-deficient U20S cells, mimicking the conditions of the HeLa cell line. Although
p53 is a central player in ribosome biogenesis stress, p53-independent cell cycle
checkpoint activating pathways are also operating in response to impaired ribosome
biogenesis (see chapter 1.3.2.). However, our findings did not reflect the activation of
such pathways, neither in HEATR1-depleted HeLa (Fig. 19B), nor in p53- and HEATR1-
ablated U20S cells (Fig. 19A). Importantly, we cannot exclude the possibility of the
induction of p53-independent processes leading to cell cycle arrest with slower kinetics.

4.6. Upregulation of HEATRL in cancer

Throughout our experiments, we observed that the protein level of HEATR1
might be lower in normal cells, compared to the cancer cell lines used in this study. To
further investigate this observation, we performed a comparative Western blot analysis
with exponentially growing cancer cell lines, U20S and HeLa, and primary fibroblast
cells, BJ and MRC-5. Indeed, cell lysates obtained from U20S and HeLa contained a
higher level of HEATR1, while the protein was barely detectable in BJ and MRC-5 cells
(Fig. 26). The upregulation of ribosome biogenesis is a common characteristic of cancer
cells, which gain a proliferative advantage over normal cells due to the increased capacity
of protein production apparatus (see chapter 1.3.4.). Supporting this notion, other
ribosome biogenesis factors, such as NS, NCL and NPM were also found at higher
abundance in lysates of cancer cells (Fig. 26). Although the two examined cancer cell
lines presented an overall upregulation of ribosome biogenesis, we cannot exclude the
selective overexpression of HEATRL1 in specific cancer types. For instance, a recent study
reported the upregulation of HEATRL1 in glioblastoma cells, where HEATR1 was
demonstrated as an excellent target for T-cell mediated immunotherapy (Wu et al. 2014).
However, whether there is a selective overexpression of HEATR1 or a global
enhancement in ribosome biogenesis in these glioblastoma cells has not been shown.

Furthermore, selective downregulation of HEATRL1 has also been reported to
contribute to the increased resistance against gemcitabine of patients with PDAC (Liu et
al. 2016). However, in this case, gemcitabine resistance caused by HEATR1 deficiency
is ascribed to HEATR1’s involvement in the Akt signaling pathway. On the other hand,
our experiments show that HEATRL1 depletion has severe consequences in the cells: due
to its essential role in ribosome biogenesis, its absence initiates ribosome biogenesis

stress, resulting in p53-dependent cell cycle arrest. Since this aspect of HEATR1
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deficiency was not investigated by Liu et al., we cannot exclude the possibility that
defective ribosome biogenesis contributes to the phenotype of PDAC cells observed by
the authors. Furthermore, one can also imagine that other nucleolar factors can
compensate the absence of HEATRL, thus ribosome biogenesis can still operate
sufficiently in PDAC. Nonetheless, as both these scenarios remain to be highly
speculative, further studies are needed to uncover the molecular background of HEATR1
deficient cells. Moreover, the potential involvement of HEATR1 down- or upregulation

in the pathogenesis of various cancer types also needs to be elucidated.
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Figure 26. HEATR1 is overexpressed in cancer cells. Cancer cell lines U20S and HelLa, and
normal fibroblast cells BJ and MRC-5 were lysed and immunoblotted with HEATR1, NS, NCL,
NPM and B-actin antibodies. The total protein amount is visualized by Ponceau S staining and the
abundance of p-actin.
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4.7. Involvement of HEATR1 in DNA damage response

Recently, numerous studies have focused on the connection between ribosome
biogenesis and DDR. As described earlier, ribosome biogenesis factors have been
described as essential players in DDR, several DDR factors have been shown to be located
in the nucleolus and DNA damage has been reported to potently induce ribosome
biogenesis stress (see chapter 1. 4.). Thus, our focus has been shifted towards the role of
HEATR1 in DDR.

4.7.1. Phosphorylation of HEATR1 by ATM
During their effort to determine ATM/ATR substrates in response to DNA damage

in HEK 293T cells, Matsuoka et al. identified numerous ribosome biogenesis factors in a
high throughput proteomic screen, which are phosphorylated by either of these two master
kinases. Along with these proteins, HEATR1 was also identified to be phosphorylated by
ATM/ATR following y-irradiation. Specifically, the phosphorylation site was recognized
on the Ser1492 residue (Matsuoka et al. 2007) (Fig. 15; Fig. 27A). In order to validate
their observations, we immunoprecipitated all ATM/ATR substrates with an antibody
recognizing phosphorylated S/TQ sites. Notably, endogenous HEATR1 was accumulated
among proteins, whose S/TQ site was phosphorylated following y-irradiation, similarly
to SMC1 protein, a known ATM/ATR target (Fig. 27B). These data confirmed the results
seen in the screen of Matsuoka et al. that HEATR1 is a substrate of ATM/ATR. However,
with this experiment, we could not determine the exact phosphorylation site of HEATR1.
Nonetheless, these results indicated that HEATR1 might be a component of DDR

signaling.
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Figure 27. HEATRI1 is phosphorylated by ATM/ATR following y-irradiation. A. The
schematic structure of HEATR1 protein. The HEATR1 protein consist of 2144 amino acids and
contains a HEAT repeat domain at its C terminus. HEATR1 is phosphorylated by ATM/ATR,
putatively on the Ser 1492 residue. B. U20S cells were either mock-treated or irradiated with 10
Gy. 1 hour following the irradiation cells were lysed and immunoprecipitated with control (1gG)
and p-S/TQ antibodies, then immunoblotted with the indicated antibodies.

4.7.2. Depletion of HEATR1 leads to attenuated yH2AX formation

According to one proteomic study HEATR1 recruits to DNA lesions following
UV irradiation (Chou et al. 2010). Therefore, we assumed that HEATR1 might have a
function in the early phase of DDR. To investigate this possibility, we depleted HEATR1
in y-irradiated cells and followed YH2AX IRIF formation. The intensity of the YH2AX
fluorescence signal was indeed reduced in HEATR1-deficient cells, compared to control
cells (Fig. 28A-C). This indicated that HEATR1 facilitates the DDR response, which is
impaired in the absence of the protein.

Next, we aimed to confirm that this phenotype is the specific consequence of
HEATRL1 ablation and is independent of the ribosome biogenesis stress response.
Therefore, we treated the cells with low-dose ActD and quantified YH2AX fluorescence

signal intensity following y-irradiation. Surprisingly, we found that yH2AX-formation
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was attenuated, similarly to what we observed in the case of HEATR1 depletion (Fig.

28D).
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Figure 28. HEATRI1 depletion leads to reduced YH2AX formation. A. U20S cells were
transfected with either control or HEATR1 siRNA and 72 hours later cells were irradiated with 2
Gy. 1 hour following the irradiation cells were fixed and immunostained with YH2AX antibody.
Nuclei were visualized by DAPI staining. Bar, 10 um. B. U20S cells were treated and
immunostained as in A. Immunofluorescence intensity of YH2AX was quantified. Error bars
indicate standard deviations (SDs), n=3. Significance was determined by a two-tailed student test:
**p<0.01. C. U20S cells were either mock-treated or irradiated with 2 Gy. 1 or hours later cells
were lysed and immunoblotted with the indicated antibodies. D. U20S cells were either mock-
or ActD (5 nM)-treated overnight, then fixed and immunostained with yH2AX antibody.
Immunofluorescence intensity of yYH2AX was quantified. Error bars indicate standard deviations
(SDs), n=3. Significance was determined by a two-tailed student test: * p<0.05.

Overall, these data indicated that HEATR1 is a substrate of ATM/ATR when cells
are challenged with y-irradiation. So far, we could not validate the phosphorylation site
on HEATRL, nor identify the function of this PTM.

Future studies will be required to discover the missing information regarding the
role of HEATR1 in DDR. One possible approach to uncover the DNA damage responsive
phosphorylation site of HEATR1 could be the introduction of an ectopically expressed
and tagged form of HEATRL to the cells. This HEATR1 construct could carry various
mutations of the protein. For instance, by replacing Ser1492 with alanine, a
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phosphomutant construct, while by substituting Ser1492 with aspartic acid, a
phosphomimetic construct could be produced. Transfection of these constructs along with
the depletion of the endogenous protein, followed by y-irradiation and
immunoprecipitation with the phospho-S/TQ antibody and subsequent immunoblotting
with antibodies against these constructs would reveal whether Ser1492 is the site
phosphorylated by ATM/ATR. Such HEATRL1 constructs could also be used to monitor
alterations in DDR and interactions with other DDR components, without disrupting
ribosome biogenesis.

Importantly, although the reduction in the YH2AX fluorescence signal intensity
we observed following HEATR1 ablation can be rather attributed to the global effect of
impaired ribosome biogenesis, it is not well-understood what processes cause this
phenotype. One recent study has reported a similar reduction in the YH2AX signal
following NCL depletion. In this case, the authors explained this phenomenon by the
active involvement of NCL in DDR. As a histone chaperon, NCL is required for the DNA
damage-induced histone eviction, which is essential for the spreading of the YH2AX
signal and DDR signaling around the DNA lesion (Kobayashi et al. 2012). Although in
our experiments neither HEATR1 depletion, nor ActD treatment led to the reduction in
the protein level of NCL, which could explain such changes in the YH2AX signal, we
observed altered localization of this protein under these conditions. Typically, upon
HEATR1 ablation or ActD treatment, NCL was released from nucleoli to the
nucleoplasm. Thus, it is possible that such altered localization impairs the histone
chaperone and DDR function of NCL. Nevertheless, the mechanism by which DDR is
impaired under these scenarios needs to be further elucidated.
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5. SUMMARY

Ribosome biogenesis is a complex process that is initiated in a subnuclear
organelle, the nucleolus. The nucleolus is assembled around rDNA genes, whose
transcription results in the emergence of a single transcript, the 47S pre-rRNA. The
transcription is followed by the maturation of this primary transcript, resulting in the
appearance of 18S, 5.8S and 28S rRNAs. Meanwhile, the forth rRNA component, 5S
rRNA is transcribed and matured in the nucleus, and ribosomal proteins are synthesized
in the cytoplasm. The assembly of the ribosomal components takes place in the nucleolus,
nucleus and cytoplasm. Ribosome biogenesis consumes tremendous energy of the cells;
therefore it is interconnected with a multitude of signaling pathways in the cell.
Perturbation of this process promotes the phenomenon of ribosome biogenesis stress that
Is characterized mainly by the disintegration of the nucleolar structure, the activation of
tumor suppressor p53 and growth arrest. Interestingly, ribosome biogenesis stress is one
of the main characteristics of diverse diseases. Furthermore, the nucleolus has been
described as the major stress sensor of the cells, due to impairment of ribosome biogenesis
following different stress stimuli. Of these stress signals, the close connection of DNA
damage and ribosome biogenesis has been best characterized.

In this work, we have identified HEATR1 as a novel nucleolar protein that is
involved in the early steps of ribosome biogenesis. Supporting this notion, ablation of
HEATRL1 disrupts rRNA transcription, leads to the disruption of nucleolar structure and
promotes the stabilization and activation of p53, which results in cell cycle arrest.
Depletion of HEATRL1 activates the canonical RPL5/RPL11/Mdm2/p53 pathway,
evidenced by the increased interaction between RPL5 and Mdmz2 under these conditions
and attenuated p53 activation upon co-depletion of RPL5 and/or RPL11. Furthermore, as
it was suggested by others, HEATR1 may be actively involved in the pathology of
diseases, such as cancer. In addition, HEATR1 might also be involved in DNA damage
signaling; however this aspect of HEATR1’s function needs to be further investigated.
Overall, in this study, we characterized the novel role of HEATR1 in ribosome
biogenesis. Importantly, HEATR1 may also be relevant in the therapy of cancer or other

diseases, where ribosome biosynthesis is impaired.
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7. ABBREVIATIONS

3’-ETS
40S or SSU
5-ETS

50-

5S RNP
60S or LSU
ActD

AKT

AML

ARF

ATM

ATR

box C/D snoRNP
box H/ACA snoRNP
CDK

CHX
CuET

DBA

DC

DDR

DFC
DMEM
DSB

EdU

EFL1

elF6

ER

ERK

EU

3’external transcribed spacer

small ribosomal subunit

5’external transcribed spacer

50- syndrome

5S ribonucleoprotein

large ribosomal subunit

actinomycin D

protein kinase B alpha

acute myeloid leukemia

alternative reading frame protein

ataxia telangiectasia mutated

ataxia telangiectasia and Rad3-related protein
box C/D small nucleolar ribonucleoprotein
box H/ACA small nucleolar ribonucleoprotein
cyclin-dependent kinase

cycloheximide

ditiocarb-copper complex
Diamond-Blackfan anemia

Dyskeratosis congenita

DNA damage response

dense fibrillar component

Dulbecco’s modified Eagle’s medium
double strand break
5-ethynyl-2’-deoxyuridine

elongation factor like-1 GTPase enzyme
eukaryotic translation initiation factor 6
endoplasmatic reticulum
extracellular-signal regulated kinase

5-ethynyl uridine
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FBL

FC

GC

GC
H3K27me3
H3K4me3
H3K9me2/3
H4ac
H4K20me3
HEATR1
HPV

HRP

IGS

INB

IR

IRBC
IRES

IRIF

ITS1

ITS2

LSB
MAPK
MDC1
mMRNA
mTOR
NBS1
NCL
NOR
NoRC
NPC
NPM

fibrillarin

fibrillar center

granular component
guanosine-cytosine

trimethylation of histone 3 lysine 27
trimethylation of histone 3 lysine 4
di- or trimethylation of histone 3 lysine 9
acetylation of histone 4
trimethylation of histone 4 lysine 20
HEAT repeat containing 1

human papilloma virus

horseradish peroxidase

intergenic spacer

intranucleolar body

ionizing radiation

impaired ribosome biogenesis checkpoint
internal ribosome entry site
irradiation-induced foci

internal transcribed spacer 1
internal transcribed spacer 2
Laemmli sample buffer
mitogen-activated protein Kinase
mediator of DNA damage checkpoint
messenger RNA

mammalian target of rapamycin
Nijmegen breakage syndrome 1
nucleolin

nucleolar organizer region

nucleolar remodeling complex
nuclear pore complex
nucleophosmin
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NS
PBS
PDAC
PI3K
PIC
PIKK
PIM1
Pol |
Pol 11
Pol 11
PP2A
pRB
pSerl5-p53
PTMs
PTRF1
rDNA
RNAI
ROS
RP
RPL
RPS
rRNA
S6K
SDS
SDS-PAGE
Ser1492
SL1/TIF1-B
SnoRNP
TCS
TERC
TERT

nucleostemin

phosphate buffered saline

pancreatic ductal adenocarcinoma
phosphatidylinositol 3-kinase

pre-initiation complex
phosphatidylinositole 3-kinase-related kinase
proto-oncogene serine/threonine-protein kinase 1
RNA polymerase |

RNA Polymerase Il

RNA Polymerase 111

protein phosphatase 2A

retinoblastoma protein

p53 phosphorylated on the serine 15 residue
posttranslational modifications

Pol I and transcript-release factor 1
ribosomal DNA

RNA interference

reactive oxygen species

ribosomal protein

large subunit ribosomal protein

small subunit ribosomal protein

ribosomal RNA

ribosomal protein S6 kinase

Shwachman-Diamond syndrome

sodium dodecyl sulfate—polyacrylamide gel electrophoresis

serine 1942 residue

selectivity factor

small nucleolar ribonucleoprotein
Treacher-Collins syndrome
telomerase RNA component

telomerase reverse transcriptase
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TFHIA
TFIIB
TFHIC
TIF1-A/hRRN3
tRNA
TTF-1
t-UTP
UBF
UCE
UPR
uv
X-DC

transcription factor I11A
transcription factor 111B
transcription factor 111C
transcription initiation factor 1A
transfer RNA

transcription termination factor 1
transcriptional U three protein
upstream binding factor
upstream core element

unfolded protein response
ultraviolet light

X-linked form of Dyskeratosis congenita
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Abstract: DNA replication is a highly demanding process regarding the energy and material supply
and must be precisely regulated, involving multiple cellular feedbacks. The slowing down or
stalling of DNA synthesis and/or replication forks is referred to as replication stress (RS). Owing to
the complexity and requirements of replication, a plethora of factors may interfere and challenge
the genome stability, cell survival or affect the whole organism. This review outlines chemical
compounds that are known inducers of RS and commonly used in laboratory research. These
compounds act on replication by direct interaction with DNA causing DNA crosslinks and bulky
lesions (cisplatin), chemical interference with the metabolism of deoxyribonucleotide triphosphates
(hydroxyurea), direct inhibition of the activity of replicative DNA polymerases (aphidicolin) and
interference with enzymes dealing with topological DNA stress (camptothecin, etoposide). As a
variety of mechanisms can induce RS, the responses of mammalian cells also vary. Here, we review
the activity and mechanism of action of these compounds based on recent knowledge, accompanied
by examples of induced phenotypes, cellular readouts and commonly used doses.

Keywords: replication stress; cisplatin; aphidicolin; hydroxyurea; camptothecin; etoposide; cancer

1. Introduction

The DNA molecule always has to keep the middle ground: it must be sufficiently rigid to
maintain correct genetic information while at the same time available for ongoing processes. DNA is
particularly vulnerable to insults during replication, a process where a copy of the genome is
generated [1]. Replication must be tightly regulated because it is essential for genome integrity, and
therefore the fate of a new cellular generation. Accurate coordination of several cellular pathways is
needed to provide sufficient energy and material supply, precise timing and functional repair to
overcome arising difficulties [1].

Transient slowing or disruption of replication fork (RF) progression is called replication stress
(RS), which can be caused by a limitation of important factors and/or obstacles caused by intrinsic
and extrinsic sources [2]. Intrinsic sources of RS involve the physiological properties of the DNA
molecule, such as regions of heterochromatin structure, origin-poor regions or sites rich in some types
of repetitive sequences [3-5]. Other intrinsic sources of RS are generated by deregulated pathways
that cause over- and under-replication [6-8], re-replication (also known as re-duplication) [9,10], or
by transcription and replication machinery collisions [9].

The most common extrinsic sources of RS are all wavelengths of ultraviolet radiation (UV) [11],
ionising radiation (IR) [12] and special genotoxic chemical compounds [13] which are the main focus
of this review. RS-inducing chemicals can cause a broad spectrum of DNA lesions. Alkylating agents
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such as methyl-methane sulfonate (MMS) [14], temozolomide and dacarbazine [15] directly modify
DNA by attaching an alkyl group that presents an obstacle to RF progression. Moreover, the
bifunctional alkylating compounds (e.g., mustard gas) can cause the crosslinking of guanine
nucleobases [16,17] that violate the DNA structure even further [18]. Typical crosslinking agents
introduce covalent bonds between nucleotides located on the same strand (intrastrand crosslinks),
like cisplatin, or opposite strands (interstrand crosslink), like mitomycin C, and psoralens [18].
Crosslinks make the strands unable to uncoil and/or separate and physically block RF progression
[19]. Even a small amount of unrepaired crosslinks (approx. 100-500) is reported to be lethal to a
mammalian cell [20]. Furthermore, single-strand DNA breaks (SSB) and double-strand DNA breaks
(DSB) represent a specific problem for ongoing replication which is well manifested by increased
sensitivity of replicating cells towards radiomimetic compounds (e.g., neocarzinostatin) [21]. Other
compounds do not damage the DNA structure directly but rather interfere with replication-related
enzymes. Aphidicolin, an inhibitor of replicative DNA polymerases leads to uncoupling of the
replicon and generation of long stretches of single-stranded DNA (ssDNA) [22]. After hydroxyurea
treatment, an inhibitor of ribonucleotide reductase (RNR), the metabolism of deoxyribonucleotide
triphosphates (dNTPs) is disturbed, and subsequently, the RF progression is blocked [23].
Camptothecin and etoposide, inhibitors of topoisomerase I and topoisomerase II respectively,
prevent DNA unwinding and halt relaxation of torsional stress [24,25]. The most common sources of
RS are illustrated in Figure 1.

Several repair pathways are essential for rapid elimination of DNA distortions and lesions
introduced by the action of RS inducing compounds [26]. Removal and replacement of single base
damage (e.g., oxidised and alkylated bases), is performed by base excision repair (BER) [27]. More
extensive damage affecting several adjacent bases is repaired by nucleotide excision repair pathway
(NER). NER is essential for repair of UV-induced damage such as cyclobutane pyrimidine dimers, or
pyrimidine-pyrimidone (6-4) photoproducts and also needed for crosslinks removal caused by for
example cisplatin [28]. Single-strand break repair in higher eukaryotes rely on poly(ADP-Ribose)
polymerase 1 (PARP1) and X-ray repair cross complementing 1 (XRCC1) depedent recognition of the
lesion, followed by end processing and ligation [29]. Double-strand breaks (DSBs) are processed by
either homologous recombination (HR), or non-homologous end-joining (NHE]). HR is active
predominantly in S and G2 phases using the sister chromatid as a template for repair with high
fidelity [30]. NHE], considered as an error prone pathway, performs DSB repair in all cell cycle stages
more rapidly by direct ligation of two unprocessed (or minimally processed) DNA ends [31].

All previously described specific structures and concomitant DNA lesions can challenge the
progression of RF. If the RF encounters a lesion which the replicative polymerase is unable to process
as a template, it becomes stalled [32]. Stalled RFs are vulnerable structures and may undergo
spontaneous collapse which leads to DSBs and genomic instability (GI) [33,34]. To avoid the harmful
consequences of stalled forks, several mechanisms —DNA damage tolerance pathways (DDT)—exist
to bypass the lesions and enable fork restart. One well-described process of DDT is translesion
synthesis (TLS). TLS promotes “polymerase switch” from the replicative polymerase to translesion
polymerases, which are able to continue replication across the lesion. TLS polymerases possess low
processivity and fidelity towards the template DNA strand. Therefore TLS is often referred to as the
error-prone pathway of DDT [32,34-36]. Among the DNA lesions which block the progression of RFs,
interstrand crosslinks (ICLs) belong to the most challenging to bypass [37]. Thus, a whole group of
proteins called Fanconi anaemia (FA) proteins evolved to govern the bypass and the repair of ICLs.
The FA network promotes the unhooking of the ICL by specific endonucleases, bypassing the lesion
by TLS polymerases or the repair by HR [5-7]. Patients with a defect in the FA protein family suffer
from premature ageing, show increased sensitivity to DNA crosslinking agents (e.g., cisplatin,
mitomycin C) and predisposition to certain types of cancers due to increased GI [38—40]. Although
the FA pathway is involved mainly in ICL repair, it contributes more generally to initial detection of
RF arrest, processing and stabilisation of the forks and regulation of TLS [41,42].

DNA damage bypass can occur in an error-free manner through the activation of the other
branch of DDT, called template switching (TS). The process utilises the newly synthesised strand of
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the sister duplex, using it as an undamaged template. TS can be promoted either by fork regression
or by strand invasion mediated by HR [34,36,43,44]. RF restart can also be achieved by firing nearby
dormant replication origins or by repriming events leaving behind lesion containing single-stranded
DNA (ssDNA) gaps which are subsequentially processed by DTT pathways [45-50]. Altogether,
these processes ensure the rapid resumption of DNA synthesis, preventing prolonged fork stalling
and the potentially deleterious effects of replication fork collapse. However, upon persisting RS, or
non-functional RS response, the RF may fail to restart and collapse, most probably due to destabilised,
dysfunctional or displaced components of replication machinery [1,50-54]. Prolonged stalled
replication forks are targeted by endonucleases followed by recombination-based restart pathways
[55,56].

Among the features of RS belong accumulation of long stretches of ssDNA [46,57], resulting
from the uncoupled activity of DNA polymerase and progression of DNA helicase [58,59]. The
persisting ssDNA is rapidly coated by replication protein A (RPA) that in turn generates the signal
triggering the checkpoint response through activation of Ataxia telangiectasia Rad3-related (ATR)
checkpoint kinase [60—-63]. Once activated, ATR and its downstream target checkpoint kinase 1
(CHKT1) help the cell to faithfully complete DNA replication upon RS [52,53,64]. In addition, ATR as
the central RS response kinase contributes to the stabilisation and restart of the stalled forks even
after the stress has been removed [65]. The ATR-CHK1 pathway is responsible for cell cycle
inhibition, suppression of new origin firing, DNA repair and to the overall improvement of cell
survival [62,66]. The role of Ataxia telangiectasia mutated (ATM), another important checkpoint
kinase, upon RS conditions is not as clear and straightforward as of ATR. ATM is preferentially
activated by DSBs which are generated in later stages after RS induction, mostly after the RF collapse
[67,68]. There is suggested interplay between ATM and ATR during replication stress which becomes
apparent under concomitant depletion of both kinases [68]. Interplay between ATM, Werner helicase
(WRN) and Bloom helicase (BLM) is needed for the resolution of replication intermediates and HR
repair pathway that is important for RF restart [69,70].

Chronic replication stress conditions, particularly in the absence of proper DNA repair pathway
and/or non-functional checkpoint responses might result in the transfer of RS-related DNA
alterations to daughter cells, inducing mutations, GI and fuelling tumourigenesis [1].

From this point of view, the RS is a strong pro-carcinogenic factor driving selective pressure for
acquisition of mutations overcoming cell cycle arrest or apoptosis [71,72]. This further leads to the
progression of malignant transformation and faster selection of mutations allowing development of
resistance to cancer treatment [73].

However, cells typically react on the prolonged exposure to RS by triggering mechanisms
leading to permanent cell cycle arrest known as cellular senescence or apoptosis [74,75] acting as a
natural barrier against tumour progression [76].

Several hereditary syndromes are linked to enhanced RS and GI. The spectrum of exhibited
symptoms is broad and includes premature ageing, growth retardation, neurodegeneration,
immunodeficiency, cancer predisposition and others. The disorders like Seckel syndrome (deficiency
in ATR kinase) [77], Ataxia telangiectasia caused (loss of ATM kinase) [78], Xeroderma pigmentosum
(XP); various defects in XP protein family group) [79] are caused by aberrations in DNA damage
recognition and repair enzymes [80]. Bloom and Werner syndrome (deficiency of BLM and WRN
helicase, respectively) [81,82], Fanconi anaemia (FA; mutations in FA pathway proteins) [83,84], or
Rothmund-Thomson syndrome (defects in RECQ like helicase 1 protein) [85,86] are related to failure
of replication fork progression and restart.

In general, RS is a potent inducer of variety of hereditary and non-hereditary diseases, including
the oncogenic transformation. The knowledge and understanding of the processes during RS are
crucial for choosing the most efficient therapy. The in vitro-based cell studies involving models of
chemical induction of RS are unique source of information about molecular interactions and
undergoing mechanisms. For this review five compounds were chosen, all of them are commonly
used for cell-based experiments to induce RS. Several aspects are discussed in detail: mechanism of
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action aimed at replication interference, proper dosing and common experimental setups. A brief
overview of the medical use and important practical hints for laboratory use are also included.
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Figure 1. Schematic view of the most common lesions causing replication stress. In the scheme, several
important replication stress (RS) inducing factors are illustrated: intra-strand crosslink (ISC), inter-
strand crosslink (ICL), alkylated/modified base (Me) and inhibition of replication related enzymes.
Compounds further described in the review are marked by red colour. RNR: ribonucleotide
reductase; DNA pol.: DNA polymerase; Topol: topoisomerase I, Topoll: topoisomerase II; APH:
aphidicolin; HU: hydroxyurea; CPT: camptothecin; ETP: etoposide; cisPt: cisplatin; d ATP: deoxyadenosine
triphosphate; dTTP: deoxythymidine triphosphate; dCTP: deoxycytidine triphospahte; dGTP:
deoxyguanine triphosphate.

2. Compounds

2.1. Cisplatin

Cisplatin (cisPt) is an inorganic platinum complex first synthesised by Italian chemist Michel
Peyrone and originally known as ‘Peyrone’s chloride’ (Figure 2). The cytostatic activity of cisPt was
first reported by Barnett Rosenberg and co-workers in 1965 following accidental discovery of
Escherichia coli growth inhibition induced by the production of cisPt from platinum electrodes [87]. It
is generally considered as a cytotoxic drug for treating cancer cells by damaging DNA and inhibiting
DNA synthesis. cisPt is a neutral planar coordination complex of divalent platinum [88] with two
labile chloride groups and two relatively inert amine ligands. The cis configuration is necessary for
the antitumour activity [89], 3D structure of monofunctional cisPt bound to DNA structure can be
found here [90].

NH-,
Cl-., 5.
,Pt a~
NH
Cli 2
Figure 2. Cisplatin structure.

2.1.1. Mechanism of DNA Damage Induction

The cytotoxicity of cisPt is known to be due to the formation of DNA adducts, including
intrastrand (96%) and interstrand (1%) DNA crosslinks, DNA monoadduct (2%) and DNA-protein
crosslinks (<1%) [91]. These structural DNA modifications block uncoiling and separation of DNA
double-helix strands, events both necessary for DNA replication and transcription [92]. Inside a cell,
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cisPt forms an activated platinum complex, which triggers a nucleophilic substitution reaction via an
attack on nucleophilic centres on purine bases of DNA, in particular, N7 positions of guanosine (65%)
and adenosine residues (25%) [93]. The two reactive sites of cisPt enable the formation of the most
critical crosslink between two adjacent guanines (1,2-d(GpG)), resulting in the formation of DNA
intrastrand crosslinks [94]. Also, platinum can align to guanine bases on the opposite DNA strand,
thus creating DNA interstrand crosslinks, present in lower percentage [95]. These cisPt crosslinks
create severe local DNA lesions that are sensed by cellular proteins, inducing repair, replication
bypass or triggering apoptosis [96]. Several protein families can recognise cisPt-DNA adducts,
including nucleotide excision repair (NER) proteins [97], homology-directed repair proteins (HDR)
[98], mismatch repair (MMR) proteins [99] and non-histone chromosomal high mobility group
proteins 1 and 2 (HMGI1 and HMG2) [100]. The intrastrand cisPt structural alteration stalls RNA
polymerase II. It is recognised and efficiently repaired by global genome NER (GG-NER) or its
transcription-coupled sub-pathway (TC-NER) [101]. The second DNA repair system predominantly
involved in coping with cisPt-DNA adducts is error-free HDR, which removes DNA DSBs remaining
after cisPt adduct removal [98]. In contrast to the previously mentioned repair pathways that increase
cell viability, MMR proteins have been shown to be essential for cisPt-mediated cytotoxicity [99].
cisPt is reported to enhance interactions between MMR proteins MLH1/PMS2 (MutL homolog
1/PMS1 homolog 2, MMR component) and p73, triggering apoptosis [102]. Therefore, mutations in
MMR genes are known to be associated with cisPt resistance [103]. HMG1 and HMG?2 recognise
intrastrand DNA adducts between adjacent guanines, affecting cell cycle events and subsequently
inducing apoptosis [100].

In addition to the previously mentioned repair proteins, specialised translesion DNA
polymerase eta (1)) can be loaded onto sites of cisPt-DNA adducts promoting TLS repair pathway
[104]. cisPt also induces dose-dependent reactive oxygen species (ROS), which are responsible for the
severe side effects of platinum-based therapy, including nephrotoxicity and hepatotoxicity [105].
When overwhelming the reduction capacity of the cell, cisPt-induced ROS might lead to lipid
peroxidation, oxidative DNA damage, altered signal transduction pathway and calcium
homoeostasis failure [105]. Extensive unrepaired cisPt-induced DNA damage can proceed to
apoptotic cell death mediated by various signal transduction pathways, including calcium signalling
[106], death receptor signalling [107] and activation of mitochondrial pathways [108]. At least two
main pathways have been proposed to mediate cisPt-induced apoptosis in vitro. One involves the
critical tumour suppressor protein p53 directly binding to cisPt-modified DNA [109] and promoting
apoptosis via several mechanisms. p53 binds and counteracts the anti-apoptotic B-cell lymphoma-
extra large (Bcl-xL) [110], contributes to inactivation of nutrient sensor AMP-kinase (AMPK) [111],
activates caspase-6 and -7 [112] and the pro-apoptotic Bcl-2 family member PUMAa in renal tubular
cells [113]. However, the role of p53 in response to cisPt seems to be controversial, as it has been
described to contribute to cisPt cytotoxicity [114] and also to be involved in cisPt resistance in
different cancer models [115]. The other cisPt-induced apoptotic pathway is mediated via a pro-
apoptotic member of the p53 family, p73. cisPt has been shown to induce p73 in several cancer cell
lines [116], which cooperates with the MMR system and c-Abl tyrosine kinase, known to be involved
in DNA damage-induced apoptosis [117]. In response to cisPt, c-Abl phosphorylates p73, making it
stable [118], and increases its pro-apoptotic function by binding transcription coactivator p300, which
triggers transcription of pro-apoptotic genes [119]. Moreover, p73 forms a complex with c-Jun N-
terminal kinase/stress-activated protein kinase (JNK), leading to cisPt-induced apoptosis [120].
Intrinsic signaling pathways involved in cisPt driven apoptosis include Akt [121], protein kinase C
[122,123], and mitogen activated protein kinases—MAPK (e.g., extracellular signal-regulated kinases;
ERK) [124-126], JNK [127-129] and p38 [130].

2.1.2. Other Effects

Besides DNA, the primary target of cisPt in cells, there is some evidence for the involvement of
non-DNA targets in «cisPt cytotoxicity [131]. cisPt interacts with phospholipids and
phosphatidylserine in membranes [132], disrupts the cytoskeleton and alters the polymerization of
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actin, probably due to conformational changes resulting from the formation of Pt-S bonds [133].
MicroRNAs (miR), which play a role in posttranscriptional gene silencing, have been shown to be
involved in the modulation of cisPt resistance-related pathways in different cancer models. miR-378
was shown to reverse resistance to cisPt in lung adenocarcinoma cells [134], whereas miR-27a was
shown to be upregulated in a multidrug resistant ovarian cancer cell line, contributing to cisPt
resistance [135]. miR-21 increases the cisPt sensitivity of osteosarcoma-derived cells [136]. For

references to particular studies using cisPt, refer to Table 1.

Table 1. Effects of various cisplatin treatments in vitro.
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Concentration  Incubation Time Observed Effect Cell Line Reference
. . . . 0-342 rat ovarian
300 uM 2h increase in poly ADP ribosylation tumour cells [137]
e o hypoxic V-79
100 uM 2 h before IR sensitization to y-radiation Chinese hamster cells [138]
100 uM 2h increase in poly ADP ribosylation CV-1 monkey cells [139]
<20 pg/mL block of rRNA synthesis
h Hel 14
(<66 UM) > block of DNA replication ca [140]
15 M 1h induction of SCE (sister chrom.atld exchange) 6 primary human [141]
decreased cell survival tumour cell culture
. . . 224 (melanoma cells)
10-30 uM 24h,48h induction of apoptosis HCT116 [142]
KLE
increase in antiapoptotic Bcl-2 mRNA HEC-1-A
10 uM 24h 14
On synthesis (regulated by PKC and Akt2) Ishikawa [143]
MCEF-7
. . . 224 (melanoma cells)
2-10 uM 72h induction of apoptosis HCT116 [142]
increase in p53 stability
5uM 24h activation of ATR increased p53(serl5) A2780 [144]
phosphorylation
activation of p21
5uM 24h activation of CHK2 increased p53(ser20) HCT116 [144]
phosphorylation
induction of mitochondrial reactive oxygen A9
oM 24h ' species (ROS) response e PC3 [143]
P P MEF
2 uM 24 h G2/M arrest, subapoptic damage MSC [145]
decreased proliferation rate TGCT H12.1
2 uM 24h 14
oK induction of apoptosis TGCT 2102EP [143]
block of DNA synthesis
14 wg/mL >h block of transcription L1210/0 cell [146]
m
HE G2 arrest s
apoptosis
48h inhibition of mtDNA replication Dorsal root
2 pig/mL 144 h, 168 h inhibition of mitochondrial genes transcription ganglion (DRG) (1471
sensory neurons
1 pg/mL 2h transient G2 arrest Hela [148]
3.0 uM 4 h before block of NHE] A2780 [138]
IR 0.5 Gy . e . MO59]
0.2-0.8 uM ih cisPt-IR synergistic interaction MO59K [138]
lock of DNA replication followed 11
1-25 uM 24 hod8 h block of DNA replica 101.1 ollowed by ce Hela [149]
apoptosis
inhibiti f RNA pol 1I-d dent Hel
03-1 uM overnight inhibition of RNA po ymerase II-dependen ela [144]
transcription XPF
90% reduction in clonogenic capacity detected
after 7 days
06 uM 2h CHK1 phosphorylation causing CHK1 Hela [148]
dependent S phase arrest
24h 1 f tel TEL TEL t
05 M oss of telomeres (TEL), or repeats Hela (139]

48 h

cell death
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ATR: Ataxia telangiectasia Rad3-related; Bcl: B-cell lymphoma; CHK1: checkpoint kinase 1; CHK2:
checkpoint kinase 2; IR: ionizing radiation; mtDNA: mitochondrial DNA; NHE]J: non-homologous
end-joining; PKC: protein kinase C; polyADP: poly adenosine diphosphate; rRNA: ribosomal RNA.

2.1.3. Solubility

cisPt (molecular weight (MW) 300.05 g/mol) is water soluble at 2530 mg/L (at 25 °C), saline
solution with a high chloride concentration (approx. 154 mmol/L) is recommended. In the absence of
chloride, the cisPt chloride leaving group becomes aquated, replacing the chloride ligand with water
and generating a mixture of species with increased reactivity and altered cytotoxicity [150,151].
Commonly used solutions for laboratory use are aqueous-based solutions in 0.9% NaCl (0.5 mg/mL),
pH 3.5-5. Dissolved cisPt may degrade over a short time, the storage of aliquots is not recommended.
However, the stability at -20 °C in the dark is reported to be 14 days. Solutions (in 2 mM phosphate
buffered saline buffer with chloride concentration 140 mmol/L) stored at 4 °C should be stable for 7—
14 days [152]. Undiluted cisPt is stable in the dark at 2-8 °C for several months [121,153]. Dimethyl
sulfoxide (DMSO) can also be used for cisPt dilution, however it is not recommended. The
nucleophilic sulphur can displace cisPt ligands, affecting the stability and reducing cisPt cytotoxicity
[154]. DMSO introduced in combination studies with cisPt does not affect its activity [152].

2.1.4. Medical Use

Following the start of clinical trials in 1971, cisPt, marketed as Platinol (Bristol-Myers Squibb,
New York, USA), was approved for use in ovarian and testicular cancer by the Food and Drug
Administration (FDA) in 1979 [155]. cisPt is considered one of the most commonly used
chemotherapy drugs for treating a wide range of malignancies, including head and neck, bladder,
oesophagal, gastric and small cell lung cancer [156,157]. Moreover, cisPt has been shown to treat
Hodgkin’s [158] and non-Hodgkin’s lymphomas [159], neuroblastoma [160], sarcomas [161], multiple
myelomas [162], melanoma [163], and mesothelioma [164]. cisPt can reach concentrations of up to 10
pg/mL in human plasma [165]. cisPt is administrated either as a single agent or, in the main cases, in
combination with other cytostatics (e.g., bleomycin, vinblastine, cyclophosphamide) or radiotherapy
for the treatment of a variety of tumours, e.g., cervical carcinoma [153]. The most important reported
side effect is nephrotoxicity, due to preferential accumulation and persistence of cisPt in the kidney
[166], later ototoxicity and bone marrow depression. Pharmacokinetic and pharmacodynamic studies
have shown that a maximal steady state cisPt plasma concentration of between 1.5 and 2 pug/mL has
the most effective chemotherapeutical effect with minimal adverse nephrotoxicity [167]. Many
cancers initially responding to cisPt treatment could become later resistant. Mechanisms involved in
the development of cisPt resistance include changes in cellular uptake, drug efflux, drug inactivation
by increased levels of cellular thiols, processing of cisPt-induced damage by increased NER and
decreased MMR activity and inhibition of apoptosis [99,168]. To boost platinum drug cytotoxicity,
overcome its resistance and achieve a synergistic effect, new platinum-based drugs, as well as their
combinatorial therapy with other antineoplastic agents were developed for cancer treatment [169].
Besides of cisPt derivatives as carboplatin and oxaliplatin, are currently being used in the clinical
practice, while nedaplatin, lobaplatin and nedaplatin acquired limited approval in clinical use
[170,171]. Recent discoveries described the combination of cisPt with PARP inhibitor olaparib
targeting DNA repair to acts synergistically in several non-small cell lung carcinoma cell lines [172].
This combinatorial therapy can be promising especially in patients with advanced breast and ovarian
cancer-bearing BRCA1/2 (breast cancer 1/2) mutations [173].

2.1.5. Summary

cisPt is used in vitro in concentration range approx. 0.5-300 uM. The levels in human plasma
can reach up to 10 pg/mL (33 uM) which should be beared in mind when interpreting in vitro data.
Continuous treatment, or longer incubation time, or high cisPt concentration of 20 mg/mL lead to
complete inhibition of DNA synthesis [174]. The concentration range of 15-30 uM results in a block
of DNA replication and transcription and triggers DNA damage response (DDR) signalization
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through ATM-CHK2, ATR-CHK1 DDR pathways resulting in p53-p21 driven cell cycle arrest or p53-
mediated cell apoptosis [141-144]. However, in some cell lines also the synthesis of anti-apoptotic
protein Bcl-2 was reported [143]. cisPt is in the majority of cell lines induces apoptosis above the
concentration of approx. 2 uM [139,141,142,146]. cisPt block DNA replication [139,140,146] and
inhibits RNA synthesis [140,175,176] and also influences the mitochondrial DNA synthesis and
metabolism [147]. As a commonly used drug in clinics, many in vitro experiments have been
conducted to address problems arising during treatment. Especially, the study of mechanisms
underlying drug resistance [177], causes of toxic side effects [178], enhancement of synergistic effects
[179] and ways how to improve drug delivery systems [180]. cisPt massively triggers the TLS repair
pathways; defective FA proteins sensitise the cells towards this compound [181], defective MMR
proteins establish cisPt resistance [103,182].

2.2. Aphidicolin

Aphidicolin (APH) is a tetracyclin diterpenoid antibiotic isolated from Nigrospora sphaerica
(Figure 3) which interferes with DNA replication by inhibiting DNA polymerases «, € and d [183].
Specifically, only cells in S phase are affected, whereas cells in other phases of the cell cycle are left to
continue until the G1/S checkpoint, where they accumulate [184].

Figure 3. Aphidicolin structure.

2.2.1. Mechanism of DNA Damage Induction

APH binds to the active site of DNA polymerase « and rotates the template guanine, selectively
blocking deoxycytidine triphosphate (dCTP) incorporation [185]. DNA polymerase « interacts with
APH by its C18-binding OH group, APH forms a transient complex with polymerase and DNA [183].
The effect of APH on cell cultures is reversible if the cells are treated for no longer than 2 generations
[186]. The exonuclease activity of APH-responding polymerases is only mildly affected, even at
concentrations completely blocking the polymerase activity [183]. However, in the cell nucleus, the
exonuclease activity is usually not retained because ternary complex APH-polymerase-DNA is
formed and blocks the enzyme [183]; 3D structure of the complex can be found here [187].

Mechanistically, APH compromises the function of DNA polymerase, while helicase proceeds
regularly (so called uncoupled/disconnected replicon), which leads to the generation of long stretches
of single-stranded DNA [188]. The disconnected replicon is vulnerable structure prone for breakage
preferentially at the so-called common fragile sites (CESs) (also referred to as CFS expression) [189].
CFSs are specific genomic loci conserved in mammals generally prone to instability upon RS [190].
CFS expression is also common in precancerous and cancerous lesions [76]. Moreover, a causative
role of CFS’s in cancer development has been suggested [191]. APH reproducibly causes damage at
the same sites, and thus low doses of APH are used to define APH-inducible CFSs, of which there are
over 80 described in the human genome [22,192]. Other CFS inducers (hydroxyurea, camptothecin,
hypoxia and folate deficiency) are not so specific, nor efficient as APH [193,194]. Importantly, APH
efficiently induces CFS expression only when the rate of polymerase is slowed down but not
completely blocked. The optimum concentration range usually spans 0.1-1 uM [195] (and refer to
Table 2). Apart from disconnected replicon, there might be other explanations for the extraordinary
potency of APH to induce CFS-associated genomic instability. First, APH has been shown to increase
the number of R-loops within certain CFSs, thus inducing replication/transcription collisions [196].
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However, the mechanistic relationship between APH and increased R-loop formation is not clear.
Second, re-licensing of replication origins is typical feature of oncogenic genetic backgrounds which
are very prone to CFS expression. In such situations the CFS expression is explained as a result of
DNA re-replication and subsequent collision of re-replicating forks within CFSs [10,197]. This
phenomenon was studied in detail in yeasts at replication slow zones (analogs to CFSs in mammals)
[198]. It is not clear whether the same re-licensing process is induced also by APH, however re-
duplication would explain the reported APH-induced amplifications [191,199].

Prolonged treatment with low doses of APH induces cellular senescence response [74].
Interestingly, the most efficient doses were found to span the same range as doses used for CFS
expression, which implies that CFSs might play a causative role in this process. Moreover, oncogene-
induced senescence also displays increased CFSs-associated instability [10,197]. These phenotypical
similarities between oncogenic stress and low doses of APH make this drug a good candidate for
studying cellular processes in early stages of malignant transformation.

2.2.2. Other Effects

APH is a very specific DNA polymerase inhibitor, APH does not interact with mitochondrial
DNA polymerases [186] nor proteins [201], DNA, RNA, metabolic intermediates, nor nucleic acid
precursor synthesis [184]. Contradictory results have been obtained regarding the effect of APH on
DNA repair synthesis (DRS). According to a radiography method, APH does not influence DRS [201],
although when DRS was induced by tumor necrosis factor (TNF) or UV irradiation, APH was
observed to inhibit the process [202,203]. For references to particular studies using APH, refer to Table
2.

Table 2. Effects of various aphidicolin treatments in vitro.

1 -
Concentration nc;lil;:telon Observed Effect Cell Line Reference
0.2 mM 16h,10h formation of anaphase bridges and micronuclei HelLa [204]

30 uM 6h stalled replication forks HCT116 [205]
30 uM 6h stalled replication forks PD20 cells [206]
K P Bloom syndrome cells
. e L929
5 ug/mL DNA repair synthesis inhibition .
4h . ovarian cancer cells [202]
(14.3 uM) sensitization towards TNF treatment
A2780
RKO
5 ug/mL 2-8h o S phase arre.st 203T [207]
(14.3 uM) kinetics and mechanism study
MEF
Normal and XPA
2.5 ug/mL pers . . _,
1h inhibition of DNA synthesis and DNA repair deficient human [203]
(7.15 uM) .
fibroblasts
10 M 15h cell cycle synchronisation at the G1/S REF-52 [210]
boundary HeLa
Werner syndrome
5-25 uM 24h inhibition of replicative polymerases cells [209]
Bloom syndrome cells
1uM 1-24h CFS induction HEK293T [210]
MEF
1uM 24h FS inducti 211
o CFS induction HeLa [211]
0.5 uM 2h transient attenuati?n of I?NA synthe-sis, : DT40 [212]
0.1 uM 24 h study of chromosome integrity and replication
0.4 uM 24 h CFS induction U-2 OS [213]
0.1 uM
02 ﬁM 16 h replication stress observed on telomeres hESC (UCSF4) [214]
0.2 uM 2 weeks irreversible senescence induction REF-52 [74]
0.2 uM 24h CFS induction BJ-hTERT [215]
Werner syndrome
0.05 uM 24h CFS induction fibroblasts [216]
0.4 pM

AG11395 cells
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increased incidence of mitotic extra
0.3 uM 48 h chromosomes V79 hamster cell lines [217]
replication stress

Human fibroblasts

0.3 uM 72h replication stress HGMDEN090 [199]
BJ
2 ug/mL not indicated replication block BJ-tert [197]
HMEC
0.2 uM 7-24h cell synchronization HeLa [184]

CFS: common fragile site; TNF: tumour necrosis factor.

2.2.3. Solubility

APH (MW 338.48 g/mol) is soluble in DMSO (up to 10 mg/mL), ethanol (up to 1 mg/mL) and
methanol (freely), not soluble in water. The stability of the powder is 3 years at 2-8 °C, ethanol
solution for a week at 2-8 °C, DMSO solution for 6 weeks at =20 °C [218].

2.2.4. Medical Use

APH has limited use in clinical practice owing to its low solubility. Only APH-glycinate has so
far been tested in clinical trial phase I. However, fast clearance from human plasma (no drug observed
after 6-8 h of APH administration) and no anti-tumour activity was observed. Its use as a single agent
or even in combination with other cytostatics is no longer being considered [219]. APH is metabolised
by cytochrome P-450 dependent degradation [220]. APH and its derivatives are considered as
potential therapeutics for parasitic diseases, e.g., Chagas disease [221].

2.2.5. Summary

APH is used for in vitro studies in concentration range approx. 0.01 uM to 0.2 mM. APH is
mainly used for cell-based experiments involving CFS expression [222], cell cycle synchronization
[223], replication fork stability and restart studies [224] and for cellular senescence induction [74]. The
threshold between replication fork stalling and slowing down is around 1 puM. Upon higher
concentrations (5 uM-0.2 mM) APH was reported to stall the DNA polymerase, leading to S phase
arrest. Upon lower concentrations, when the DNA polymerases are just slowed down, CFS
expression can be observed. Usually, longer incubation times (approx. one population doubling) are
used, so more cells within the population are affected. APH treatment causes a significant amount of
DNA damage, leading to rapid ATR kinase activation. In the case of longer APH treatment also ATM
is activated probably as a consequence of DSB formed within the stalled replication forks [207].
Prolonged APH incubation in the range of days up to weeks at low concentrations (0.2-1 uM) induces
cellular senescence [74].

2.3. Hydroxyurea

Hydroxyurea (HU) was first synthesised in the 19th century (Figure 4) and inhibits the
incorporation of nucleotides by interfering with the enzyme ribonucleotide reductase (RNR) [225].
RNR converts nucleotide di- and tri-phosphates to deoxynucleotide di- and tri-phosphates, which is
the rate-limiting step in nucleotide synthesis [226]. Without proper levels of dNTPs, DNA cannot be

correctly replicated nor repaired [227].
o

HoN NH

Figure 4. Hydroxyurea structure
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2.3.1. Mechanism of DNA Damage Induction

RNR is a large tetrameric enzyme comprising two R1 subunits and two small regulatory
subunits R2 [228]. HU scavenges the tyrosyl radical of the R2 subunit which inactivates the RNR
enzymatic activity [226]. Complete inhibition of RNR has been observed within 10 min after
treatment with 0.1 mM HU and within 5 min after 3 mM of HU in murine 3T6 cells [229].
Consequently DNA synthesis is inhibited, selectively stopping the cells in S phase [230]. The
inhibition is caused alterations in the dNTP pools. Each type of ANTP is affected in a different way.
For example, after 280-560 uM HU treatment for 60 min, the dTTP pool was found to increase by
50%, whereas the dCTP pool is decreased by 50% [231]. HU slows down the initiation of replication
and also the progression of replication forks. Moreover, after stopping the production of dNTPs,
DNA repair and mitochondrial DNA synthesis are affected in all cells, regardless of the cell cycle
stage [227]. HU treatment greatly affects the choice of replication origins and origin spacing in
mammalian cells [232]. Although the mechanism of DNA damage induction may look similar to that
for APH, HU induces a different spectrum of fragile sites, called early replicating fragile sites (ERFs)
[233]. ERFs are also induced by c-Myc expression [11,12]. It was also reported that 10 ug/mL APH
[234] (concentration that stalls the replication fork progression) leads to the generation of several
kilobases long unwound DNA; however, HU treatment can generate only up to 100-200 nt long
ssDNA [235].

2.3.2. Other Effects

HU induces copy number variants (CNVs) with similar frequency and size distribution as APH
[236]. It was reported for yeast cells, that HU alters Fe-S centres, enzyme cofactors catalysing
oxidation-reduction reactions, which interferes with various metabolic enzymes and affects the redox
balance of cells. Similar mechanism is proposed also for mammalian cells [237].

HU has been negatively tested for mutagenicity, measured by single nucleotide variation (SNV)
and insertion/deletion frequency [238]. On the other hand, low doses of HU have been reported to
induce DNA damage [239]. Therefore, it is possible that the compound possesses some pro-
mutagenic potential (see also below). For references to particular studies using HU, refer to Table 3.

Table 3. Effects of various hydroxyurea treatments in vitro.

Concentration Incu}) ation Effect Cell Line Reference
Time
200 mM 2h replication block yeast cells [240]
replication block
10-2 h 11 241
0-200 mM 3 replication fork (RF) restart yeast cells [241]
5mM 1h replication block
HEK2 242
2 mM 3h replication block 9 [242]
50 uM-5 mM 40 min—2 h lication st 2937 [243]
o m min replication stress mouse ES cells
replication stress HCC1937
2 1h,24h 244
mM ! replication block MCF7 [244]
2 mM 16 h replication block HEK293 [245]
. . . U-20s
2 mM 24h DNA damage induction during S phase 03T [246]
rephcatlc?n b.lock REF-52
2mM 15h cell cycle synchronisation at the G1/S [208]
HeLa
boundary
2 mM 5h dNTP depletion REF52 [74]
chromosomal aberrations lymphoblastoid cell
2mM 3h FANCD2 pathway involvement lines [247]
1 mM overnight replication block MCF7 [248]
0.5 mM 5h-10h replication block
U-20S 249
2 mM 2h-24h replication block [249]
. nucleotides depletion
0-5mM 90 min stalled RF w/o DSBs formation MEF [250]
0.1-0.5 mM 2h-72h Y-globin gene expression K562 [251]
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0.1-0.5 mM 2h-8h replication stress PC3 [252]
cell differentiation
0.2-0.4 mM 4 days ERK signalling pathway inhibition K562 [253]
p38 signal transduction activation
0.3 mM 10 days microsatellite instabi.lity upon FANC] Gl;/IISISjiOZ [254]
depletion PD20F
0.15-0.2 mM 2 weeks irreversible senescence induction REF-52 [74]
0.2 mM 2h-7h replication stress MEF [255]
0.15 mM 2h p53 activation REF52 [74]
HIF1 induction
50-200 uM 20h eNOS induction HUVEC [256]
AML cell lines
. . . (MV4-11, OCI-
25-200 uM 72h induction of apoptosis AML3, MOLM-13, [257]
and HL-60)
5 uM-0.5 mM 48 h replication stress V79 hamster cells [217]
2 uM 12h replication stress H1299 [258]

dNTP: deoxynucleotide triphosphate; DSBs: double-strand breaks; eNOS: endothelial nitric oxide
synthase; ERK: extracellular signal-regulated kinases; FANCD2: Fanconi anaemia complementation
group D2; FANC]: Fanconi anaemia complementation group J; HIF: hypoxia induced factor 1.

2.3.3. Solubility

HU (MW 76.05 g/mol) is freely soluble in water at 100 mg/mL, soluble also in DMSO. The
powder is stable at 4 °C for 12 months. Solutions are stable for 1 month at —20 °C (after defrosting,
equilibration is recommended for 1 h at room temperature. It is recommended to prepare fresh
solutions before use. HU decomposes in the presence of moisture; therefore, it is recommended that
it is stored in air-tight containers in a dry atmosphere [259].

2.3.4. Medical Use

HU is a commonly used medicine first approved by the FDA for the treatment of neoplastic
disorders in the 1960s [260]. Common plasma levels of HU range 100-200 uM [261]. It is used for the
treatment of sickle cell disease, essential thrombocytosis [262], myeloproliferative disorders and
psoriasis [260] and is commonly indicated as a cytoreductive treatment in polycythemia vera [263]
and others. Synergistic effects have been reported when it is used in combination with antiretroviral
pills [264] and also in indicated cases with radiotherapy [265]. HU may be used as an anti-retroviral
agent, especially in HIV (human immunodeficiency virus) patients. HU may cause myelofibrosis
development with increased time of use and AML/MDS syndrome (acute myeloid
leukaemia/myelodysplastic syndrome) [266]. Adverse side-effects have been observed, mainly
myelosuppression [267]. A 17-year follow-up study of 299 patients treated with HU as a long-term
therapy showed no difference in the incidence of complications such as stroke, renal disease, hepatic
disease, malignancy or sepsis [268], suggesting that HU is well-tolerated. However, CNVs are
generated at therapeutic doses of HU, and data from reproductive studies and studies on subsequent
generations have so far been rather limited [236,268].

2.3.5. Summary

HU is used in vitro approx. in the range 2 mM-5 mM. The most commonly used concentrations
are around 2 mM. HU is used for cell cycle synchronization [269], replication fork stability studies
[249,252], studies of recovery mechanisms after the release of RS [242] and checkpoint responses [241].
Lower concentrations are used for RS induction [254], induction of senescence [74], apoptosis [257],
and repair pathways induction [217]. HU reaches plasma concentrations around 0.1 mM,; this should
be bear in mind when interpreting the data for clinical relevance [261]. The MRN (Mrell-Rad50-
Nbsl) complex members Mrell (Meiotic recombination 11) and Nbsl (Nijmegean breakage
syndrome 1) are required for efficient recovery of replication after treatment with replication stalling
agents such as hydroxyurea [12]. HU causes rapid generation of ssDNA as indicated by RPA loading
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40 min after treatment [270]. Subsequently, ATR-CHK1 signalling is activated, and HR repair
pathway is induced.

Cells deficient in XRCC2 or other homologous recombination components exhibit
hypersensitivity to HU [271]. It was reported that for hamster V79 cells, low concentrations of HU
(5-10 uM) mimics the replication dynamics of untreated HR deficient cells [217]. Cellular senescence
after long term replication stress caused by HU is dependent on p53-p21 signalling pathway and
independent of p16 [74]. HU influences mutiple cellular pathways, e.g., JNK pathway, mitochondrial
and peroxisome biogenesis, expression of several heat shock response proteins, autophagy pathways
stimulation (beclin-1 expression), hemoglobin type F induction (in sickle cell disease, 3-thalasemmia
patients), etc. [272]. There are several cell lines that response to HU treatment in a specific manner,
e.g., K562 cell line undergoes differentiation [253], T-cells activation is decreased [264], the
morphology of vascular endothelial cells is affected [273].

2.4. Camptothecin

Camptothecin (CPT) is a pentacyclic quinoline alkaloid first isolated from the Chinese tree
Camptotheca acuminata (Nyssaceae) by Wall et al. [274] (Figure 5). CPT has a unique intracellular
target, topoisomerase I (Topol), a nuclear enzyme that reduces the torsional stress of supercoiled
DNA [24]. This activity enables specific regions of DNA to become sufficiently exposed and relaxed
to facilitate essential cellular processes, such as DNA replication, recombination and transcription
[275].

Figure 5. Camptothecin structure.

2.4.1. Mechanism of DNA damage induction

Topol binds covalently to double-stranded DNA through a reversible transesterification
reaction, generating a SSB [276], 3D structure can be found here [277]. This so-called Topol-DNA
cleavage complex (Toplcc) facilitates the relaxation of torsional strain in supercoiled DNA, either by
allowing passage of the intact single strand through the nick or by free rotation of the DNA around
the uncleaved strand [278]. CPT covalently and reversibly stabilises the normally transient DNA
Toplcc by inhibiting religation of the scissile strand, thereby prolonging the half-life of Toplcc and
increasing the number of DNA SSBs [279,280]. Moreover, trapping of the enzyme on the DNA leads
to rapid depletion of the Topol pool [281]. The effect of CPT is readily reversible after removal of the
drug. However, prolonged stabilisation of Toplcc can cause multiple problems. Firstly, failure to
relieve supercoiling generated by such processes as transcription and replication can lead to RS by
creating torsional strain within the DNA [279,281,282]. Furthermore, the collision of the RF with the
ternary drug-enzyme-DNA complex generates DSBs with serious cellular consequences, including
cell death [283,284].

Because ongoing DNA synthesis is important for CPT-induced cytotoxicity, CPT is considered
an S phase-specific drug. The repair of CPT-induced DSBs involves multiple DNA damage repair
proteins. Recent studies have highlighted that functional cooperation between BRCA2, FANCD?2,
RAD18 and RAD51 proteins are essential for repair of replication-associated DSBs through HR. Loss
of any of these proteins causes disruption of HR repair, chromosomal aberrations and sensitization
of cells to CPT [285]. A close link between CPT and HR has also been demonstrated in experiments
measuring sister chromatid exchange events (SCEs), which are common consequence of elevated HR
repair process and found to be induced by low doses of CPT [270]. CPT is applied in early S phase
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cells for triggering G2 arrest accompanied by blockage of the p34cdc2/cyclin B complex, a
consequence of either DNA breakage, the arrest of the replication fork or both [286]. In addition, CPT
driven Topol-DNA cleavable complex and associated strand breaks were shown to increase
transcription of the c-Jun early response gene, which occurs in association with internucleosomal
DNA fragmentation, a characteristic mark of apoptosis [287]. Noncytotoxic concentrations of CPT
can induce the differentiation of human leukaemia cells [288], and an antiangiogenic effect is
suggested [289,290]. Interestingly, when used in combined treatment with APH, CPT reduces the
APH-induced RPA (an indicator of ssDNA) signal and has a rescuing effect on CFS expression [291].
For references to particular studies using CPT, refer to Table 4.

Table 4. Effects of various camptothecin treatments in vitro.

Concentration Inc;ibnaltelon Observed Effect Cell Line Reference
20 uM 30 min DNA fragmentation in G1 and S phase cells Hela [292]
10 M oih increase in cell sensitivity jro TRAIL-mediated Hep3B [293]
apoptosis
10 uM 4h formation of replication mediated DNA DSBs HT29 [294]
5uM 60 min inhibition of RNA synthesis CSA [295]
1 uM 60 min inhibition of DNA synthesis CSB [296]
replication block
1 uM 60 min DSB formation U20S [297]
cell death
formation of stabilised Topol-cc complex
1uM 60 min DSB formation phosphorylation of CHK1 (5317) HCT116 [294]
CHK?2 (T68), RPA (54/S8)
L1210 mouse
inhibition of DNA replication
1uM i lymphoblasti 2
H 60 min suggested DNA DSB formation ymp O? astie [293]
leukaemic cells
200 nM-1 uM 50 min DSB formation CSB [298]
100 nM-10 nM 60 min DSB formation HCT116 [299]
checkpoint activation (ATM-CHK2, ATR-CHK1)
lication fork stalli
25nM 60 min . repication fork staling o U-20-S (300]
replication fork reversal formation of specific
DNA structures
inhibition of EIAV ine infecti i
10 AM=100 nM 60 min inhibition o : (equnﬁe infectious anemia CFaTh [295]
virus) replication
inhibition of HIV-1 replicati
10 nM-20 nM 60 min inhibition o _ repucation HY 281]
block of viral protein expression
N 1
6 M 6h accumulation of cells in early S phase 1ym:1:1:c;tes [296]
24h apoptosis, DNA fragmentation MOLT-4
KB oral
6.25 nM 48 h specific suppression of oral cancer cells growth Orcillcs ancer [281]
2.5nM 48 h increase in SCE upon depletion of Fbh1 helicase BJ [281]

ATM: Ataxia telangiectasia mutated; HIV: Human immunodeficiency virus; RPA: replication protein

A; SCE: sister chromatid exchange; Topol-cc: Topoisomerase I cleavage complex; TRAIL: TNF alpha

related apoptosis inducing ligand, TNF: tumour necrosis factor.

2.4.2. Solubility

CPT (MW 348.35 g/mol) is soluble in DMSO (up to 10 mg/mL), methanol (40 mg/mL), 0.1 N
sodium hydroxide (50 mg/mL) or acetic acid, insoluble in water. At higher concentrations, heating is
required to dissolve the product completely (approx. 10 min at 95 °C), but some precipitation occurs
upon cooling to room temperature [301].
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2.4.3. Medical Use

CPT cannot be used in clinical practice because of its poor solubility in aqueous solutions,
instability and toxicity, but modifications at selected sites have improved the pharmacologic and
activity profile [283]. Currently, three water-soluble CPT-derivates, i.e., irinotecan (CPT-11),
topotecan (TPT) and belotecan (CKD-602), are available for cancer therapy. However, despite their
selectivity for Topol and unique mechanism of action, they all have critical limitations. In particular,
they become inactivated against Topol within minutes at physiological pH due to spontaneous
lactone E-ring opening [302] and diffuse rapidly from the Topol-DNA cleavage complex due to their
noncovalent binding. To overcome these problems, five-membered E-ring CPT-keto non-lactone
analogues 538809 and S39625 have been synthesised and selected for advanced preclinical
development based on their promising activity in tumour models. Their chemical stability and ability
to produce high levels of persistent Toplcc makes them useful candidates for future treatment [303].

2.4.4. Summary

Camptothecin is used in concentration range 2.5 nM up to 20 uM. CPT is a potent DSBs inducer
in a wide concentration range, approx. 10 nM-10 uM. Upon higher concentration (20 uM-10 uM),
CPT was reported to be cytotoxic, increasing cell apoptosis via DNA fragmentation predominantly
in S phase cells with ongoing DNA synthesis [292,293]. The most frequently used concentration of 1
puM CPT was shown to block DNA synthesis and induce DSBs resulting from the collision of RF due
to prolonged stabilisation of Topol DNA cleavage complex. The main implication of lower CPT
concentrations is the induction of replication fork slowing and reversal, as a rapid response to Topol
inhibition is the increase in topological stress of DNA locally [300]. CPT activates predominantly
ATR-CHK1 and ATM-CHK?2 signalling, and leading to G2 checkpoint arrest [300]. Even at low doses
of CPT HR repair pathway is triggered.

2.5. Etoposide

Etoposide (ETP) is a derivative of podophyllotoxin first synthetised in 1966 and approved for
treatment as an antineoplastic agent in 1983 [304]. ETP structure comprises of polycyclic A-D rings,
an E-ring and aglycone core (Figure 6). ETP compromises the proper function of the enzyme
topoisomerase II (Topoll), 3D structure can be found here [305]. Topoll performs cleavage of both
strands of a DNA duplex and enables passage of a second intact duplex through the transient break,
ATP is used to power the strand transition [306]. As a result, relaxation, unknotting and decatenation
of DNA are achieved enabling processes like replication and transcription [25].

HyC—O OH

Figure 6. Etoposide structure.
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2.5.1. Mechanism of DNA Damage Induction

Two modes of action were suggested for ETP to interfere with Topoll [25]. As a poison, it
stabilises TopoIlDNA complexes, whereas as an inhibitor ETP interacts with the catalytic site of
Topoll, decreasing the number of active cleavage complexes [307]. ETP acts as a poison by stabilizing
the cleavage complex of Topoll via decoupling the key catalytic residues, thus preventing the
religation of cleaved DNA ends [308]. As a result, the number of Topoll-associated DNA breaks are
increased [309]. ETP’s A, B and D-rings mediate the drug-enzyme interaction, whereas the aglycon
core binds to DNA [262,308]. E-ring substituents are important for ETP activity but do not contribute
to ETP-enzyme binding [310]. ETP is metabolised by cytochrome P3A4 (CYP3A4) to two metabolites,
ETP-quinone and ETP-catechol. Both active against the Topoll enzyme. ETP-quinone is approx. 100x
more efficient at inhibiting Topoll than ETP. ETP-quinone can block binding of the enzyme to DNA
by stabilisation of the N-terminal clamp [307]. In cases where the enzyme still binds to DNA, the
metabolite can stabilise the enzyme:DNA complex by inhibiting the religation step thus leading to
higher levels of DSBs [307]. The ETP-catechol metabolite works similarly to the parent compound but
can also be oxidised to the quinone [311]. ETP induces DSBs directly in all phases of the cell cycle, as
observed by YH2AX foci formation (a marker of DSBs) [312,313]. ETP does not require S-phase to
induce damage, but ongoing replication enhances its cytotoxic effect [314]. ETP causes disassembly
of replication factories (sites of ongoing replication), as measured by the distribution of proliferating
cell nucelar antigen protein (PCNA) [315]. Moreover, the cytotoxic effect of ETP is partially reduced
by inhibitors of DNA synthesis, such as APH and HU [316]. There are two isoforms of the Topoll
enzyme in mammals, called Topolla and TopolIf3, sharing 68% homology [317]. Topolla activity is
upregulated during cell cycle progression, peaks in mitosis and is essential for proliferating cells
[318]. Topollp is needed during transcription and DNA repair, and its levels are more stable during
the cell cycle [319]. ETP is not selective between these two paralogs, and the inhibition of Topollf is
believed to be the reason for ETP therapy-related secondary malignancies [320]. Topolla seems to be
a better target for therapy. Therefore, new compounds and analogues of ETP have been synthesised
to be selective only for Topollx [321].

2.5.2. Other Effects

A strong mutagenic effect has been measured for ETP in mammalian cells by several assays, e.g.,
HPRT assay (hypoxanthine phosphoribosyl transferase), SCE and detection of mutations at the locus
of the adenosine kinase gene [322]. In prokaryotic organisms (E. coli, Salmonella typhimurium), no
significant genotoxic effect was observed [322]. For references to particular studies using ETP, refer
to Table 5.

Table 5. Effects of various etoposide treatments in vitro.

Concentration Incu,bahon Effect Cell Line References
Time
SSB and DSB formation, induction SV-40 transformed
up to 450 uM 40 min of H2AX phosphorylation with human fibroblasts [323]
slow kinetics G361
MEF
formation of Topoll-blocked HEK293T
1-100 uM 30 min DSBs, activation of ATM- BJ1 [324]
mediated repair AT
senescence, apoptosis HepG2
2-1 h-48 h 2
00 M 6 h-48 induction of p53 response U20S (323]
AT1BR
i ly of replicati
2-100 uM 1-3h disassembly o .rep ication AT3 BR (315]
factories
HeLa
apoptosis (activation of intrinsic Hela
-1 —6h/16 h 2
50-100 uM 3-6h/16 (mitochondrial) pathway) HCT116 [326]
BJAB
50 uM 15h apoptosis J [327]

Hut78
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growth arrest (accumulation of MCEF-7
50 uM 48 h cells at G2/M boundary) ZR75-1 [328]
induction of p53 response T-47D

SSB and DSB formation
YH2AX, pATM, pDNA-PKGcs,

25 UM 1h MDCI foci formation Hela [329]
. HCT116
persisting DSBs
cell death
increase in YH2AX levels
reduction of proliferation rate
20puM 16h (accumulatiorlz of cellsin S and U205 (330]
G2/M boundary)
1h : re-palrable DSBs HEK293T
irrepairable DSBs, ATM- COS-7
20 uM 16h dependent HIC1 SUMOylation, BJ-hTERT [331,332]
induction of .p53-dependent H1299
apoptotic response
A549
20 uM 1-5h apoptosis HelLa, [333]
T24
10 uM 1h DNA damage induction A549 [334]
. HCC1937
1-10 uM 48h apoptosis BT-549 [335]
. . SH-SY-5Y
8 uM 1h induction of p53 response, SH-EP1 [336]
0.75-3 uM 72h senescence, apoptosis A549 [337]
cell cycle arrest in G2/M phase, MSC
0.75 uM 24h DNA damage induction, TGCT H12.1 [145]
induction of p53 response TGCT 2102EP

DSBs: Double strand breaks; HIC1: Hypermethylated In Cancer 1; MDC1: Mediator of DNA
Checkpoint 1; pATM: phosphorylated Ataxia elangiectasia Mutated; pDNA-PKcs: phosphorylated
DNA Protein Kinase catalytic subunit; SSB: single-strand DNA break; Topoll: Topoisomerase II.

2.5.3. Solubility

ETP (MW 588.56 g/mol) is soluble in organic solvents (ethanol, methanol, DMSO), poorly soluble
in water. It is recommended that stock solutions in organic solvents be diluted so 0.1% organic solvent
is present in the final solution. The stability in aqueous solution is best at pH 4-5, but it can be
improved by adding polysorbate 80 (Tween80), polyethylene glycol 300, citric acid and alcohol. ETP
is unstable under oxidative conditions [338]. Under acidic conditions (pH < 4), the glycosidic linkage
and lactone ring are hydrolysed, whereas, under basic conditions (pH > 6), cis-lactone epimers are
formed [304]. Aqueous solutions are stable for several hours, depending on the concentration of the
solution but irrespective of the temperature. ETP is sensitive to UV irradiation, both in solution and
as a powder [338].

2.5.4. Medical Use

According to pharmacokinetic studies, plasma levels of ETP peak at concentrations of 20-70 uM
[339]. ETP is approved for the treatment of refractory testicular tumors and small cell lung cancer.
Various chemical modifications with potential higher efficacy have also been tested for clinical use,
e.g., 4-phosphorylation or 4'-propyl carboxy derivatives [340]. In the field of so-called personalised
medicine, combined subsequent treatment of ETP and cisPt has been shown to be beneficial for
patients suffering from ERCCl-incompetent lung adenocarcinoma [341]. ETP is reported to cause
therapy-related leukaemias [320] and specific chromosomal translocations. Chromosomal
rearrangements at the 11q23 chromosome band were found in patients and seemed to be related to
the CYP3A4 metabolic conversion of ETP [342]. In mouse embryonic stem cells, an increase in fusion
chimeric products was observed at a 1.5 kb “hot spot” between exons 9 and 11 (analogous region to
MLL (mixed lineage leukaemia) breakpoint cluster in human leukaemia) [343]. MLL gene encodes
lysine (K)-specific histone methyltransferase 2A therefore influencing histone methylation and gene



Biomolecules 2017, 7, 19 18 of 35

expression [344]. Leukaemogenic MLL translocations lead to expression of MLL fusion proteins.
Patients with such translocations exhibit poor prognosis [345]. MLL fusion proteins are efficient in
transforming the hematopoetic cells into leukaemia stem cells [346]. Many studies have attempted to
solve the adverse side effects of ETP treatment and understand the underlying molecular
mechanisms, e.g., multi-drug resistance [347], or unwanted toxicity [348]. The search for compounds
that may improve ETP treatment usually starts with cell-based experiments, e.g., protective
compounds shielding healthy cells [349], compounds selectively enhancing ETP toxicity [350] or
targeted delivery [351].

2.5.5. Summary

ETP is commonly used for the induction of apoptosis [352]. Indeed, several studies reported that
higher doses of the compound (25-100 uM) activate apoptosis, mostly in a manner dependent on p53
[325-327,329]. Prolonged treatment at lower concentrations of ETP can also lead to induction of the
p53 pathway, cell cycle arrest, senescence and apoptosis [145,325,330,335,337]. ETP induces the
formation of irreversible DNA-Topoll cleavage complexes (Topollcc) and DNA damage regardless
of concentration or incubation time [323,324, 329-332,334,353]. The initial displacement of Topollcc
requires the coordinated action of several processes, such as cleavage by the 5-tyrosyl DNA
phosphodiesterase (TTRAP) and proteasome-dependent degradation of Topoll [354,355].
Furthermore, the MRN complex, CtIP (RBBP8 protein) and BRCA1 play a critical role in the removal
of such DNA-protein adducts [356]. The remaining DNA lesions are often referred as DSBs, which
are accompanied by the activation of ATM-mediated signalling or repair pathways, usually
quantified by the formation of YH2AX [323,324,329-332]. However, several studies argue against the
ability of ETP to primarily induce DSBs, showing that majority of the DNA lesions formed upon ETP
treatment are SSBs [323,329]. Despite the discrepancy, pathways engaged in DSB repair are activated
after the exposure to the drug, and among them, NHE] is seemingly predominant [329,356-358]. ETP
used in relatively high concentration (20-25 pM) might lead to persistent or irreparable DSB
formation [329, 331, 332].

3. Conclusions

Replication stress is a significant contributor to genomic instability, a major factor for the
conservation of mutations [1], relevant promoter of tumourigenesis [8] and also one of the main
features of cancer cells [76]. Owing to its complexity, replication can be disturbed by multiple
mechanisms. In this review, we focused on several compounds known to be RS inducers and often
used in cell-based assays. Some of the compounds have been shown to be effective in cancer
treatment. Importantly, the chemicals have been primarily chosen to cover various mechanisms of
action, resulting in different treatment-induced phenotypes resembling those of RS in carcinogenesis.
Induction of RS in vitro, e.g., by chemicals inducing DNA damage, is a crucial research tool. Precise
knowledge about the mechanism of DNA damage induction and cellular pathways involved in the
RS response is particularly important for the development of appropriate cellular assays for
investigating carcinogenesis and cancer treatment. The above-mentioned publications in separate
compound-related tables were chosen to help with the practical aspects of such assay design. Dose
and time-dependent effects related to the genetic backgrounds (i.e., dependent on the cell line used)
and proper readout are important issues for experiment design. Moreover, other practical
information has been included so that readers can use this review as a brief guide for choosing an
appropriate model and dose scheme for cell-based studies.
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ABSTRACT ARTICLE HISTORY
Ribosome biogenesis is an energy consuming process which takes place mainly in the nucleolus. By Received 2 August 2017
producing ribosomes to fuel protein synthesis, it is tightly connected with cell growth and cell cycle Revised 6 October 2017
control. Perturbation of ribosome biogenesis leads to the activation of p53 tumor suppressor protein Accepted 29 October 2017
promoting processes like cell cycle arrest, apoptosis or senescence. This ribosome biogenesis stress KEYWORDS
pathway activates p53 through sequestration of MDM2 by a subset of ribosomal proteins (RPs), thereby ribosome biogenesis;
stabilizing p53. Here, we identify human HEATR1, as a nucleolar protein which positively regulates HEATR1; p53; ribosome
ribosomal RNA (rRNA) synthesis. Downregulation of HEATR1 resulted in cell cycle arrest in a manner biogenesis stress; cancer
dependent on p53. Moreover, depletion of HEATR1 also caused disruption of nucleolar structure and

activated the ribosomal biogenesis stress pathway — RPL5 / RPL11 dependent stabilization and activation

of p53. These findings reveal an important role for HEATR1 in ribosome biogenesis and further support the

concept that perturbation of ribosome biosynthesis results in p53-dependent cell cycle checkpoint

activation, with implications for human pathologies including cancer.

Introduction depends on the action of multiple nucleolar accessory and
assembly factors — primarily non-ribosomal proteins and small
nucleolar RNAs (snoRNAs) [4-6].

Due to the tremendous energy demand for ribosome bio-
genesis and the continuous need for protein synthesis, pro-
duction of the ribosomes must be tightly regulated and
synchronized with physiological conditions of the cells.
Numerous studies showed that perturbation of various steps
in the complex proteosynthetic process, a scenario that is
commonly referred to as nucleolar or ribosome biogenesis
stress [7-11] leads to cell cycle arrest and eventually to senes-
cence or apoptosis through activation of the p53 tumor sup-
pressor protein. Under normal growth conditions p53 is
engaged in a complex with, and ubiquitilated by, the MDM2
E3 ubiquitin ligase, leading to p53’s continuous proteasomal
degradation [12-14]. However, impaired ribosome biogenesis
triggers the release of several RPs - most notably RPL5
and RPL11 - to the nucleoplasm, where these proteins
bind and sequester MDM2, resulting in p53 stabilization and
activation [9,11,15].

In this study we investigated human HEAT repeat contain-
ing 1 (HEATRI) protein, its role in ribosome biogenesis and
impact of its downregulation on cells. The human HEATRI1
gene is located at chromosome 1943 and encodes a large
(236 kDa) protein consisting of 2144 amino acids. The
HEATRI protein contains one HEAT repeat on its C-terminal

Protein synthesis is a fundamental feature of life that relies on
specialized organelles, the ribosomes. The ribosomes are large
protein-RNA complexes, formed by about 80 ribosomal pro-
teins (RPs) and four types of ribosomal RNAs (rRNAs) to com-
pose a platform for protein translation. In eukaryotes, each
ribosome consists of a 40 S small and a 60 S large subunit [1-
3]. While the matured ribosomes are localized in the cytoplasm,
biosynthesis and assembly of the ribosomal subunits takes place
mainly in the nucleolus. This membrane-less organelle is
located within the nucleus and organized around ribosomal
DNA (rDNA) genes. Ribosome biogenesis is initiated by the
transcription of rDNA, performed by RNA Polymerase I (RNA
Pol I). The resulting 47S pre-rRNA transcript is further proc-
essed and modified to give rise to several species of rRNAs: 18S
rRNA - component of the small ribosomal subunit — 5.8S and
28S rRNAs - components of the large subunit. As an exception,
transcription of another rRNA species — 5S rRNA, part of the
large ribosomal subunit - occurs in the nucleus and is carried
out by RNA Polymerase III. RP genes are transcribed by RNA
Polymerase II in the nucleus and translated in the cytoplasm.
Both the RPs and the 5S rRNA are first imported into the
nucleolus where assembly of the ribosomal subunits begins.
Precise maturation of the rRNAs and appropriate assembly of
the ribosomal subunits requires high energy investment and
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end (http://www.uniprot.org/uniprot/Q9H583). HEAT repeats
are found in other proteins - e.g. huntingtin, elongation factor
3 or protein phosphatase 2A - and considered to be involved in
protein-protein interactions [16]. UTP10, the yeast homolog of
HEATRI also contains a HEAT repeat at its C-terminus, and
was shown to be involved in rDNA transcription and small
ribosomal subunit maturation [17-20]. Unlike UTP10 or
human HEATRI1 protein, the Zebrafish homolog Bap28 con-
tains 8 HEAT repeats [21]. Despite the structural differences,
similarly to the yeast or human protein [17,19,20,22], Bap28
was also suggested to be involved in the regulation of rRNA
synthesis and maturation. Furthermore, expression of a dele-
tion mutant of Bap28 in Zebrafish embryos severely impaired
organismal development, possibly through the activation of
p53-dependent apoptosis [21]. In addition, human HEATRI
has been implicated in cancer, through stimulation of cytotoxic
T lymphocyte responses in gliomas [23] and promotion of
AKT dephosphorylation in the mTOR signaling pathway in
pancreatic ductal adenocarcinomas (PDAC) [24].

Here, we report that human HEATR1 is a nucleolar protein
with a prominent role in ribosome biogenesis. Downregulation
of HEATRI1 leads to impaired ribosome biogenesis, thereby
inducing disruption of the nucleolar structure and triggering
cellular ribosome biogenesis stress response.

Results
Knockdown of HEATR1 activates and stabilizes p53

To identify human proteins involved in ribosome biogenesis,
we performed a high-content RNA interference (RNAi) screen
and found HEATRI among prominent hits, whose depletion
led to increased p53 level. To validate this observation, we used
three independent siRNAs against HEATRI, all of which
reduced the endogenous level of the protein and resulted in the
elevation of p53 and its target, p21 to the same extent in human
osteosarcoma (U20S) cell line (Figure 1A). In order to reduce
potential off-target effects [25], we also used a pool of the three
siRNAs here (Figure 1A) and in all further experiments. Pooled
siHEATR1 efficiently reduced the endogenous level of
HEATRI1, not only in U20S but in normal diploid human
fibroblast (B]) cells, as well (Figure 1A and Figure S1A, B). Fur-
thermore, knockdown of HEATRI did not lead to DNA dam-
age induction or activation of DNA damage signaling, as we
did not observe any increased yH2AX (an established bio-
marker of DNA damage) in these HEATRI1-depleted samples
(Figure S1C).

Next we wondered whether the observed increased abun-
dance of the p53 protein reflects its enhanced stability. To
address this issue, we applied cycloheximide - an inhibitor of
protein synthesis — to examine turnover of p53 in control versus
HEATRI1-depleted cells. Indeed, absence of HEATRI led to
slower degradation of p53 protein (Figure 1B), as its half-life
increased from 56 minutes to 106 minutes, suggesting that p53
upregulation upon HEATR1 knockdown might be a conse-
quence of its elevated stability. These results demonstrated that
ablation of HEATRI1 leads to activation and stabilization of
p53.
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Figure 1. Depletion of HEATR1 stabilizes p53 A. U20S cells were transfected with
control or HEATR1 siRNAs, cell lysates were prepared 72 h after transfection and
immunoblotted with indicated antibodies. B. U20S cells were transfected with
control or HEATRT siRNAs, treated with 50 1+g/ml cycloheximide (CHX) 72 h later
and harvested at indicated time points. Cell lysates were immunoblotted with indi-
cated antibodies.

Depletion of HEATR1 leads to impaired proliferation and
induces p53-dependent cell cycle arrest

To assess any impact of HEATR1 status on cell cycle progres-
sion, we first examined proliferation rate of control and
HEATR1-depleted U20S cells. Cells deficient in HEATRI1
showed impaired growth rate compared to control, as deter-
mined by total cell counts at 2, 4 and 6 days after siRNA trans-
fection (Figure 2A). This impairment of the overall cell
proliferation upon HEATR1 depletion was not cell-type
restricted, as ablation of HEATRI led to growth arrest also in
normal diploid BJ cells (Figure S2A). Further analyses showed
that HEATRI knockdown led to altered cell cycle progression,
documented by a dramatic decrease of cells in S phase and
enhanced subpopulation of cells in G1 (Figure 2B). Notably,
co-depletion of HEATRI1 and p53 restored normal cell cycle
profile (Figure 2B), suggesting that p53 is causally linked to the
observed G1-phase accumulation of HEATR1-depleted cells. In
an independent parallel set of experiments, we confirmed the
reduced fraction of replicating cells upon HEATR1 knockdown
by monitoring 5-ethynyl-2’-deoxyuridine (EdU) incorporation
(Figure 2C). Importantly, depletion of p53 efficiently reduced
the level of p53 without affecting abundance of HEATRI pro-
tein (Figure S2B). In contrast to U20S cells, downregulation of
HEATRI in human cervical carcinoma (HeLa) cell line did not
induce cell cycle arrest, as similar fractions (29% and 31%,
respectively) of the control mock-treated and HEATRI-
depleted cells were present in S phase and the overall cell cycle
profiles were very similar (Figure S2C). From these experi-
ments, we concluded that the apparent lack of the p53-depen-
dent G1 accumulation in HEATRI-depleted HeLa cells likely
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Figure 2. Knockdown of HEATR1 leads to impaired proliferation and induces p53-dependent cell cycle arrest A. U20S cells were transfected with control or HEATR1 siR-
NAs and 100000 cells were seeded. Cell counts were determined at the indicated time points after transfection. Error bars represent SDs, n = 3. Significance determined
by two-tailed student’s t-test: * P<0,05. B. U20S cells were transfected with the indicated siRNAs and cell cycle profiles were assessed by flow cytometry 72 h after trans-
fection. Results are representative of three independent experiments. C. U20S cells were transfected with the indicated siRNAs and labeled with 10 uM 5-ethynyl-2'-
deoxyuridine (EdU) for 30 min. The cells were fixed and incorporated EdU was visualized by click chemistry. The nuclei were stained by DAPI. Results are representative

of three independent experiments. Bar, 10 ;«m.

reflects the absence of functional p53 in HelLa cells, caused by
the endogenous expression of the human papilloma virus E6
oncoprotein [26,27]. Overall, these data indicated that
HEATRI1 knockdown leads to accumulation and activation of
p53 that induces cell cycle arrest and impairs cell growth in
p53-proficient human normal and tumor cells.

HEATR1 is a nucleolar protein

Next, we investigated the localization of HEATRI in cultured
human cells. Immunostaining of the endogenous HEATRI
protein in exponentially growing U20S cells revealed that
HEATRI is localized in the nuclei, with a pronounced accumu-
lation in the nucleoli, the latter validated by co-staining for
nucleophosmin (NPM), a nuclear protein with preferential
accumulation in nucleoli (Figure 3A). The nucleolar localiza-
tion of HEATRI was specific, as depletion of HEATR1 by

siRNA led to the disappearance of the staining signal from the
nucleoli, while the weak nucleoplasmic background staining
signal remained unchanged (Figure 3B). The observed nucleo-
lar localization of HEATR1 was also shared by two distinct
and widely used strains of human diploid fibroblasts: B] and
MRC-5 (Figure S3A and B). Transfection of siRNA targeting
HEATRI into such normal cells abolished again only the nucle-
olar staining signal, thereby validating the results obtained with
the U20S cells (Figure S1B and data not shown). During these
experiments, we noted that the protein expression level of
HEATRI is lower in normal cells, compared to either U20S or
HeLa cells. Indeed, a comparative Western blotting analysis of
total cell lysates from exponentially growing cultures confirmed
higher levels of the HEATR1 protein in U20S and HeLa cells,
in contrast to very low, barely detectable levels seen in either B]
or MRC-5 cell extracts examined in parallel (Figure S3C). On
the other hand, these differences may reflect distinct overall
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Figure 3. HEATR1 is localized to the nucleoli A. U20S cells were fixed and immunostained with HEATR1 and nucleophosmin (NPM) antibodies. Nuclei were visualized by
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visualized by DAPI staining. Bar, 10 um.

size/contribution of nucleolar compartments in cancer versus
normal cells, as we found a similar trend towards enhanced rel-
ative abundance of other nucleolar proteins in the cancer cell
lines (Figure S3C).

We conclude from these analyses that human HEATRI is a
largely nucleolar protein that is overexpressed in cancerous cell
lines compared to normal cells, consistent with cancer-associ-
ated over-abundance of other nucleolar proteins.

HEATR1 knockdown leads to disruption of nucleolar
structure and induces ribosome biogenesis stress

Nucleolar localization of HEATR1, along with induced p53 and
cell-cycle arrest upon HEATR1 knockdown suggested that
HEATRI might be involved in ribosomal biogenesis. To test
whether accumulation and activation of p53 upon HEATRI1
knockdown is a consequence of ribosome biogenesis stress, we
first analyzed the integrity of the nucleolus by immunofluores-
cence in control and HEATRI1-depleted cells. Although disrup-
tion of nucleolar structure is not required for p53 activation
upon ribosome biogenesis stress [28], perturbation of ribosome
biosynthesis can result in dramatic alterations of nucleolar
morphology [9,29-31]. To characterize the impact of HEATR1
depletion on nucleolar structure, we followed established
markers of nucleolar disintegration. Whereas fibrillarin (FBL),
NPM and nucleolin (NCL) all showed predominantly nucleolar
localization in control siRNA-treated U20S and HeLa cells

(Figure 4A, B and Figure S4A, B), parallel cultures treated with
of HEATRI-targeting siRNA caused redistribution of these
proteins in both cell lines. Specifically, NPM and NCL became
released from nucleoli into the nucleoplasm, while the FBL
staining signal relocated to nucleolar caps, structures character-
istic for cells with inhibited RNA Pol I-mediated transcription
[32-34] (Figure 4A, B and Figure S4 A, B). In addition, we also
confirmed induction of p53 in HEATRI1 deficient U20S cells
by immunofluorescence staining (Figure 4B).

To test whether HEATRI depletion triggers the canonical
RPL5/RPL11-MDM2-dependent response to ribosome biogene-
sis stress, we performed simultaneous depletion of HEATR1 and
either RPL5 or RPL11 and examined the p53 response. Indeed,
knockdown of either RPL5 or RPL11 prevented the p53 accu-
mulation seen in HEATR1-depleted U20S cells, without affect-
ing HEATRI protein itself (Figure 4C and Figure S4C).
Furthermore, co-immunoprecipitation experiments detected a
complex of RPL5 with MDM2 in HEATRI-deficient, but not in
control cells (Figure 4D). These observations supported our
working hypothesis that depletion of HEATRI leads to ribosome
biogenesis stress accompanied with the disruption of the nucleo-
lar structure. This, in turn, leads to release of some nucleolar
and ribosomal proteins into the nucleoplasm, while a subset of
nucleolar proteins is redistributed, forming nucleolar caps. Cells
react to this stressful scenario by triggering the RPL5/RPLI1-
MDM2-mediated stabilization and activation of p53, leading to
Gl cell cycle arrest.
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Figure 4. HEATR1 knockdown induces ribosomal stress A, B. U20S cells were transfected with indicated siRNAs, fixed and immunostained with fibrillarin (FBL), nucleo-
phosmin (NPM), nucleolin (NCL) and p53 antibodies 72 h after transfection. Nuclei were visualized with DAPI staining. Bar, 10 um. C. U20S cells were transfected with
indicated siRNA, lysed and immunoblotted with indicated antibodies 72 h after transfection. D. U20S cells were transfected with control or HEATR1 siRNAs. Cell lysates
were immunoprecipitated 72 h after transfection with control (IgG) or RPL5 antibodies and immunoblotted with indicated antibodies.

The role of HEATR1 in ribosome biogenesis

To provide further insights into the potential role(s) of
HEATRI in the nucleolus, we analyzed nascent RNA synthesis
in control versus HEATR1-depleted cells. The incorporation of
the nucleotide analogue, 5-ethynyl uridine (EU) into RNA was
most prominent in nucleolar regions in control cells, as ribo-
somal RNAs are the most abundant RNA species in the cell
[35] (Figure 5A and Figure S5). In contrast, siRNA-mediated
depletion of HEATR1 impaired the nascent transcription in the
nucleoli, evidenced by the severe depletion of the nucleolar EU
signal (Figure 5A and Figure S5). The strong suppression of
rRNA transcription caused by ablation of HEATR1 was com-
parable to effects of treatment with low concentrations of acti-
nomycin D (ActD, Figure 5A), which is known to specifically
inhibit the activity of RNA Pol I [36,37].

Proteins associated with the Pol I transcription machinery
co-localize in the fibrillar center of the nucleolus and are redis-
tributed to small, so-called fibrillar caps upon transcription
inhibition [34]. Since HEATRI seemed to be required for
proper rRNA synthesis, we asked whether: i) HEATR1 co-
localizes with Pol I under unperturbed growth; and ii) if yes,
how is such localization pattern affected by the low-ActD treat-
ment. To address these questions, we visualized RNA Pol I by
immunostaining with antibodies against the RPA194 subunit
of Pol I (Figure 5B). Under normal growth conditions,
HEATRI1 and RPA194 co-localized in the nucleoli, presumably
in the fibrillar centers (Figure 5B). When low concentration of
ActD was applied to inhibit rDNA transcription, both
HEATRI1 and RPA194 were redistributed to the periphery of
nucleoli, forming small, overlaying nucleolar caps (Figure 5B).

Considering the emerging potential of small molecule inhibi-
tors of ribosome biogenesis in anti-cancer treatment, we evalu-
ated the effect of one such promising compound, BMH-21
[38,39] on HEATRI1 localization. BMH-21 induces ribosome
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Figure 5. HEATR1 is involved in rRNA synthesis. A. U20S cells were transfected
with indicated siRNAs or treated with 5 nM ActD overnight and labeled with T mM
5-ethynyl uridine (EU) for 30 min. EU detection was performed by click chemistry.
Bar, 10 ;em. B. U20S cells were mock- or actinomycin D- (ActD, 5nM) treated over-
night, then fixed and immunostained with indicated antibodies. Nuclei were visu-
alized by DAPI staining. Bar, 10 um.



biogenesis stress by intercalating into GC rich region of the
DNA, thereby inhibiting rRNA synthesis and promoting degra-
dation of RPA194 [38,39]. Similarly to ActD treatment, expo-
sure of human cells to BMH-21 induced redistribution of
HEATRI1 into nucleolar caps, while RPA194 was degraded
(Figure S5B). These data collectively indicated that HEATRI1
plays a prominent role in rRNA transcription, as knockdown
of the protein led to impaired rRNA synthesis. Moreover, our
results showed that HEATRI co-localizes with Pol I under
unperturbed conditions, and undergoes the same pattern of
topological redistribution as Pol I upon ActD treatment,
thereby further supporting HEATR1’s involvement in rRNA
transcription.

Discussion

In this study, we investigated the role of human HEATRI, so-
far a very poorly characterized protein, which we identified as
one of the prominent hits in a high-throughput siRNA screen
for human proteins whose depletion leads to p53 stabilization
(the complete dataset from the screen will be reported sepa-
rately). Here, we showed that depletion of HEATRI leads to
activation and stabilization of the tumor suppressor protein
p53. Thus, RNAi-mediated knockdown of HEATRI1 caused a
nearly two-fold increase of p53 protein half-life, accompanied
by induced expression of p53’s transcriptional target, the CDK
inhibitor p21. At the cellular level, this sequence of molecular
events resulted in decreased cell proliferation and cell cycle
arrest in Gl. Importantly, such activation of the cell cycle
checkpoint was not due to the canonical DNA damage-induced
phosphorylation of p53, since HEATRI1 depletion did not lead
to DNA damage. These results are complementary to, and con-
sistent with, our previous report that the U20S cells cannot
induce the p53-dependent G1 checkpoint after DNA damage,
despite they express wild-type p53. Such malfunction of the
DNA-damage dependent p53 activation is due to the overex-
pression in U20S cells of a truncated, mutant form of Wipl, a
phosphatase that potently counteracts the otherwise functional
phosphorylation of p53 under DNA damage conditions [40].
On the other hand, in response to HEATR1 depletion, p53
becomes stabilized via a phosphorylation-independent pathway
(see below) and therefore the overexpressed mutant Wip1 does
not prevent activation of the p53-p21 checkpoint under such
ribosomal stress conditions. Furthermore, the absence of DNA
damage signaling documented by the lack of yH2AX in
HEATRI1-depleted cells also indicates that the DNA damage
response (DDR) is not activated. ATM kinase is a key compo-
nent of the DDR network and negatively regulates abundance
of the alternative reading frame (ARF) tumor suppressor pro-
tein [41]. ARF is another nucleolar protein which - similarly to
some RPs - is able to activate p53-dependent pathways upon
stress stimuli, by disrupting MDM?2’s interaction with p53 [42].
ARF also inhibits ribosome biogenesis independently of p53,
by preventing nucleolar import of RNA polymerase I transcrip-
tion termination factor (TTF-I) [43]. Since HEATRI1 ablated
cells did not show DDR activation, one possibility was that
AREF is induced and elicits its dual effect on p53 activation and
repression of ribosome biogenesis. However, U20S cells used
in our experiments do not express ARF due to promoter
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hypermethylation [44]. Thus, both the observed repression of
ribosome biogenesis and activation of p53 seem to be indepen-
dent of ARF, further signifying the importance of the p53 acti-
vation pathway via the RPL5/RPL11-MDM2 axis upon
perturbation of ribosome biogenesis (see below). Additionally,
we show here that the observed cell-cycle arrest induced by
HEATRI silencing could be rescued by co-depletion of p53. All
these data indicated that p53 is activated through a DDR- and
ARF-independent mechanism. Moreover, in the human papil-
loma virus (HPV) positive HeLa cells knockdown of HEATR1
did not result in cell-cycle arrest, an observation that reflects
the chronically impaired function of p53 in this cell line by the
HPV-encoded E6 oncoprotein [26,27]. Most relevant for our
present data related to ribosomal stress responses, recent
reports suggested existence of both p53-dependent, but also
alternative, p53-independent checkpoint activation pathways
upon impaired ribosome biogenesis (reviewed in ref. [5,45]).
Perturbed ribosome biogenesis results in the release of several
nucleolar RPs into the nucleoplasm where they bind MDM2.
Binding of MDM2 by the RPL11 initiates not only the stabiliza-
tion of p53 (through the canonical RPL5/RPL11 dimer-medi-
ated sequestration of MDM2), but reportedly also degradation
of the E2F-1 transcription factor, leading to cell-cycle arrest
even in p53-deficient cells [46]. Moreover, another RP, RPL3
was reported to activate p21 independently of p53, inducing
cell cycle arrest and apoptosis upon ribosome biogenesis stress
[47,48]. While we cannot exclude the possibility of such alter-
native checkpoint activation at later time points in HeLa cells,
depletion of HEATR1 in our experiments did not result in any
detectable cell cycle arrest in Hela cells, suggesting that the pre-
dominant mode of the p53 response to ribosomal stress upon
HEATR1 knockdown reflects the RPL5/RPL11-MDM?2
pathway.

A recent study suggested that HEATRI is a regulator of the
AKT pathway, whereby HEATRI1 facilitates the interaction
between AKT and its inactivating phosphatase, PP2A by acting
as a scaffold. Unlike our findings presented here, this study sug-
gested that HEATR1 is localized exclusively in the cytoplasm, a
prerequisite for its co-localization and interaction with AKT
[24]. In contrast, we found that HEATR1 is localized predomi-
nantly in the nucleoli of all cell types examined, both normal
and cancerous, a result that is consistent with the report by
Prieto and McStay [22]. Although our immunostaining of
HEATRI revealed some weaker signal also in the nucleoplasm
and occasionally in the cytoplasm, our siRNA targeting
HEATRI abolished only the nucleolar staining signal, suggest-
ing that HEATR1 mainly resides in the nucleolus. However, we
cannot exclude the possibility that siRNAs used here preferen-
tially target the ‘nucleolar form’ of HEATRI, or that HEATRI
may be more abundant in the cytosol of pancreatic cancer cells,
the only cell type examined in the study reporting the
HEATRI-AKT cytosolic interplay [24].

Perturbation of ribosome biogenesis triggers p53 activation
through the RPL5/RPL11-MDM?2 axis [9,11,15], often accom-
panied by disintegration of the nucleolus [9,29-31,34]. In our
present experiments, depletion of HEATR1 disrupted the struc-
ture of the nucleolus and, consequently, the nucleolar proteins
NPM and NCL were released into the nucleoplasm, while FBL
redistributed to nucleolar caps. Although it is not a prerequisite
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for p53 activation, nucleolar disintegration is a robust surrogate
marker of ribosome biogenesis stress [9,28-31,34]. Consis-
tently, the increased level of p53 caused by RNAi-mediated
depletion of HEATR1 could be reversed by co-depletion of
either RPL5 or RPL11. Moreover, ablation of HEATR1 also led
to the increased interaction between RPL5 and MDM2, provid-
ing further evidence that deficiency of HEATRI results in ribo-
some biogenesis stress.

HEAT repeats are expressed by a wide variety of eukaryotic
proteins involved in diverse cellular processes, however pro-
tein-protein interaction is considered to represent the main
function for these structures [16]. Broadly consistent with our
present findings, UTP10, a yeast HEAT repeat protein was
reported to localize in the nucleolus [19]. UTP10 - similarly to
other UTPs (U3 small nucleolar RNA-associated proteins) —
binds to U3 snoRNA and thereby contributes to maturation of
185 rRNA and assembly of the small ribosomal subunit
[19,20]. Furthermore, UTP10 was also shown to regulate
rDNA transcription [17]. Zebrafish Bap28 which shows 34%
sequence similarity to yeast UTP10 was also characterized as a
protein required for rRNA synthesis and 18S rRNA maturation
[21]. Here, we showed that human HEATRI is a positive regu-
lator of transcription by RNA Pol I. Indeed, depletion of
HEATRI1 caused inhibition of rRNA synthesis to the same
extent as low concentration of ActD, a widely used and selective
treatment to block Pol I activity. Moreover, we found that
HEATR1 was co-localized with Pol I both under normal condi-
tions and upon inhibition of transcription by ActD. In the latter
case, HEATRI1 and Pol I became redistributed to the periphery
of the nucleoli, into cap-like structures. Our data are also con-
sistent with the work of Prieto and McStay who reported nucle-
olar co-localization of HEATR1 with the Pol I transcription
machinery, in a manner independent of active transcription yet
dependent on the integrity of the upstream binding factor
(UBF) [22]. Last but not least, the model we propose was fur-
ther supported by the responses we observed upon treatment
with the ribosome biogenesis inhibitor BMH-21. While treat-
ment with BMH-21 led to rapid degradation of RPA194,
HEATRI1 became redistributed to form cap-like structures,
similarly to what we observed in response to ActD.

Aberrantly enlarged nucleoli and upregulation of ribosome
biogenesis are common features of various types of cancer. Due
to its intimate link with cell growth and cell cycle regulation,
enhanced ribosomal biogenesis can impair differentiation and
promote tumorigenesis [6,49-52]. Our observation that
HEATRI is elevated in cancer cell lines, compared to normal
non-cancerous cells, is also consistent with the concept of the
global deregulation of ribosomal biogenesis in cancer. While in
the two cancer cell lines we examined, elevation of HEATR1
was accompanied by enhanced levels of other nucleolar pro-
teins, it is possible that HEATRI is specifically overexpressed in
certain types of cancer. For instance, a recent report demon-
strated that HEATRI1 is overexpressed in glioblastoma cells,
providing an excellent target for T-cell mediated immunother-
apy [23]. In contrast, aberrantly low levels of ribosome biogene-
sis represent the hallmark of the so-called ribosomopathies, a
group of human diseases characterized by hyperactivation of
p53, reduced cell growth and protein synthesis [53-55]. Abnor-
mal downregulation of HEATRI1 seems to correlate with poor

prognosis in patients with pancreatic ductal carcinoma, how-
ever, this phenotype was attributed to the consequence of
HEATRI’s involvement in AKT phosphorylation (see above
for the discussion of cytosolic HEATRI in pancreatic cell lines
reported in this study) and may be unrelated to its function in
ribosome biogenesis [24]. Nonetheless, further studies are
clearly warranted to elucidate any potential contribution of
HEATRI alteration(s) to pathogenesis of various cancer types.

Taken together, we report here that human HEATRI is a
nucleolar protein that plays a prominent positive role in regula-
tion of rRNA synthesis. Deficiency of HEATRI leads to pertur-
bation of ribosome biogenesis, resulting in DNA damage-
independent activation of the p53-p21 checkpoint response
through the RPL5/RPL11-MDM2 axis. Our study provides
fresh insights into the complex nucleolar events and the ways
malfunction of ribosomal biogenesis can lead to growth and
cell-cycle arrest, with implications for pathologies including
cancer.

Material and methods
Cell culture

Cell lines used in this work were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Life Technologies) and penicillin/streptomycin
(Sigma-Aldrich) in humidified atmosphere of 5% CO2 at 37°C.
For BJ and MRC-5 culturing, DMEM was supplemented with
1% MEM Non-essential amino acids (Life Technologies), as
well. All cell lines were purchased from ATCC.

Chemicals and antibodies

Actinomycin D (A1410) and cycloheximide (C4859) were pur-
chased from Sigma-Aldrich. BMH-21 (S§7718) was purchased
from Selleckchem.

Antibodies used in this study included rabbit antibodies:
HEATR1 (HPA046917, Sigma-Aldrich), p21 (2947, Cell Signal-
ing), nucleolin (ab70493, Abcam), nucleostemin (ab70346,
Abcam), fibrillarin (ab5821, Abcam), RPL5 (ab157099, Abcam)
and mouse antibodies: S-actin (sc-47778, Santa Cruz), Impor-
tin-S (ab2811, Abcam), p53 (sc-126, Santa Cruz), yH2AX (05-
636, Millipore), nucleophosmin (abl10530, Abcam), and
MDM2 (ab16895, Abcam).

RNA interference

All siRNA transfections were performed using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s
instructions. All siRNA duplexes were purchased from
Ambion: siCON (negative control #1, AM4635, 5'-AGUA-
CUGCUUACGAUACGGTT-3"), siHEATRI#1 (s30230, 5'-
CCACUUUCCAUUUGCGAUATT-3), siHEATRI1#2
(830231, 5’-GAUGUUGUUUUGUCGGCUATT-3’),
siHEATRI1#3 (530232, 5'-CACUUUCCAUUUGCGAUAATT-
37), sip53 (3605, 5'-GUAAUCUACUGGGACGGAATT -3/),
siRPL5 (856733, 5’-CAGUUCUCUCAAUACAUAATT-3'),
and siRPLI1 (s12169, 5'-CAACUUCUCAGAUACUGGATT
-37).



Cell cycle analysis

Cells were fixed in 70% ethanol and stained with propidium
iodide for flow cytometric analysis. Fixed cells were analyzed
on a FACS Verse instrument (BD Biosciences) and cell cycle
distribution was assigned using the FACSuite software (BD
Biosciences).

Immunoblotting

Immunoblotting was performed as previously described [56].
WCLs were prepared in Laemmli sample buffer (LSB; 50 mM
Tris, pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue,
and 10% glycerol), separated by SDS-PAGE, and transferred to
nitrocellulose membranes (GE Healthcare). The membranes
were blocked with 5% (wt/vol) dry milk in 0.1% (vol/vol)
Tween-20 in PBS and probed with the primary antibodies, fol-
lowed by HRP-labeled secondary antibodies (GE Healthcare),
and visualized using ECL detection reagents (GE Healthcare).

Immunofluorescence

Immunofluorescence analysis was performed as previously
described with minor changes [57]. Cells grown on 12-mm
coverslips were fixed with 4% paraformaldehyde in PBS for
15 min and then permeabilized with PBS containing 0.2% (v/v)
Triton X-100 for 5 min. Fixed cells were blocked with 5% (v/v)
fetal bovine serum in PBS for 30 minutes and incubated over-
night at 4 °C with primary antibodies (diluted in 5% (w/v)
bovine serum albumin in PBS). Coverslips were washed 3 times
in PBS supplemented with 0,1% (v/v) Tween 20, once with PBS
and then incubated with an appropriate secondary goat anti-
rabbit or goat anti-mouse Alexa Fluor 488 or Alexa Fluor 568
conjugated (Invitrogen) secondary antibody (diluted in in 5%
(w/v) bovine serum albumin in PBS) for 60 min at RT. Slips
were then washed as above and mounted onto slides using the
DAPI containing Vectashield mounting reagent (Vector
Laboratories). Slides were visualized by the Axio Observer.Z1/
Cell Observer Spinning Disc microscopic system (Yokogawa
and Zeiss) equipped with an Evolve 512 Photometrix) EMCCD
camera. Zeiss Plan Apochromat 100x/1.40 NA objective was
used.

EdU and EU staining

Cells were labelled either with 10 uM EdU or with 1 mM EU
(Sigma-Aldrich) for 30 min, then fixed with 4% paraformalde-
hyde in PBS for 15 min and permeabilized with 0.2% Triton-
X100 for 5 min, followed by incubation with staining solution
(100 mM Tris-HCI, pH = 8.5, 1 mM CuSO,, 1 uM azide conju-
gated fluorochrome, 100 mM ascorbic acid) for 30 min. Nuclei
were stained with DAPI. Image acquisition and analysis was
performed using ScanR system (Olympus).

Immunoprecipitation

Immunoprecipitation was performed as previously described
with minor changes [58]. Briefly, cells were washed three times
in PBS and lysed in TNE buffer (150 mM NaCl, 50 mM Tris-

CELLCYCLE (&) 99

HCI, pH 8.0, 1 mM EDTA, 0.5% NP-40) supplemented with
cOmplete and PhosSTOP tablets (Roche). After 30 min incuba-
tion on ice, lysates were cleared by centrifugation. Where
appropriate, antibodies were added to lysate and incubated for
16 h at 4°C. Lysates were then incubated with 25 ul of Dyna-
beads M-280 Sheep anti Rabbit IgG (Novex) for 1 h at 4°C. Ig-
antigen complexes were washed extensively before elution in 2
x LSB before SDS-PAGE.
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Alcohol-abuse drug disulfiram targets
cancer via p97 segregase adaptor NPL4

Zdenek Skrott}*, Martin Mistrik!*, Klaus Kaae Andersen?, Seren Friis?, Dusana Majera

1, Jan Gursky', Tomas Ozdian!,

Jirina Bartkova®3, Zsofia Turi!, Pavel Moudry!, Marianne Kraus?, Martina Michalova!, Jana Vaclavkova', Petr Dzubak!,
Ivo Vrobel!, Pavla Pouckova®, Jindrich Sedlacek®, Andrea Miklovicova’, Anne Kutt?, Jing Li®, Jana Mattova®, Christoph Driessen?,
Q. Ping Dou®!?, Jorgen Olsen?, Marian Hajduch', Boris Cvek®t, Raymond J. Deshaies®!!t & Jiri Bartek®?3

Cancer incidence is rising and this global challenge is further exacerbated by tumour resistance to available medicines.
A promising approach to meet the need for improved cancer treatment is drug repurposing. Here we highlight the
potential for repurposing disulfiram (also known by the trade name Antabuse), an old alcohol-aversion drug that has been
shown to be effective against diverse cancer types in preclinical studies. Our nationwide epidemiological study reveals
that patients who continuously used disulfiram have a lower risk of death from cancer compared to those who stopped
using the drug at their diagnosis. Moreover, we identify the ditiocarb-copper complex as the metabolite of disulfiram
that is responsible for its anti-cancer effects, and provide methods to detect preferential accumulation of the complex
in tumours and candidate biomarkers to analyse its effect on cells and tissues. Finally, our functional and biophysical
analyses reveal the molecular target of disulfiram’s tumour -suppressing effects as NPL4, an adaptor of p97 (also known
as VCP) segregase, which is essential for the turnover of proteins involved in multiple regulatory and stress-response

pathways in cells.

Despite advances in the understanding of cancer biology, malignant
diseases have a high global toll. Furthermore, the increasing average
human life expectancy is predicted to have demographic consequences,
including an increase in the incidence of cancer. The high cancer-
associated morbidity and mortality highlight the need for innovative
treatments. Given the high costs, failure rate and long testing periods
of developing new medicines, using drugs that are approved for the
treatment of diverse diseases as candidate anti-cancer therapeutics
represents a faster and cheaper alternative!, benefitting from available
clinically suitable formulations and evidence of tolerability in patients.
Among promising cancer-killing drugs? is disulfiram (tetraethylthiuram
disulfide, DSF), a drug that has been used for over six decades as a treat-
ment for alcohol dependence?, with well-established pharmacokinetics,
safety and tolerance at the US Food and Drug Administration (FDA)-
recommended dosage®. In the body, DSF is metabolized to ditiocarb
(diethyldithiocarbamate, DTC) and other metabolites, some of which
inhibit liver aldehyde dehydrogenase®. Because DSF showed anti-
cancer activity in preclinical models**~® and because adjuvant DTC
was used to treat high-risk breast cancer in a clinical trial'®, DSF
emerges as a candidate for drug repurposing in oncology. Additional
advantages of DSF include a broad spectrum of malignancies sensitive
to DSE and its ability to also target the stem-like, tumour-initiating
cells'!. Although the mechanism of DSF’s anti-cancer activity remains
unclear and it has been suggested that the drug inhibits proteasome
activity®!2, it has been shown that DSF chelates bivalent metals and
forms complexes with copper (Cu), which enhances its anti-tumour
activity®!®. In addition to the lack of a well-defined mechanism of
action in cancer cells, the main obstacles for DSF repurposing have

been: (i) uncertainty about the active metabolite(s) of DSF in vivo;
(ii) the lack of assays to measure these active derivative(s) in tumours;
(iii) missing biomarker(s) to monitor the impact of DSF in tumours and
tissues; (iv) the lack of insights into the preferential toxicity towards cancer
cells compared to normal tissues; and (v) the absence of a specific
molecular target that could explain the potent anti-tumour activity of
DSE Here, we combine experimental approaches and epidemiology
to address the important characteristics of DSF in relation to cancer,
pursuing the goal of repurposing DSF for cancer therapy. We identify the
active metabolite of DSE, and provide biological validation and mecha-
nistic insights, including the discovery of a biologically attractive protein
that has previously not been considered as the target for the anti-cancer
activity of DSE.

Epidemiological analyses of DSF and cancer

The relative lack of cancer-related clinical trials with DS prompted
us to explore whether DSF use might reduce cancer mortality at a popu-
lation level. Using the Danish nationwide demographic and health
registries, we estimated hazard ratios of cancer-specific mortality
associated with DSF use among patients with cancer for the first time
during 2000-2013 (see Methods, Table 1 and Extended Data Fig. 1a).
DSF users were categorized as (i) previous users, who were patients
that were prescribed DSF for alcohol dependency only before their
cancer diagnosis or (ii) continuing users, who were patients that were
prescribed DSF both before and after diagnosis. As expected from
the increase in cancer risk and the deleterious effect on prognosis'®
caused by alcohol abuse, cancer-specific mortality was higher among
previous DSF users than among patients with cancer who had never

F10,14

Iinstitute of Molecular and Translational Medicine, Faculty of Medicine and Dentistry, Palacky University, Olomouc, Czech Republic. 2Danish Cancer Society Research Center, DK-2100 Copenhagen,
Denmark. 3Science for Life Laboratory, Division of Genome Biology, Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden. *Kantonsspital St Gallen,
Department Oncology/Hematology, St Gallen, Switzerland. SInstitute of Biophysics and Informatics, First Faculty of Medicine, Charles University, 120 00 Prague 2, Czech Republic. ®Department of
Cell Biology & Genetics, Palacky University, Olomouc, Czech Republic. 7Psychiatric Hospital, 785 01 Sternberk, Czech Republic. &Division of Biology and Biological Engineering, Caltech,

Pasadena, California 91125, USA. °Barbara Ann Karmanos Cancer Institute and Department of Oncology, School of Medicine, Wayne State University, Detroit, Michigan, USA. 19School of

Basic Medical Sciences, Affiliated Tumor Hospital of Guangzhou Medical University, Guangzhou 511436, China. ''Howard Hughes Medical Institute, Caltech, Pasadena, California 91125, USA.
tPresent addresses: Olomouc University Social Health Institute, Palacky University, Olomouc, Czech Republic (B.C.); Amgen, Thousand Oaks, California 91320, USA (RJ.D.).

*These authors contributed equally to this work.

194 | NATURE | VOL 552 14 DECEMBER 2017

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/doifinder/10.1038/nature25016

ARTICLE

Table 1 | Cancer-specific mortality associated with DSF use among Danish patients with cancer

Overall Localized stage Non-localized stage Unknown stage
Cancer type Numbert* HR  95% Cl Pvalue Number® HR  95% CI Pvalue Numbert* HR 95% ClI Pvalue Number® HR  95%Cl Pvalue
Any cancert
Previous users 3,038 1.00 1,429 1.00 1,054 1.00 555 1.00
Continuing users 1,177 0.66 0.58-0.76 0.000 602 0.69 0.64-0.74 0.000 355 0.71 0.59-0.87 0.001 220 0.65 0.57-0.75 0.000
No prescriptions 236,950 0.68 0.64-0.73 0.000 113354 0.59 0.57-0.61 0.000 73,933 0.80 0.73-0.88 0.000 49,663 0.66 0.62-0.71 0.000

Hazard ratios (HR) and 95% confidence intervals (Cl) comparing continuing and previous users of DSF, relative to the time of their cancer diagnosis. For DSF exposure categories, statistics and clinical

stages, see Methods.
*Number of patients included.
TExcept cancers of the liver and kidney.

used DSE. Notably, we also found reduced cancer-specific mortality
for cancer overall (Table 1), as well as for cancers of the colon, pros-
tate and breast among continuing users compared to previous DSF
users (Extended Data Fig. 1a). Stratification by clinical stage (Table 1)
revealed reduced cancer-specific mortality with continuing use of
DSF even among patients with metastatic disease. Although it is not
possible to draw conclusions about causality, these findings supported
the hypothesis that DSF may exert anti-cancer effects among patients
suffering from common cancers, prompting us to perform pre-clinical
analyses.

Anti-tumour activity of the DTC-copper complex

Because DSF anti-cancer activity has been suggested to be copper-
dependent®!®, we compared groups of mice injected with human
MDA-MB-231 cancer cells, fed with a (i) normal diet; (ii) normal diet
plus copper gluconate (CuGlu); (iii) normal diet plus DSF; or (iv) nor-
mal diet plus DSF and CuGlu (DSF/CuGlu); and tumour volume was
measured over time (Fig. 1a and Extended Data Fig. 1b, ¢). Compared
to matched controls, tumour volume in DSF- and DSF/CuGlu-treated
groups at 32 days (at DSF doses equivalent to those used by alcoholics)
were suppressed by 57% and 77%, respectively (P=0.0038 in favour
of the DSF/CuGlu treatment versus DSF alone). These results validate
previous in vitro®!"13 and in vivo®21316 studies, which indicated that
DSEF is an efficient anti-cancer agent and that copper potentiates its
activity. As the reactive metabolite DTC forms complexes with metals,
particularly copper!’, we argued that a DTC-copper complex
(bis (diethyldithiocarbamate)-copper (CuET)) forms in vivo
(Extended Data Fig. 1d), providing the anti-cancer metabolite.
To test this hypothesis, we developed a high-resolution
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Figure 1 | Tumour-suppressing effects of DSF and CuET. a, Effects

of orally administered DSF and CuGlu on subcutaneous growth of
MDA-MB-231 tumours in mice. n =8 mice per group. b, CuET levels in
mouse tumours and tissues. n =5 tissues, # =10 tumours. ¢, CuET levels
in human plasma after DSF treatment (n =9 patients). d, Toxicity of DTC
and CuET in MDA-MB-231 cells after 24 h treatment. n =3 experiments.
e, Effect of CuET on subcutaneous growth of MDA-MB-231 tumours in
mice. n =20 tumours. f, Survival of CuET- versus vehicle-treated mice with
implanted AMO-1 xenografts. n =10 animals per group. P value from a
log-rank test. Data are mean =+ s.d. (a, ) or mean (b) linked means with
individual values (d) or individual values (c).

approach based on high-performance liquid chromatography-mass
spectrometry to measure CuET in tissues, and readily detected CuET
after a single oral dose of DSF (Extended Data Fig. le, f). Extracts
from plasma, liver, brain and MDA-MB-231-xenografted tumours
contained CuET in samples from mice treated for five days with DSF or
DSF/CuGlu. The CuET levels in plasma and liver were slightly higher after
DSF/CuGlu treatment compared to DSF alone. Notably, the CuET levels
in the tumour specimens were almost an order of magnitude higher
compared to corresponding levels in liver and brain tissues from the
same animals (Fig. 1b), suggesting preferential accumulation of CuET
in tumours. Importantly, we also confirmed formation of CuET in
humans undergoing DSF treatment for alcoholism (Fig. 1c).

Next, we synthesized CuET and performed comparative cell
culture and animal studies. Short-term (24-h) assays and long-term
(colony-forming assay, CFA) assays consistently showed higher cyto-
toxicity of CuET than of the primary DSF metabolite DTC in various
cancer cell lines (Fig. 1d and Extended Data Fig. 1g). The half-maximal
lethal dose (LDs) values of CuET in CFA experiments were <100 nM
in three out of three tested breast cancer cell lines and similar potency
was observed among cell lines derived from human lung, colon and
prostate tumours (Extended Data Fig. 2a). These data were corrobo-
rated by tetrazolium dye ((2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2h-tetrazolium-5-carboxanilide) (XTT))-based 48-h cytotoxicity tests
on a wider panel of cell types (Extended Data Fig. 2b). Unexpectedly,
only the most sensitive cell lines (for example, AMO-1, Capanl)
showed markers of apoptosis'®, which included annexin V and acti-
vated caspases, whereas in most cell lines, for example, MDA-MB-231
and U20S cells, CuET induced apoptosis-independent cell death
(Extended Data Fig. 2c—f).

Direct therapeutic effects of CuET in vivo were then investigated using
the MDA-MB-231 breast cancer (Fig. le) and AMO-1 myeloma (Fig. 1f)
xenograft models treated intraperitoneally with a CuET-albumin
formulation, with which the anti-tumour activity and good
tolerability of this DSF metabolite was confirmed (Extended Data
Fig. 1h, i).

CuET inhibits p97-dependent protein degradation

Next, we investigated the interaction between CuET and cellular pro-
tein degradation, one of the suggested explanations for anti-tumour
effects of DSF®!2, We confirmed that CuET induces phenotypic fea-
tures shared with proteasome inhibitors, such as MG132 or bortezomib
(BTZ), including accumulation of poly-ubiquitylated (poly-Ub) pro-
teins (Fig. 2a and Extended Data Fig. 3a), rapid deubiquitylation of
histone H2A (uH2A)" (Extended Data Fig. 3b) and accumulation of
ubiquitylated proteins in the cytoplasm ' (Extended Data Fig. 3c).
Furthermore, TNF (also known as TNFa)-induced degradation of
IkBa (ref. 20) was blocked after 1-h treatment with CuET or BTZ
(Fig. 2b). Finally, CuET inhibited degradation of Ub(G76V)-GFP
(an ubiquitin-fusion degradation substrate)?! in a dose-dependent
manner (Fig. 2c). However, although these data confirmed a defect
in protein degradation, CuET had no effect on the CT-like, C-like or
T-like activity of the 20S proteasome? (Extended Data Fig. 3d, e). This
was further corroborated by the lack of a stabilizing effect of CuET on
P53 tumour suppressor protein in dicoumarol-treated cells, in which
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Figure 2 | CuET inhibits p97 segregase-dependent protein degradation.
a, CuET causes accumulation of poly-ubiquitylated proteins in

MCEF?7 cells. b, TNF-induced IkBa degradation is compromised after

1-h treatment with CuET or BTZ. ¢, Dose-dependent inhibition of
Ub(G76V)-GFP degradation by CuET. HeLa cells were treated for 3 h.
n=23 experiments. d, HIF-1« levels after 2-h treatments with MG132
(5pM), CuET (1 pM), BTZ (1 M) in HeLa cells. e, Differential effect of
BTZ (1pM), CuET (1 M) and DBeQ (10 pM) on CDC25A versus HIF-1a
in MG132-pretreated (4h, 5pM), cycloheximide (CHX, 1h, 50 ug ml!)-
exposed HeLa cells. f, BTZ (8 h, 1 pM) induces NRF1 120-kDa (top arrow)
and 110-kDa (bottom arrow) forms; whereas CuET (8 h, 0.5 M) only
induced the non-cleaved 120-kDa form in NIH3T3 cells. g, FRAP
quantification in U20S Ub-GFP cells: slower mobility of accumulated
cytoplasmic GFP-UD after a 2-h pre-treatment with NMS873 (10 uM),
CuET (1pM) or BTZ (1uM). a, b, d-g, Data are representative of two
independent biological experiments. Data are linked means and individual
values (c) and relative mean signal of the bleached region from 12 cells per
treatment (g).

p53 turnover depends on the core 20S proteasome independently of
ubiquitin??*, In contrast to CuET, treatment with the 20S proteasome
inhibitor BTZ stabilized p53 irrespective of dicoumarol (Extended Data
Fig. 3f), indicating that 20S proteasome-dependent protein turnover
remains operational with CuET treatment. Furthermore, CuET failed
to inhibit 26S proteasome activity (Extended Data Fig. 3g), which was
inferred from RPN11-dependent deubiquitylation. Collectively, these
results suggest that CuET stabilizes ubiquitylated proteins by blocking
a step upstream of the proteasome.

Next we considered p97-dependent processing of poly-Ub proteins,
as this pathway operates upstream of the proteasome and its malfunction
resembles phenotypes of proteasome inhibition?. Unlike BTZ or
MG132, CuET induced only modest accumulation (a small subfraction)
of HIF-1a (Fig. 2d), consistent with reported modest accumulation
of HIF-1a after knockdown of p97 compared to cells with inhibited
proteasomes”. Next, we pre-treated cells with MG132, followed by
wash-off and 1-h cycloheximide (an inhibitor of translation) treatment
combined with BTZ, CuET or DBeQ (a direct inhibitor of p97 ATPase
activity)?®. All tested inhibitors prevented degradation of CDC25A
(a known p97 target)?, whereas degradation of the mostly p97-
independent target, that is, most of HIF-1a%’, was inhibited only by BTZ
(Fig. 2e). Furthermore, consistent with cleavage of the 120-kDa species
of the endoplasmic reticulum-tethered transcription factor NRF1 into
an active 110-kDa form being a p97-dependent process’, appearance
of the cleaved NRF1 form was inhibited by both CuET and NMS873
(another p97 ATPase inhibitor) (Fig. 2f and Extended Data Fig. 4a, b).
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These results suggest that the p97 pathway is compromised in cells
treated with CuET.

Next, we asked whether CuET impairs the p97 segregase activity
that extracts poly-Ub proteins from cellular structures, such as the
endoplasmic reticulum, Golgi apparatus or chromatin for subsequent
proteasomal degradation®. Using fluorescence recovery after photo-
bleaching (FRAP) to investigate the mobility of accumulated poly-Ub
proteins, we found that whereas GFP-ubiquitin in DMSO- or BTZ-
treated cells diffused rapidly into bleached areas, this diffusion was
slower after treatment with CuET or NMS873 (Fig. 2g and Extended
Data Fig. 4c). This suggests that after treatment with CuET or NMS873
at least a subset of the accumulated poly-Ub proteins remains immobile,
probably embedded into cellular structures. Consistently, upon deter-
gent pre-extraction of mobile proteins, we observed greater immuno-
fluorescence signals of extraction-resistant poly-Ub(K48) proteins
(destined for proteasomal degradation) in NMS873- and CuET-treated
cells compared to BTZ- or DMSO-treated controls (Extended Data
Fig. 4d). Western blot analysis of endoplasmic reticulum-rich micro-
somal fractions also revealed enrichment of poly-Ub proteins after
CuET and NMS873 treatment (Extended Data Fig. 4e). Malfunction
of p97 segregase is furthermore associated with a cellular unfolded
protein response (UPR)*2. We confirmed UPR in cells treated with
CuET or NMS873 by detecting increased markers of UPR induction,
including the spliced form of XBP1s, ATF4 and phosphorylated (p-)
elF20® (Extended Data Fig. 4f).

These studies are also of clinical relevance, because inhibition of
p97 was suggested as an alternative treatment strategy for myeloma
patients who had relapsed after therapy with BTZ (also known by the
trade name Velcade)®* or carfilzomib (CFZ)*. Thus, we performed
cytotoxicity tests with CuET on a panel of BTZ- or CFZ-adapted and
non-adapted human cell lines or on cells derived from samples of
patients with myeloma before therapy and with BTZ therapy. All pairs
of adapted and non-adapted cells showed similar sensitivity to CuET
treatment, in contrast to BTZ (Extended Data Fig. 5a-d). These results
suggest that treatment with DSF (best combined with copper) or CuET
might become a feasible therapeutical option for patients with relapsed,
BTZ-resistant multiple myeloma.

CuET binds and immobilizes NPL4

To elucidate how CuET inhibits the p97 pathway, we first used an assay
of p97 ATPase activity?®. In contrast to treatment with NMS873, CuET
had no effect on p97 ATPase activity (Extended Data Fig. 6a). Because
NPL4 and UFD1 proteins are key components of the p97 segregase®’,
we examined whether CuET might target the pathway through these
cofactors. Ectopic overexpression of NPL4-GFP, but not UFD1-GFP or
p97-GFP, reduced CuET cytotoxicity, suggesting that NPL4 is a candi-
date target of CuET (Fig. 3a and Extended Data Fig. 6b). An analogous
‘rescue effect’ of ectopic NPL4-GFP was apparent from the reduction
in accumulation of poly-Ub proteins caused by CuET (Extended Data
Fig. 6¢).

As shown by live-cell imaging, 2-3-h exposure to CuET induced
prominent nuclear clustering of NPL4-GFP, but not of UFD1-GFP or
p97-GEP (Fig. 3b). Within 2-3 h, most of cellular NPL4-GFP became
immobilized in nuclear clusters and also in cytoplasmic areas, as shown
by FRAP (Fig. 3¢). CuET-induced immobilization of endogenous NPL4
was confirmed by accumulation, which was detectable by western blot,
in the detergent-insoluble fractions from various cell lines (Fig. 3d)
and by immunofluorescence on pre-extracted cells (Extended Data
Fig. 6d). Notably, the immobilization of NPL4 was also detectable in
pre-extracted sections of cryopreserved tumours from mice treated
with DSF or DSF and CuGlu, thus providing a potential biomarker of
CuET activity towards the p97 pathway in vivo (Fig. 3e).

NPL4 is an attractive candidate for CuET binding, because this
protein contains two zinc finger domains: a C-terminal NZF (NPL4-
zinc finger) and a putative zinc finger-NPL4%, which bind bivalent
metals and metal complexes that might chemically resemble CuET?’.
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Figure 3 | CuET binds to and immobilizes NPL4. a, Ectopic NPL4-GFP,
but not p97-GFP or UFD1-GFP rescues CuET toxicity in U20S cells
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GFP. ¢, CuET-induced (1 M) immobilization of NPL4-GFP (FRAP) in
U20S cells treated for 2 h. Blue boxes, areas before bleaching; arrows,

after bleaching. d, NPL4 enrichment in Triton X-100-insoluble fractions

Using isothermal calorimetry analysis (ITC)*®, we observed a standard
dose-response-dependent binding curve (Fig. 3f) compatible with
one binding site for CuET on wild-type NPL4 (NPL4(WT)), and a
Ky in nanomolar concentrations for the NPL4-CuET interaction.
Next, we used mutagenesis to test whether the putative ZF-NPL4
domain has any role in the potential NPL4-CuET interaction. The
putative zinc finger domain was preferred, because an endogenous
larger form of NPL4 that lacks the C-terminal NZF sequence exists
in human cells. This larger NPL4 form is detectable as an upper band
on western blots (Fig. 3d) and it is immobilized after CuET treatment,
suggesting that the C-terminal NZF is not necessary for the interac-
tion with CuET. No ITC interaction was found with a NPL4 mutant
(NPL4(MUT)) (Extended Data Fig. 6f) in which both histidines and
both cysteines in the putative zinc finger domain were substituted by
alanines (Extended Data Fig. 6e). We used drug affinity responsive
target stability (DARTS) as another, independent approach, which is
based on altered protease susceptibility of target proteins upon drug
binding®. Consistently, exposure to CuET caused a differential
pronase-dependent proteolysis pattern of NPL4(WT) but not
NPL4(MUT) (Extended Data Fig. 6g). These results indicate that NPL4
is directly targeted by CuET and an intact putative zinc finger domain
of NPL4 is essential for this interaction.

Notably, ectopically expressed NPL4(MUT)-GFP formed immobile
nuclear clusters spontaneously in untreated cells, reminiscent of events
seen in cells upon CuET treatment (Fig. 3¢, g). Moreover, unlike ectopic
NPL4(WT)-GFP, ectopically expressed NPL4(MUT)-GFP not only
did not render cells resistant to CuET but also was toxic to the acceptor
cells (Extended Data Fig. 6h). We also confirmed that multiple
CuET-induced cellular phenotypes were mimicked by the ectopic
NPL4(MUT)-GFP model, including accumulation of poly-Ub
proteins and UPR activation (Extended Data Fig. 6i).

after CuET (1 M) treatment. e, Inmunohistochemistry demonstrates
the non-extractable NPL4 in MDA-MB-231 tumours from mice treated
with DSF or DSF and CuGlu. f, ICT shows that CuET binds to purified
NPL4(WT). g, Spontaneous intranuclear clustering and immobilization
of NPL4(MUT)-GFP using FRAP in U20S cells. Blue boxes, areas before
bleaching; arrows, after bleaching. Scale bars, 10 um (b, ¢, g) or 50 um (e).
b-g, Data are representative of two independent experiments.

NPL4 aggregates trigger a heat-shock response

Although the nuclear NPL4 clusters occupied DAPI-unlabelled areas of
chromatin (Extended Data Fig. 6d) co-localization with DAPI-excluded
structures, such as nucleoli and nuclear speckles, were not found
(Extended Data Fig. 7a). In late-G2 cells, NPL4 clusters were evidently
excluded from the partially condensed chromatin (Extended Data
Fig. 7b), suggesting that the NPL4 aggregates exclude chromatin rather
than accumulating in specific nuclear areas. Both the nuclear clusters
and the immobilized cytoplasmic NPL4 co-localized with poly-Ub
proteins (confirmed by anti-Ub(K48) and FK2 antibodies), small
ubiquitin-like modifiers (SUMOs) (only in nuclei) and with TDP43
protein®® (Fig. 4a and Extended Data Fig. 7d), which are all features
typical of aggregated defective proteins*'. The same co-localization
patterns were observed for spontaneous clusters formed by
NPL4(MUT)-GFP showing that NPL4 aggregation is sufficient for the
induction of these phenotypes even without CuET treatment (Extended
Data Fig. 7c, e). Blockade of cellular ubiquitylation with a chemical
inhibitor (MLN7243) of the E1 ubiquitin-activating enzyme failed to
prevent either NPL4-GFP nuclear aggregation or cytoplasmic immobi-
lization (Extended Data Fig. 7d), excluding the immobilization of NPL4
via recognition of ubiquitylated and SUMOylated substrates, but rather
suggesting that immobilized NPL4 attracts ubiquitylated proteins or
proteins that subsequently become ubiquitylated and/or SUMOylated.
A key protein commonly associated with intracellular protein aggre-
gates is HSP70, a chaperone implicated in aggregate processing*>.
Indeed, pre-extracted cells showed co-localization of HSP70 with both
CuET-induced NPL4(WT)-GFP and spontaneous NPL4(MUT)-GFP
aggregates (Fig. 4b, c). Both the CuET-induced NPL4(WT) aggregates
and spontaneous NPL4(MUT) aggregates also co-localized with p97
(Extended Data Fig. 71, g), as is particularly evident after pre-extraction.
In the NPL4-GFP model, the amount of p97 immunoreactivity within
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the NPL4-GFP clusters correlated with the GFP signal intensity, sug-
gesting that p97 is immobilized via its interaction with NPL4. The other
NPL4-binding partner, UFD1, was almost undetectable in detergent-
insoluble pellets of CuET-treated or NPL4(MUT)-GFP-expressing cells
despite clear p97 immobilization (Extended Data Fig. 8a, b), suggesting
that UFD1 cannot bind to, or becomes only loosely attached to, the
aggregated NPL4-p97 complex. Notably, non-extractable cellular p97
is detectable after CuET treatment (Extended Data Fig. 8¢), including
in stained tumour sections from mice treated with DSF or DSF and
CuGlu, providing an additional candidate marker for CuET activity
in vivo (Extended Data Fig. 8d).

Because aggregation of misfolded or damaged proteins triggers
cellular heat-shock response (HSR) through an HSF1-dependent
mechanism*?, we confirmed that CuET treatment indeed triggered a
robust HSR accompanied by characteristic HSF1 nuclear stress foci
(Fig. 4d) that were also detectable in cells spontaneously aggregating
NPL4(MUT)-GFP (Fig. 4e). HSR markers, including accumulation of
heat-shock proteins and a phosphorylation shift in HSF1, were detect-
able by western blot (Extended Data Fig. 8e, f).

Discussion

Our results help to explain the anti-cancer activity of the alcohol-abuse
drug disulfiram. We propose a model for DSF cytotoxic activity, featur-
ing rapid conversion of DSF into CuET, which accumulates in tumours.
After entering cells, CuET binds NPL4 and induces its aggregation, con-
sequently disabling the vital p97-NPL4-UFD1 pathway and inducing a
complex cellular phenotype leading to cell death (Fig. 4f). Supporting
CuET as the active metabolite is the correlation of CuET concentrations
(active in the nanomolar range) with the biological effects and func-
tional impact on the targeted pathway(s) in vivo. In addition, CuET
is the only known metabolite of DSF containing copper ions, a metal
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that enhances the anti-tumour effects of DSF; it is unlikely that another
DSF metabolite could represent the major anti-cancer agent as levels of
non-CuET metabolites should be lowered by copper addition. We also
present a method for CuET detection in tissues and plasma, as well as
data suggesting that preferential accumulation of CuET in tumours may
contribute to cancer cell toxicity, consistent with the high therapeutic
tolerability of DSF®, as documented even after years of daily administra-
tion at doses comparable to those we used in our mouse experiments.
Considering the numerous studies on DSF and diverse opinions about
the potential target of its anti-cancer effects*, identification of NPL4,
a key component of the p97-NPL4-UFD1 segregase complex, as the
molecular target of CuET is surprising. The CuET-NPL4 interaction
leads to rapid formation of protein aggregates and immobilization of
this otherwise very mobile multifunctional protein complex, resulting
in a severe phenotype, induction of HSR and eventually cell death.
While additional potential targets of CuET cannot be excluded, the mal-
function of the p97 pathway due to the NPL4-p97 aggregate formation
explains the major cell phenotypes and the consequent cell death. Our
work also reconciles the controversial studies®!?, suggesting that the
proteasome is the DSF target, by demonstrating that neither 20S nor
26S proteasome, but the processing of ubiquitylated proteins by the
NPL4-dependent segregase, is targeted by CuET. Our results support
the notion that the p97-NPL4 pathway is a promising therapeutic target
in oncology*>*®. Indeed, reports on p97 overabundance correlating
with progression and metastasis of carcinomas of the breast, colon and
prostate?’* are consistent with our present nationwide epidemio-
logical analysis, which revealed an association between continued use
of DSF and favourable prognosis, an intriguing finding that should
be investigated further, particularly given the currently limited therapeutic
options for patients with metastatic cancer. From a broader
perspective, our study illustrates the potential of multifaceted
approaches to drug repurposing, providing novel mechanistic insights,
identification of new cancer-relevant targets and encouragement
for further clinical trials, here with DSE, an old, safe and public
domain drug* that might help to save lives of patients with cancer
worldwide.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

The experiments were not randomized.

Epidemiological analyses and access to health registers. We conducted a population-
based cohort study by combining Danish nationwide demographic and health
registers. This study was approved by the Danish Data Protection Agency and
Statistics Denmark’s Scientific Board. As the epidemiological study was based solely
on register data and did not involve any contact with patients, no ethical approval
was required from the Danish Scientific Ethical Committee®’. The cohort consisted
of all Danes aged 35-85 years with a first-time diagnosis of cancer between January
2000 and December 2013. Because DSF (Antabuse) is a relative contra-indication
among individuals with liver or kidney diseases, we excluded patients with cancers
of the liver or kidney from the cohort. Cohort members were categorized according
to use of DSF into two main groups: (i) those who filled at least one prescription
of DSF within five years before the cancer diagnosis, but did not fill DSF prescrip-
tion(s) during the first year after the diagnosis (previous users), that is, individu-
als suffering from alcoholism but taking DSF only before their cancer diagnosis;
and (ii) those who used DSF before their cancer diagnosis and also filled one or
more DSF prescriptions during the first year after the cancer diagnosis (continuing
users), that is, individuals who underwent DSF therapy both before and after the
cancer diagnosis. We also defined a category of patients with cancer who did not fill
prescription(s) for DSF either before or after (<1 year) the cancer diagnosis (never
users). In the main analyses, we calculated hazard ratios and 95% confidence inter-
vals estimating cancer-specific mortality among continuing DSF users compared to
previous DSF users based on a Cox model regressing on both propensity scores and
disulfiram use. By including propensity scores in the regression, we used demo-
graphic data and comorbid conditions/diagnostic codes as well as prescription data
for selected concomitant drugs, to balance baseline characteristics of previous and
continuing users of DSF and to adjust estimated hazard ratios of cancer-specific
mortality associated with DSF use®!. The patients with cancer were followed from
one year after the diagnosis until death, migration or end of study (31 December
2014). The propensity scores thus estimate the probability of being treated with
DSF in the exposure window 0-1 year after the cancer diagnoses conditional on
the following other covariates in the calculation of propensity scores using logistic
regression: gender, age at diagnosis, calendar time, highest achieved education
and disposable income; medical histories of diabetes mellitus, chronic obstructive
pulmonary disease, ischaemic heart disease, congestive heart failure, cerebrovascular
disease, atrial fibrillation or atrial flutter, dementia and ulcer disease; and use of
non-steroidal anti-inflammatory drugs (NSAIDs; including aspirin), non-aspirin
antithrombotic agents (anticoagulants), statins, antihypertensive medication, other
cardiovascular drugs, anti-diabetics and psychotropic drugs. In the Cox model, the
propensity score is further included as a restricted cubic spline to model possible
nonlinearities, in addition to the categorical disulfiram use, which is the variable
of interest. Analyses were run for cancer overall and for breast, prostate and colon
cancer, separately. Furthermore, all analyses were stratified by stage (localized,
non-localized or unknown). Statistical significance of DSF use was evaluated by
likelihood ratio tests. We used the software R for statistical computing®>.

In vivo tumour experiments. The human breast cancer cell line MDA-MB-231 was
injected (107 cells transplanted subcutaneously) to grow tumours in athymic NU/NU
female mice (AnLab Ltd) with a body weight of 23.6-26.9 g, aged 12 weeks.
Inclusion criteria were: female, appropriate age and weight (15-30g). Exclusion
criteria were: tumour size must not exceed 20 mm (volume 4,000 mm?) in any
direction in an adult mouse, the tumour mass should not proceed to the point
where it significantly interferes with normal bodily functions, or causes pain or
distress owing to its location, persistent self-induced trauma, rapid or progressive
weight loss of more than 25%, for seven days. In none of the experiments were
these approved ethical limits exceeded. After the tumours grew to 0.114-0.117 cm®
on average, mice were randomly divided into four groups, each of eight mice, and
treated as follows: (i) normal diet; (ii) normal diet plus oral administration of
0.15mg kg~! copper gluconate (CuGlu); (iii) normal diet plus oral administra-
tion of 50 mg kg ! DSF; (iv) normal diet plus oral administration of 0.15 mg kg !
CuGlu and 50 mg kg ' DSF. Administration of compounds was carried out as a
blinded experiment (all information about the expected outputs and the nature
of used compounds were kept from the animal technicians). CuGlu was admini-
stered each day in the morning (08:00) and DSF each day in the evening (19:00)
to mimic a clinical trial combining DSF and CuGlu in treatment of tumours
involving the liver (NCT00742911). After treatment began, mice were weighed
and their tumours measured twice per week. At day 32, mice were euthanized, and
the tumours were removed and frozen at —80°C. The experiment was evaluated
by comparing growth curves of tumours in the experimental groups with those
in controls. The rates of tumour growth inhibition (TGI) were calculated by the
formula TGI = (1 — Vireated! Veontrol Where Vireaed is the mean of tumour volumes in
the treated group and Vool is the mean of tumour volumes in the control group).

Mean tumour volume values at specific time intervals were statistically evaluated.
To test directly the effect of CuET, we used MDA-MB-231 and AMO-1 models.
MDA-MB-231 was injected (5 x 10° cells were transplanted subcutaneously)
to grow tumours in SCID mice (ENVIGO) aged 10 weeks (£2 weeks). AMO-1
xenografts were expanded in SCID mice. Each group consisted of 10 animals,
each bearing two tumours. CuET was formulated in bovine serum albumin solu-
tion (1%) to a final concentration of 1 mg ml~'. CuET was applied intraperito-
neally with a schedule of five days on and two days off. All aspects of the animal
study met the accepted criteria for the care and experimental use of laboratory
animals, and protocols were approved by the Animal Research Committee of the
1st Faculty of Medicine Charles University in Prague and Ethical Committee of
Faculty of Medicine and Dentistry, Palacky University in Olomouc. For HPLC-MS
and immunohistochemistry analysis, we used MDA-MB-231 xenografted mice
treated with the same DSF and DSF plus copper gluconate regime as described
for the anti-cancer activity assessment with the notable difference that mice were
euthanized after five days of treatment.

HPLC-MS analysis of CuET. The HR-MRM analysis was performed on a HPLC-
ESI-QTOF system consisting of HPLC chromatograph Thermo UltiMate 3000 with
AB Sciex TripleTOF 5600+ mass spectrometer, using the DuoSpray ESI source
operated at an ion source voltage of 5,500V, ion source gas flow rates of 40 units,
curtain gas flow rate of 30 units, declustering potential of 100V and temperature
400°C. Data were acquired in product ion mode with two parent masses (358.9
and 360.9) for analysis of CuET. Chromatographic separation was done by PTFE
column, which was especially designed for analysis of strong metal chelators filled
by C18 sorbent (IntellMed, IM_301). Analysis was performed at room temperature
and with a flow rate of 1,500 ul min ™! with isocratic chromatography. Mobile phase
consisted of HPLC grade acetone (Lachner) 99.9%, HPLC water (Merck Millipore)
0.1% and 0.03% HPLC formic acid (Sigma-Aldrich). Acquired mass spectra were
evaluated in software PeakView 1.2. Extracted ion chromatograms of transitions
88.0 and 116.0 (common for both parent masses) with a 0.1 mass tolerance were
Gaussian smoothened with width of two points. Peak area was then recorded and
recalculated to ng ml ™! according to the calibration curve.

Sample preparation for HPLC-MS analysis. Liquid nitrogen-frozen biological
samples were cut into small pieces using a scalpel. Samples (30-100 mg) were imme-
diately processed by homogenization in 100% acetone in a ratio of 1:10 sample:
acetone (for plasma or serum the ratio was 1:4). Homogenization was done in
a table-top homogenizer (Retsch MM301) placed in a cold room (4°C) in 2-ml
Eppendorf tubes with 2 glass balls (5 mm) for 1 min at 30 Hz. The tube was imme-
diately centrifuged at 4°C, 20,000g for 2 min. Supernatant was decanted into a new
1.5-ml Eppendorf tube and immediately centrifuged for 30 min using a small table-
top centrifuge (BioSan FVL-2400N) placed inside a —80°C freezer. Supernatant
was quickly decanted into a glass HPLC vial and kept at —80 °C for no longer than
6h. Just before the HPLC analysis, the vial was placed into a pre-cooled (4 °C)
LC-sample rack and immediately analysed. To enable an approximate quantifica-
tion of analysed CuET, a calibration curve was prepared. Various amounts of CuET
were spiked in plasma, frozen in liquid nitrogen, and placed at —80°C to mimic
sample processing. Standards were then processed as the samples described above.
To measure circulating CuET concentrations, mice were given a single oral dose
of DSF (50 mg kg ') and euthanized at different time points. Serum was collected
and frozen for analysis.

Blood collection from humans for HPLC-MS analysis of CuET. Blood samples
were collected before and 3 h after oral application of DSF (Antabuse, 400 mg)
dissolved in water. Phlebotomy needles were specific for metal analysis—Sarstedt
Safety Kanule 21G x 1% inches, 85.1162.600. Collection tubes were specific for
metal analysis —Sarstedt, S-Monovette 7.5 ml LH, 01.1604.400. Immediately after
blood collection samples were centrifuged in a pre-cooled centrifuge (4°C at 1,300g
for 10 min). After centrifugation, tubes were placed on ice and the plasma fraction
was immediately aliquoted into the 1.5-ml Eppendorf tubes with approximately
500 pl per tube. The tubes with plasma were immediately frozen on dry ice and
later stored in —80 °C. Blood samples were collected from volunteers who gave
informed consent and were undergoing Antabuse therapy because of alcohol abuse.
Participants were four males (aged 34, 38, 41, 60 years) and five females (aged
37, 56, 46, 59, 63 years). All individuals were freshly diagnosed for alcohol-use
disorder and were scheduled for Antabuse therapy. Blood samples were collected
before and after the first use of Antabuse. All relevant ethical regulations were
followed for the study. The study, including the collection of blood samples, was
approved by the Ethical Committee of Faculty of Medicine and Dentistry, Palacky
University in Olomouc.

Cell lines. Cell lines were cultured in appropriate growth medium supplemented
with 10% fetal bovine serum (FBS) and penicillin-streptomycin; and maintained in
a humidified, 5% CO, atmosphere at 37°C. Cell lines cultured in DMEM medium
were: HCT116 (ATCC), DU145 (ECACC), PC3 (ECACC), T47D (NCI60),
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HS578T (NCI60), MCF7 (ECACC), MDA-MB-231 (ATCC), U20S (ECACC),
HeLa (ATCC), NIH-3T3 (ATCC), CAPAN-1 (ATCC), A253 (ATCC), FaDu
(ATCC), h-TERT-RPE1 (ATCC), HeLa-Ub(G76V)-GFP-ODD-Luc?.. Cell lines
cultured in RPMI1640 medium were: NCI-H358 (ATCC), NCI-H52 (ATCC),
HCT-15 (ATCC), AMO-1 (ATCC), MM-1S (ATCC), ARH77 (ATCC), RPMI8226
(ATCC), OVCAR-3 (NCI60), CCRF-CEM (ATCC), K562 (ATCC), 786-0 (NCI60).
Cell lines cultured in EMEM medium were: U87-MG (ATCC), SiHA (ATCC).
Cell line A549 (ATCC) was cultured in F12K medium, HT29 (ATCC) in McCoy’s
medium and LAPC4 (provided by Z. Culig, University of Innsbruck) in IMDM
medium supplemented with metribolone R1881 (Sigma-Aldrich). RWPE-1
(ATCC) cells were cultured in a keratinocyte serum-free medium supplemented
with bovine pituitary extract and human recombinant epidermal growth factor
(Thermo Fisher Scientific). BTZ- and CFZ-resistant multiple myeloma cell lines
were previously described in ref. 35. Cell lines were tested for mycoplasma con-
tamination and authenticated by STR method. None of the cell lines used in this
study is listed in the database of commonly misidentified cell lines maintained
by ICLAC.

Stable cell line construction. For construction of all stably transfected cell lines
we used the U20S cell line (ECACC). For U20S Ub-GFP, we used the commercial
Ub-GFP EGFP-C1 vector (Addgene); for U20S NPL4-GFP, we used the com-
mercial NPLOC4-GFP pCMV6-AC-GFP vector (Origene); for U20S p97-GFP,
we used the commercial VCP-GFP pCMV6-AC-GFP vector (Origene); and for
U20S UFD1-GFP, we used the commercial UFD1L-GFP pCMV6-AC-GFP vector
(Origene). Cells were transfected using Promega FugeneHD according to the manu-
facturer’s instructions. Cells were further cultured in the appropriate antibiotics
(geneticin, 400 ug ml™"). Medium with geneticin was replaced every 2-3 days until
the population of resistant cells was fully established. Cells were further refined
by sorting for cells expressing GFP (BD FACS Aria). For preparation of inducible
NPL4(MUT)-GEP cells, U20S cells were transfected with a pcDNA6/TR plas-
mid (Invitrogen, V1025-20) using the FugeneHD transfection reagent (Promega,
E2311) according to the manufacturer’s protocol. To generate a cell line that stably
expressed the Tet repressor, U20S cells were cultured in selective medium with
blasticidin (10 g ml™") for 10 days. Blasticidin-resistant colonies were picked,
expanded and screened for clones that exhibited the lowest basal levels and highest
inducible levels of expression. Next, the most suitable clones were transfected with
the PCDNA4/TO expression vector encoding the mutated NPL4-GFP protein
using the Fugene transfection reagent. Cells were cultured in medium with zeo-
cin (500 ug ml ™) to select clones that contain pcDNA4/TO-mutated NPL4-GFP.
The NPL4(MUT)-GFP-encoding plasmid was obtained from Generi Biotech.
To induce expression of protein, cells were incubated with doxycycline (Sigma-
Aldrich) 1pug ml ™! for 16-48h.

Colony-formation assay. Cells were seeded into six-well plates at 100-300 cells per
well (depending on the cell line). The next day, cells were treated with compounds
as indicated in the specific experiments and kept in culture for 7-14 days. Colonies
were visualized by crystal violet and counted.

XTT assay. Cells were plated at a density of 10,000 per well in a 96-well plate.
The next day, cells were treated as indicated. After 24h, an XTT assay was per-
formed according to the manufacturer’ instructions (Applichem). XTT solution
was added to the medium and incubated for 30-60 min, and then the dye intensity
was measured at the 475 nm wavelength using a spectrometer (TECAN, Infinite
M200PRO). Results are shown as mean =+ s.d. from three independent experiments,
each performed in triplicate. For LDs analysis across the panel of cell lines listed
in Extended Data Fig. 2b, cell lines were treated with various doses (at least five
doses) for 48 h. LD50 values were calculated using Graphpad Prism software based
on survival curves from at least two independent experiments.

Annexin V staining. Cell cultures were treated as indicated and collected by
trypsinization. Initial culture medium and washing buffer were collected to include
detached cells. Cells were centrifuged (250g, 5min) and re-suspended in a staining
buffer (140 mM NaCl, 4 mM KCl, 0.75 mM MgCl,, 10 mM HEPES) containing
2.5mM CaCl,, Annexin-V-APC (1:20, BD Biosciences) and 2.5 g ml~!7-AAD
(BD Biosciences) for 15min on ice in the dark. Samples were analysed by flow
cytometry using BD FACSVerse (BD Biosciences) and at least 10,000 events were
acquired per sample. Collected data were processed using BD FACSSuite (BD
Biosciences) and exported into Microsoft Excel.

Caspases 3/7 assay. Activity of caspase-3 and -7 was quantified by cleavage
of fluorogenic substrate CellEvent Caspase-3/7 Green Detection Reagent
(Thermo Fisher Scientific). In brief, samples prepared in the same staining buffer
as described for annexin V staining above, supplemented with 2% FBS, 0.5 M
CellEvent Caspase-3/7 Green Detection Reagent and incubated for 45 min at room
temperature in the dark. Subsequently, 0.51g ml~! DAPI was added and samples
were analysed by flow cytometry using BD FACSVerse (BD Biosciences) and at
least 10,000 events were acquired per sample. Collected data were processed using
BD FACSSuite (BD Biosciences) and exported into Microsoft Excel.
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Viability assay of multiple myeloma cells. The CellTiter 96 MTS-assay (Promega)
was used according to the manufacturer’s instructions to determine the cell viability
of BTZ (Janssen Cilag), CFZ and CuEt in cell lines and the absorbance of the for-
mazan product was measured in 96-well microplates at 492 nm. The assay measures
dehydrogenase enzyme activity found in metabolically active cells.

For patient cells, the more sensitive luminescent CellTiterGlo assay (Promega)
was used to determine cell viability, measured by ATP production of metaboli-
cally active cells. The primary myeloma cell samples were obtained after written
informed consent and approval by the independent ethics review board (St Gallen
ethics committee—Ethikkommission Ostschweiz), in accordance with ICH-GCP
and local regulations. Malignant plasma cells were retrieved by PBMC isolation
from a patient with multiple myeloma progressing under BTZ-containing therapy,
based on IMWG criteria (BTZ-resistant) and an untreated patient with multiple
myeloma (BTZ-sensitive). The purity of the cell samples was >80% myeloma cells,
as assessed by morphology.

Immunoblotting and antibodies. Equal amounts of cell lysates were sepa-
rated by SDS-PAGE on hand-cast or precast tris-glycine gradient (4-20%) gels
(Life Technologies), and then transferred onto a nitrocellulose membrane. The
membrane was blocked with 5% bovine milk in Tris-buffered saline containing
0.1% Tween-20 for 1 h at room temperature, and then incubated overnight
at 4°C or for 1h at room temperature, with one of the following primary anti-
bodies (all antibodies were used in the system under study (assay and species)
according to the instructions of the manufacturer): anti-ubiquitin (1:1,000; Cell
Signaling, 3933), anti-H2A, acidic patch (1:1,000; Merck Millipore, 07-146), anti-
monoubiquityl-H2A (1:1,000; Merck Millipore, clone E6C5), anti-IkBa (1:500;
Santa Cruz Biotechnology, sc-371), anti-p53 (1:500; Santa Cruz Biotechnology,
clone DO-1), anti-HIF-1cx (1:1,000; BD Biosciences, 610958), anti-CDC25A (1:500;
Santa Cruz Biotechnology, clone DCS-120), anti-NRF1 (1:1,000; Cell Signaling,
clone D5B10), anti-VCP (1:2,000; Abcam, ab11433), anti-VCP (1:1,000; Novus Bio,
NBP100-1557), anti-NPLOC4 (1:1,000; Novus Bio, NBP1-82166), anti-ubiquitin
lys48-specific (1:1,000; Merck Millipore, clone Apu2), anti-f-actin (1:2,000; Santa
Cruz Biotechnology, sc-1616; or 1:500, Santa Cruz Biotechnology, sc-87778),
anti-GAPDH (1:1,000,GeneTex, clone 1D4), anti-lamin B (1:1,000; Santa Cruz
Biotechnology, sc-6217), anti-calnexin (1:500; Santa Cruz Biotechnology,
sc-11397), anti-a-tubulin (1:500; Santa Cruz Biotechnology, sc-5286), anti-XBP1
(1:500; Santa Cruz Biotechnology, sc-7160), UFD1 (1:500; Abcam, ab155003),
cleaved PARP1 (1:500; Cell Signaling, 9544), p-eIF2a (1:500; Cell Signaling,
3597), ATF4 (1:500; Merck Millipore, ABE387), HSP90 (1.500; Enzo, ADI-
SPA-810), HSP70 (1:500; Enzo, ADI-SPA-830), HSF1 (1:500; Cell Signaling,
4356), p-HSP27 (1:1,000; Abcam, 155987), HSP27 (1:1,000; Abcam, 109376)
followed by detection by secondary antibodies: goat anti-mouse IgG-HRP (GE
Healthcare), goat anti-rabbit (GE Healthcare), donkey anti-goat IgG-HRP (Santa
Cruz Biotechnology, sc-2020). Bound secondary antibodies were visualized by
ELC detection reagent (Thermo Fisher Scientific) and images were recorded by
imaging system equipped with CCD camera (ChemiDoc, Bio-Rad) operated by
Image Laboratory software or developed on film (Amersham).
Immunofluorescence staining. Cells were grown in 24-well plates with a 0.170-
mm glass bottom (In Vitro Scientific). Where indicated, the cells were pre-extracted
before fixation with pre-extraction buffer (10 mM PIPES pH 6.8, 100 mM NaCl,
1.5mM MgCl,, 300 mM sucrose, 0.5% Triton X-100, 1 mM DTT, 5pug ml ™" leupep-
tin, 2jig ml~! aprotinin, 0.1 mM PMSF) for 20 min at 4 °C, washed by PBS and then
immediately fixed with 4% formaldehyde for 15min at room temperature. Cells
were stained with primary antibodies: anti-ubiquitylated conjugated mouse FK2
antibody (1:500; Enzo, BML-PW8810), anti-VCP (1:500; Abcam; ab11433), anti-
NPL4 (1:500; Novus Bio, NBP1-82166), HSP70 (1:100; Enzo, ADI-SPA-830), HSF1
(1:500; Cell Signaling, 4356), anti-ubiquitin lys48-specific (1:500; Merck Millipore,
clone Apu2), SUMO2/3 (1:500; Abcam, ab3742), TDP43 (1:300; Proteintech,
10782-2-AP) and appropriate Alexa Fluor 488- and 568-conjugated secondary
antibodies (Invitrogen, 1:1,000). Cytochrome ¢ was stained using an Alexa Fluor
555-conjugated mouse anti-cytochrome c antibody according the manufacturer’s
protocol (BD Pharmingen, 558700).

Microscopy, FRAP and image analysis. Samples were analysed using a Zeiss
Axioimager Z.1 platform equipped with the Elyra PS.1 super-resolution module for
structured illumination (SIM) and the LSM780 module for CLSM. High resolution
images were acquired in super-resolution mode using a Zeiss PIn Apo100x/1.46
oil objective (total magnification, 1,600 x) with appropriate oil (Immersol 518F).
SR-SIM setup involved five rotations and five phases for each image layer and up
to seven z-stacks (101 nm) were acquired per image. The CLSM setup for FRAP
and life cells acquisition had a c-Apo 40x/1.2 W water immersion objective.
Bleaching of regions of interest (ROIs) was performed using an Argon 488 nm
laser. Lower resolution images of fixed samples were acquired using a Plan Apo
63x/1.4 oil objective (total magnification 1,008 x ). FRAP and image acquisitions
were performed using Zeiss Zen 11 software. For FRAP, internal Zen’s ‘Bleach’
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and ‘Regions’ modules were used. Data from FRAP analysis involving multiple
bleached ROIs were exported into Microsoft Excel and plotted. Basic processing
of acquired images, such as contrast and brightness settings, was done in Adobe
Photoshop on images exported as TIFFs. Quantitative microscopy-based cytome-
try of the immunofluorescence-stained samples was performed using an automatic
inverted fluorescence microscope BX71 (Olympus) using ScanR Acquisition soft-
ware (Olympus) and analysed with ScanR Analysis software (Olympus).

Cell fractionation for Triton-X100 insoluble pellets. Cells were treated as indi-
cated, washed in cold PBS and lysed in lysis buffer (50 mM HEPES pH 7.4, 150 mM
NaCl, 2mM MgCl,, 10% glycerol, 0.5% Triton X-100, protease inhibitor cocktail by
Roche) for 10 min gently agitating at 4°C. Then, cells were scraped into Eppendorf
tubes and kept for another 10 min on ice with intermittent vortexing. After that,
the lysate was centrifuged at 20,000g for 10 min at 4°C. The insoluble fraction and
supernatant were separately re-suspended in 1 x LSB buffer.

Isolation of microsomal fraction. After the desired treatment in cell culture, cells
were washed with cold PBS and lysed (250 mM sucrose, 20 mM HEPES pH 7.4,
10mM KCl, 1.5mM MgCl,, 1 mM EDTA, 1 mM DT, protease inhibitor cocktail).
Lysates were homogenized by Potter-Elvejhem PTFE homogenizer and kept on ice
for 20 min. The homogenates were subjected to serial centrifugation steps (720g
and 10,000g for 5min each, and 100,000¢ for 1h). Pellets and supernatants from
the last ultracentrifugation step were resuspended in the 1x LSB buffer and used
for western blot analysis.

Immunoperoxidase staining of pre-extracted tissue sections. Frozen sections
(4-5pm thick) from xenograft-grown, cryopreserved tumour tissues were cut on
a cryostat and placed on commercial adhesion slides (SuperFrost Plus, Menzel,
Germany) and air-dried for 2h at room temperature. The dried sections were care-
fully covered with the cold extraction buffer: 50 mM Tris-HCL (pH 7.5), 150 mM
NaCl, 1 mM MgCl,, 5% glycerol, 1 mM DTT, 1% Triton X-100, 1% IGEPAL, pro-
tease inhibitor cocktail (Phos Stop Easy pack, 04906837001, Roche) or cold PBS
(controls) and incubated in a cold room for 20 min. Pre-extracted and control
PBS-treated sections were gently washed three times in cold PBS, and fixed in
4% paraformaldehyde fixative for 15 min, followed by another three washes in
PBS. Washed sections were then subject to a sensitive immunoperoxidase staining
protocol, using the primary rabbit monoclonal antibody against VCP antibody
(EPR3307(2)) (1:10,000; ab109240, Abcam) and rabbit polyclonal antibody against
NPLOC4 (1:500; NBP1-82166, Novus Biologicals) and Vectastain Elite kit as seco-
ndary reagents (Vector Laboratories, USA), followed by a nickel-sulfate-enhanced
diaminobenzidine reaction without nuclear counterstaining, mounted and micro-
scopically evaluated and representative images documented by an experienced
oncopathologist.

Isothermal titration calorimetry (ITC). Experiments were performed at 25°C
with a Nano ITC Low Volume (TA Instruments) and analysed by Nano Analyze
Software v.2.3.6. During all measurements, injections of 2.5l of ligand (16 uM)
were titrated into 250 pl protein (2 pM) with time intervals of 300s, a stirring
speed of 250 r.p.m. All ITC experiments were conducted with degassed buffered
solutions 20 mM HEPES buffer pH 7.3, in the presence of 1% DMSO. Purified
GST-NPL4(WT) and GST-NPL4(MUT) proteins were used in ITC experiment.

Drug affinity responsive target stability (DARTS). DARTS was performed
according to a modified published protocol®®. Purified GST-NPL4(WT) and
GST-NPL4(MUT) proteins were diluted by 100 mM phosphate buffer, pH 7.4 to
final concentration of 0.03 gl ~!. The proteins were treated with CuET (final con-
centration of 5pM; dissolved in DMSO) for 1 h and equal amounts of DMSO were
added to the solutions, which served as control samples. Pronase (Sigma-Aldrich)
was dissolved in TNC buffer (50 mM Tris-Cl, 50 mM NaCl, 10 mM CaCl,, pH
7.5). The 0.025 pg of pronase was added to 50 jul of protein solution and incubated
for 1h at 37°C. Samples without pronase served as the non-digested controls.
The pronase reaction was stopped by addition of 5x SDS loading buffer; the
samples were boiled at 95°C for 15min and loaded on SDS-PAGE gels. After SDS-
PAGE, gels were silver-stained and scanned on a GS-800 Calibrated Densitometer
(Bio-Rad) or used for western blot analysis.

208 proteasome activity. To measure proteasome activity in cell extracts, cell lines
were seeded in 100-mm Petri dishes at a density of 3 x 10° cells per dish. After 24 h,
cells were washed twice with 2ml of ice-cold PBS and scraped in to 1,000 pl ice-cold
PBS. The cells were then isolated and suspended in buffer (50 mM HEPES (pH
7.5), 150 mM NaCl, 1% Triton X-100 and 0.1 M PMSF) and then centrifuged at
15,000 r.p.m. for 15min at 4°C. The cell lysates (10 j1g) were incubated with 20 pM
of substrates for measurement of chymotrypsin-like, trypsin-like and caspase-like
activities (Suc-LLVT-AMC, Ac-RLR-AMC and Z-LLE-AMC (Boston Biochem))
in 90 pl of assay buffer (30 mM Tris-HCl, 0.035% sodium dodecylsulfate (pH 7.4))
in the presence CuET (1pM and 5pM) and BTZ (1 M) for the investigation of
proteasome inhibition; BTZ or an equivalent volume of solvent (DMSO) was used
as a control. After 2h of incubation at 37 °C, inhibition of proteasome activity
was measured by the release of hydrolysed free AMC groups by fluorimeter at

380/460 nm (TECAN, Infinite M200PRO). To measure proteasome activity in live
cells, the cells were seeded in 24-well plate at a density of 0.2 x 10° cells per well.
Cell lines were treated with CuET (1 pM and 5pM), vehicle control or 1M BTZ
for 1h. After incubation, cells were twice washed with 0.5ml of 1 ice-cold PBS
and scraped into 100l ice-cold lysis buffer and then centrifuged at 15,000 r.p.m.
for 15min at 4 °C. Subsequently, the cell extract (10 ug) was incubated with 20 uM
substrates to measure chymotrypsin-like, trypsin-like and caspase-like activities in
assay buffer (30 mM Tris-HCI (pH 7.4)). After 2h of incubation at 37 °C, inhibition
of proteasome enzymatic activities was measured by the release of hydrolysed free
AMC as described above.

Ub(G76V)-GFP degradation. HeLa Ub(G76V)-GFP-ODD-Luc cells expressing
Ub(G76V)-GFP were seeded at a density of 10* cells per well in 96-well plates. The
next day, cells were treated with 4uM MG132 for 3 h. After that, the medium was
discarded and cells were washed twice with PBS and then incubated with the tested
compound in the presence of 30jig ml~! cycloheximide for another 3h. The GFP
signal was acquired using an ImageXpress automated microscope. For each well,
four images were taken (corresponding to 200-250 cells). Cells were analysed every
30min during 3 h of treatment. Normalized GFP signal intensity was calculated
using the following formula: (test compound — background)/(basal GFP signal
intensity x background) where ‘test compound’ is defined as the mean GFP sig-
nal intensity of Ub(G76V)-GFP-expressing cells treated with the test compound.
‘Background’ is defined as the background GFP signal intensity of HeLa cells.
‘Basal GFP signal intensity’ is defined as mean GFP signal intensity of Ub(G76V)-
GFP-expressing cells treated with DMSO. The degradation rate constant (k) was
obtained from the slope of the linear range of plotting In(normalized GFP signal
intensity) versus time ranging from 90 to 180 min. The percentage of remaining
k for each compound is calculated using the following formula (test compound/
DMSO control) x 100.

P97 ATPase activity assay. P97 ATPase assay was performed as described pre-
viously?®. A total of 250 nM of p97 protein was diluted in assay buffer (50 mM
Tris-HCI pH 7.4, 20 mM MgCl,, 0.5 mM DTT). Test compounds were added in
DMSO (final concentration of DMSO was 5%). After 10 min of incubation, the
reaction was started with ATP (100 uM final concentration) followed by a 1-h
incubation at room temperature. The reaction was stopped by adding Biomol green
solution (Enzo) and free phosphate was measured according to the manufacturer’s
instructions. Results are expressed as the percentage of activity of the control
(a well containing only DMSO).

26S proteasome activity. The RPN11 assay is described in PubChem
(AID588493). In brief, a synthetic fluorescently labelled substrate, Ub4pepOG, was
used to measure RPN11 activity. Fluorescence polarization assay was performed in
alow-volume 384-well solid black plate in the presence of (i) 5l of the compound
1,10-phenanthroline or CuEt in 3% DMSO or 3% DMSO control; (ii) 5l of BioMol
26S proteasome; and (iii) 5pl of substrate (15 nM Ub4pepOG). Fluorescence
polarization is measured using a plate reader with excitation of 480 nm and emis-
sion of 520 nm filter set. The activity was normalized to DMSO control and fit to
a dose-response curve.

Protein expression and purification. All proteins were expressed in E. coli BL21
(DE3) cells (Novagen). p97-His (pET28a vector) and Ufd1-His (pET28a vector)
expression were induced by 1 mM IPTG (Life Technologies) at an ODgq of 0.6 for
10h at 22°C. NPL4(WT) and NPL4(MUT) (pGEX-2TK) were induced by 0.4 mM
IPTG at an ODg of 0.8 overnight at 16 °C. For p97 and UFD1, the bacterial pellet
was suspended in buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 2.5 mM MgCl,,
20mM imidazole, 5% glycerol) and lysed by sonication and centrifuged (14,000g
for 20 min). Proteins were purified by Ni-NTA chromatography (Qiagen) according
to the manufacturer’s instructions. For p97, the protein was further purified
by gel filtration (Superdex 200, GE Healthcare). For GST-NPL4(WT) and
GST-NPL4(MUT), the bacterial pellet was suspended in phosphate buffer (PBS,
0.1% Triton X-100, 300 mM NaCl) and lysed by sonication and centrifuged
(14,000g for 10 min). Proteins were purified by glutathione sepharose 4B (Life
Technologies) according the manufacturer’s protocol. The proteins were further
purified by gel filtration (Superdex 200, GE Healthcare).

Chemicals. CuET was prepared by direct synthesis from water solutions of
diethyldithiocarbamate sodium salt and copper(11) chloride as described previ-
ously™. CuET for in vivo experiments was prepared equally with a slight modifi-
cation. The reaction between diethyldithiocarbamate sodium salt and copper(ir)
chloride was performed in a sterile 1% aqueous solution of bovine serum albumin.
The resulting solution was used directly. The following chemicals were purchased
from commercial vendors: tetraethylthiuram disulfide (disulfiram, DSF) (Sigma-
Aldrich), sodium diethyldithiocarbamate trihydrate (Sigma-Aldrich), copper
D-gluconate (Sigma-Aldrich), BTZ (Velcade, Janssen-Cilag International N.V.),
MG132 (Sigma-Aldrich), DBeQ (Sigma-Aldrich), NMS873 (Abmole), cyclo-
heximide (Sigma-Aldrich), dicoumarol (Sigma-Aldrich), 1,10-phenanthroline
(Sigma) and MLN7243 (Active Biochem).
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Statistical analyses and reproducibility. For the epidemiological study, we calculated
hazard ratios and 95% confidence intervals estimating cancer-specific mortality,
based on a Cox model regressing of both propensity scores and disulfiram use,
balancing baseline characteristics of previous and continuing users of DSF and
adjusting estimated hazard ratios of cancer-specific mortality associated with
DSF use’!. The propensity score estimates were conditional on multiple covari-
ates, based on using logistic regression (see ‘Epidemiological analyses and access
to health registers’ for specifics of cohorts and covariates). In the Cox model, the
propensity score is further included as a restricted cubic spline to model possible
nonlinearities, in addition to the categorical disulfiram use as the variable of
interest. Statistical significance of DSF use was evaluated by likelihood ratio tests,
using the software R for statistical computing®>.

For evaluation of the animal studies, STATISTICA software, v.12 (StatSoft) was
used to estimate sample size. For a power of 80%, the level of significance set at
5%, 4 groups and RMSSE = 0.8, seven mice per group were estimated. For usage
of non-parametrical statistical methods, the number of eight mice per group was
finally planned. The differences between tumour volumes were statistically ana-
lysed by non-parametrical Kruskal-Wallis test, not requiring any assumptions of
normality and homoscedascity. To test the effect of CuET treatment on survival of
AMO-1-xenografted mice, a Kaplan-Meier graph and log-rank statistical test were
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used. For other experiments, the statistics, such as number of repetitions, centre
value and error bars, are specified in figure legends.

Data availability. Most data generated or analysed during this study are included
in the article and its Supplementary Information. Uncropped images of all gels
and blots can be found in Supplementary Fig. 1. Source Data for all graphs are
provided in the online version of the paper. Additional datasets generated during
and/or analysed during the current study and relevant information are available
from the corresponding authors upon reasonable request.
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response is not due to proteasome inhibition. a, Kinetics of poly-Ub
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uET treatment (1.5h) induces rapid deubiquitylation

of ubiquitylated histone H2A (uH2A) similarly to proteasome inhibitors
BTZ or MG132 in U20S cells. ¢, CuET treatment (1.5h) induces

rapid cytoplasmic accumulation of poly-ubiquitylated proteins (FK2
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representative of two (a—c, f) or three (g) independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



ARTICLE

C
a 0s 1.6s 5.6s 10.6s
3 8 R ~
6 63 w
3 2 =9 3
(o]
- e 2
«— 110KDa 3
MDA-MB
ES
\ S SR Lamin B
- %~ 120KDa NRF1 D‘
MeE7 «— 110KDa m
W RS SR e LaminB
: 2
b 88 83 .o -
o 8§ oh 9 23 ~
2 5 =3 =5 2= ©
3 = ? ? & g
| =z
S B e — 120KDa NRF1
— S8 «— 110KDa
-
M Lamin B Ll:.l
o
d
DMSO BTZ NMS873 CuET
K]
e
o
@
e
2
©
S
=
5 DMSO | BTZ 1+l NMS873 4/ CUET
L 12 12, 124
@/ 10; 10
§ 8 8
% 6 6
¥ o) 4 4
=)
o 2 2
L
x 3 4 OD 1 2 3 4 DD 1 2 3 4 3 4
DAPI signal (RFU)
s = = £ E
2 £ 3 § 3
f & 5 & © i E
e e = o B . B
7] k= Im = 1%} © a
= w woow 2 € @
& 3 3 3 z R F
cytosolic fr. microsomal fr.
o = — D = ‘r‘ W Xbpls
2 g2 5 2 g
= Bz 3 z B =z 3 ATF4
2 b 2 3 & kb Z 3 % L ol
o
N 8
""é & ane SP wwe > e @ P-oIF22
&
2
g - — S — e ww s GAPDH
—_— a-Tubulin
— —— Xbp1
- —— — — S
_— M calnexin p
& - - W ATF4
@
=
<
g —— . —— 1-6|F 22
— — — - a-Tubulin

Extended Data Figure 4 | CuET inhibits the p97 pathway and induces
cellular UPR. a, MG132-treated cells (5pM, 6 h) accumulate both forms of
NRF1 (120-kDa and 110-kDa bands, top and bottom arrows, respectively),
whereas CuET-treated cells (1 pM, 6 h) accumulate only the non-cleaved
120-kDa form. b, Inhibition of the NRF1 cleavage process (appearance of
the lower band) by CuET and NMS873 (a p97 inhibitor; 5 uM) in mouse
NIH3TS3 cells co-treated with the proteasome inhibitor MG132 (5 pM

for 6h). ¢, Time-course example images from a FRAP experiment, for
which the quantitative analysis is shown in Fig. 2g (U20S cells, blue boxes
mark areas before bleaching, arrows after bleaching). d, U20S cells pre-
extracted with Triton X-100 and stained for poly-Ub(K48). The antibody

signal intensities for cells treated with DMSO, BTZ (1 pM), NMS873
(10pM) and CuET (1 M) are analysed by microscopy-based cytometry
and plotted below. e, Western blot analysis of accumulated poly-Ub
proteins in the ultracentrifugation-separated microsomal fraction from
U20S cells treated with mock, CuET (1 pM), NMS873 (10 pM) or BTZ
(1pM) for 3 h. f, UPR in U20S and MDA-MB-231 cell lines induced by
6-h treatment with CuET (various concentrations) or positive controls
(5pM NMS873, 2 pg ml ™! tunicamycin, 1 uM thapsigargin) is shown by
increased levels of XBP1s, ATF4 and p-elF2. a—f, Data are representative
of two independent experiments. All scale bars, 10um.
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Extended Data Figure 5 | CuET kills BT Z-resistant cells. a, BTZ-adapted
(BTZres), CFZ-adapted (CFZres) and non-adapted AMO-1 human
myeloma cells are equally sensitive to treatment with CuET. b, BTZ-
adapted, CFZ-adapted and non-adapted ARH77 human plasmocytoma
cells are equally sensitive to treatment with CuET. ¢, BTZ-adapted and
non-adapted RPMI8226 human myeloma cells are equally sensitive to

4 6
BTZ in nM

treatment with CuET. d, Human myeloma cells derived from a patient with
BTZ-resistant myeloma show CuET sensitivity comparable to myeloma
cells derived from a patient with BTZ-sensitive myeloma. Data are means
linked of three independent experiments (a—c) or data are from two
independent experiments (d).
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | CuET targets NPL4, causing immobilization
and nuclear clustering of NPL4. a, CuET (1 pM) does not inhibit ATPase
activity of p97. NMS873 (5uM) was used as a positive control. Data are
mean =+ s.d. from four independent experiments. b, Western blotting
analysis showing levels of ectopic p97-GFP, NPL4-GFP and UFD1-
GFP in stable U20S-derived cell lines used for the CuET-treatment
rescue and cluster formation experiments. ¢, Ectopic expression of
NPL4-GFP alleviates CuET-induced (125nM, 4 h) accumulation of
poly-Ub proteins in U20S cells. d, Distribution of NPL4 nuclear clusters
relative to chromatin in cells treated with CuET (1 1M, 2 h). Scale bars,

2 pm. e, Schematic representation of site-directed mutagenesis within
the amino acid sequence of the putative zinc finger domain of NPL4.

f, ITC curve showing the lack of CuET binding to purified NPL4(MUT)
protein. g, DARTS analysis of recombinant NPL4 proteins shows that
differential pronase-mediated proteolysis after CuET addition is apparent
for NPL4(WT) but not for NPL4(MUT); detected by either silver-stained
SDS-PAGE (the most prominent differential bands are marked by red
dots) or by blotting with an anti-NPL4 polyclonal antibody. h, Viability
of cells expressing doxycycline-inducible NPL4(MUT)-GFP, treated with
CuET for 48 h. Data are from three independent experiments, means are
linked. i, Accumulation of K48-ubiquitinated proteins and activation of
UPR in cells expressing the doxycycline-inducible NPL4(MUT)-GFP.
b-d, f, g, i, Data are representative of two independent experiments.
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Extended Data Figure 7 | Inmobilized NPL4 forms insoluble protein cells pre-treated with a chemical UBA1 inhibitor (MLN7243, 10 uM, 1 h).
aggregates. a, NPL4-GFP aggregates induced by CuET treatment (1uM, 3h)  The lack of cellular FK2 staining of ubiquitylated proteins validates
do not co-localize with nuclear speckles (stained by SC-35 antibody) the efficacy of the MLN7243 inhibitor. e, Co-localization of FK2 signal
or nucleoli (visible as a DAPI™ nuclear signal). b, NPL4-GFP nuclear with the spontaneous NPL4(MUT)-GFP aggregates in pre-extracted
aggregates induced by CuET (1 uM, 3 h) are excluded from chromatin U20S cells. f, Analysis of p97 in CuET-induced (1 pM, 3h) NPL4-GFP
in early prometaphase U20S cells. ¢, Co-localization of spontaneous aggregates in pre-extracted U20S cells. g, Analysis of p97 in spontaneous
NPL4(MUT)-GFP aggregates with SUMO2/3, poly-UB(K48) and NPL4(MUT)-GFP aggregates in pre-extracted U20S cells. a-g, Data
TDP43 in pre-extracted U20S cells. d, NPL4-GFP aggregates are formed are representative of two independent biological experiments. All scale
independently of ubiquitylation, as shown in CuET-treated (1 pM, 3h) bars, 10pum.
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of selected proteins in Triton X-100-resistant pellet fractions of CuET-
treated (1M, 3h) U20S cells. b, Immobilization of selected proteins

in Triton X-100-resistant pellet fractions from U20S cells expressing
doxycycline-inducible NPL4(MUT)-GFP (48 h after induction). ¢, CuET
dose-dependent immobilization of p97 in Triton X-100 pre-extracted
MDA-MB-231 cells (3h). Scale bar, 10um. d, Immunohistochemical
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. STATISTICA software, ver. 12 (StatSoft Inc., USA) was used to estimate the sample
size. For the power of 80%, the level of significance set at 5%, 4 groups and RMSSE
=0.8, 7 mice in each group was estimated. For usage of non-parametrical
statistical methods, the number of 8 (and 10) mice in each group was finally
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planned.
2. Data exclusions
Describe any data exclusions. No data were excluded.
3. Replication
Describe whether the experimental findings were All experiments were reproduced to reliably support conclusions stated in the
reliably reproduced. manuscript.
4. Randomization
Describe how samples/organisms/participants were Animals were randomly divided into experimental groups.
allocated into experimental groups.
5. Blinding
Describe whether the investigators were blinded to Administration of compounds was carried out as a blinded experiment (all
group allocation during data collection and/or analysis. information about the expected outputs and the nature of used compounds were

kept from the animal-technicians).

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

o

Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

El A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

L O [

|X| A statement indicating how many times each experiment was replicated

|:| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

X

|:| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

ODO0OX

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.




» Software

Policy information about availability of computer code
7. Software
Describe the software used to analyze the data in this The data were anlyzed using Microsoft Excel 2016, STATISTICA 12, Graphpad Prism

study. 4, PeakView 1.2, Image Lab 4.1, Carl Zeiss Zen 2011 SP6 (black), Nano Analyze
Software 2.3.6, Olympus ScanR Analysis 1.3.0.3.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability
Indicate whether there are restrictions on availability of  All materials used is fully available from commercial sources with the exception of

unique materials or if these materials are only available LAPC4 cell line, that we obtained from Zoran Culig, University of Innsbruck.
for distribution by a for-profit company.
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9. Antibodies

Describe the antibodies used and how they were validated anti-ubiquitin (Cell Signaling, cat.n.:3933; lot 4), anti-H2A, acidic patch (Merck

for use in the system under study (i.e. assay and species).  Millipore, cat. n.: 07-146; lot 2880748), anti-monoubiquityl-H2A ( Merck Millipore,
clone E6C5; lot 2239798), anti-IkBa ( Santa Cruz Biotechnology, cat. n.: sc-371),
anti-phospho(Ser32/36)-1kBa ( Cell Signaling, clone 5A5), anti-p53 (1:500; Santa
Cruz Biotechnology, clone DO-1; D0915), anti-HIF1a ( BD Biosciences, cat. n.:
610958; lot 47858), anti-Cdc25A (Santa Cruz Biotechnology, clone DCS-120; our
own clone comercially available by Santa Cruz), anti-NRF1 ( Cell Signaling, clone
D5B10; lot 1), anti-VCP ( Abcam, cat. n.: ab11433; lot GR298429-3), anti-VCP
( Novus Bio, cat. n.: NBP100-1557; lot A1), anti-NPLOC4 ( Novus Bio, cat. n.:
NBP1-82166; lot A96635), anti-ubiquitin lys48-specific ( Merck Millipore, clone
Apu2; lot 2724416), anti-B-actin ( Santa Cruz Biotechnology, cat. n.: sc-1616; lot
B2206),anti-B-actin ( Santa Cruz Biotechnology,C4, cat. n.: sc-47778; lot C0916),
anti-GAPDH (GeneTex, clone 1D4; lot 821603479), anti-Lamin B ( Santa Cruz
Biotechnology, M20, cat. n.: sc-6217; lot J2313), anti-calnexin ( Santa Cruz
Biotechnology, H70, cat. n.: sc-11397; lot C1214), anti-a-Tubulin ( Santa Cruz
Biotechnology,B7, cat. n.: sc-5286; lot C1313), anti-Xbp1 ( Santa Cruz
Biotechnology, M-186, cat. n.: sc-7160; lot A2314), CHOP ( Cell Signaling, L63F7,
cat. n.: 2895; lot 10), Ufd1 ( Abcam, cat. n.: ab155003; lot GR119674-2), cleaved
PARP1 ( Cell Signaling, cat. n.: 9544; lot 4), p-elF2a ( Cell Signaling, cat. n.: 3597; lot
9), ATF4 ( Merck Millipore, cat. n.: ABE387 lot 2736396), HSP9O0 ( Enzo, cat. n.: ADI-
SPA-810; lot 05051501), TDP-43 ( Proteintech, cat. n.: 10782-2-AP; lot number not
provided by manufacturer), HSP70 ( Enzo, cat. n.: ADI-SPA-830; lot 05021648),
HSF1( Cell Signaling, cat. n.: 4356; lot 2, pHSP27 ( Abcam, cat. n.: 155987; lot
GR117377), HSP27 (Abcam, cat. n.: 109376; lot GR61497-8). FK2 antibody ( Enzo,
cat. n.: BML-PW8810), Sumo2/3 ( Abcam, cat. n.: ab3742; lot GR8249-1),
Cytochrome c Alexa Fluor 555 conjugated (BD Pharmingen, cat. n.: 558700).
Secondary antibodies: goat-anti mouse IgG-HRP (GE Healthcare), goat-anti rabbit
(GE Healthcare), donkey-anti goat IgG-HRP (Santa Cruz Biotechnology, sc-2020),
Alexa Fluor 488 and Alexa Fluor 568 (Invitrogen, 1:1000). Antibodies critical for
novel conclusions were validated by elimination of signals upon KD experiments
and/or by functional assays. All antibodies were used in the system under study
(assay and species) according to the profile of manufacturer.




10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. HCT116 (ATCC), DU145 (ECACC), PC3 (ECACC), T47D (NCI60), HS578T (NCI60),
MCF7 (ECACC), MDA-MB-231 (ATCC), U-2-0S (ECACC), Hela (ATCC), NIH-3T3
(ATCC), CAPAN-1 (ATCC), A253 (ATCC), FaDu (ATCC), , h-TERT-RPE1 (ATCC), NCI-
H358 (ATCC), NCI-H52 (ATCC), HCT-15 (ATCC), AMO-1 (ATCC), MM-1S (ATCC),
ARH77 (ATCC), RPMI8226 (ATCC), OVCAR-3 (NCI60), CCRF-CEM (ATCC), K562
(ATCC), 786-0 (NCI60), U87-MG (ATCC), SiHA (ATCC), A549 (ATCC), HT29 (ATCC),
LAPC4 (kindly provided by prof. Zoran Culig, University of Innsbruck). RWPE-1
(ATCC)

b. Describe the method of cell line authentication used.  All cell lines authenticated by STR method.

c. Report whether the cell lines were tested for All cell lines were tested for mycoplasma contamination.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database None of the used cell lines is listed in ICLAC database.
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants
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Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived In this study were used athymic nu/nu female mice (AnlLab Ltd.) median age 13
materials used in the study. weeks (+/- 1 week) and SCID female mice (ENVIGO, NL) median age 10 weeks (+/-
2 weeks).

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population Human participants were 4 males (age of 34, 38, 41, 60 years) and 5 females (age

characteristics of the human research participants. of 37, 56, 46, 59, 63 years). All freshly diagnosed for alcohol use disorder and
dedicated for Antabuse therapy. Blood samples were collected before and after
first application of Antabuse.
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:

[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of
identical markers).

[X]3. All plots are contour plots with outliers or pseudocolor plots.

[X] 4. Anumerical value for number of cells or percentage (with statistics) is provided.

» Methodological details

5. Describe the sample preparation. Cell cultures were treated as indicated and harvested by trypsinization.
Initial culture medium and wash buffer were collected to include detached
cells. Cells were centrifuged (250g, 5min) and resuspended in staining
buffer (140 mM NaCl, 4 mM KCI, 0.75 mM MgCI2, 10 mM HEPES). Then
cell number was determined and after centrifugation, cells were
resuspended in appropriate amount of staining buffer to get
concentration of 1million cells per 900 microliters. For annexinV analysis,
1x10 5 cells was incubated in 100 microliters of staining buffer containing
2.5 mM CaCl2, Annexin V-APC (1:20, BD Biosciences) and 2.5 ug/ml 7-AAD
(BD Biosciences) for 15 minutes on ice in the dark. For caspases 3/7
activity assay 1x10 5 cells was incubated in 100 microliters of staining
buffer supplemented with 2% FBS, 0.5 uM CellEvent™ Caspase-3/7 Green
Detection Reagent (ThermoFisher Scientific) for 45 minutes at room
temperature in the dark. Subsequently, 0.5 pg/mL DAPI was added before
analysis by flow cytometry. Samples were analyzed by flow cytometry
using BD FACSVerse (BD Biosciences), at least 10.000 events were acquired
per sample . Collected data were processed by BD FACSSuite (BD
Biosciences).

6. ldentify the instrument used for data collection. BD FACSVerse (BD Biosciences) equipped with 405nm,488nm and 640nm
lasers, manufactured in october 2012.

7. Describe the software used to collect and analyze ~ BD FACSSuite (BD Biosciences)
the flow cytometry data.

8. Describe the abundance of the relevant cell cell sorting not employed
populations within post-sort fractions.

9. Describe the gating strategy used. Using the FSC/SSC gating, debris was removed by gating on the main cell
population. Positivity threshold for each cell line was defined on the basis
of mock-treated (DMSQ) sample. Identical positivity threshold was applied
to all samples within cell line.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X
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ABSTRACT

The biosynthesis of ribosomes is a complex process that requires the coordinated action of many factors and a
huge energy investment from the cell. Ribosomes are essential for protein production, and thus for cellular
survival, growth and proliferation. Ribosome biogenesis is initiated in the nucleolus and includes: the synthesis
and processing of ribosomal RNAs, assembly of ribosomal proteins, transport to the cytoplasm and association
of ribosomal subunits. The disruption of ribosome biogenesis at various steps, with either increased or
decreased expression of different ribosomal components, can promote cell cycle arrest, senescence or
apoptosis. Additionally, interference with ribosomal biogenesis is often associated with cancer, aging and age-
related degenerative diseases. Here, we review current knowledge on impaired ribosome biogenesis, discuss
the main factors involved in stress responses under such circumstances and focus on examples with clinical

relevance.

INTRODUCTION

The nucleolus has gained prominent attention in
molecular research over the past two decades, due to its
emerging role in various cellular processes. Among
them, the production of ribosomes is seemingly the
most important, as it controls translation of all proteins
in the cell and thus governs cell growth and
proliferation [1]. The nucleolus is a subnuclear,
membrane-less organelle, formed in early G1 phase of
the cell cycle around the short arms of acrocentric
chromosomes (chromosome 13, 14, 15, 21 and 22), in
nucleolar organizer regions (NORs). These NORs
contain the ribosomal DNA (rDNA) genes, arranged in
tandem repeats and transcribed by RNA Polymerase [
(Pol I) [2]. The resulting single polycistronic transcript,
known as 47S pre-rRNA, is further modified in the
nucleolus. The maturation of the primary transcript is
initiated co-transcriptionally and the main processing
steps involve endo- and exonucleolytic cleavages,

pseudouridylation and 2’-O-methylation which lead to
the emergence of three ribosomal RNA (rRNA) species:
18S, 5.8S and 28S rRNAs. While 18S rRNA is in-
corporated into the small ribosomal subunit (SSU), 5.8S
and 28S rRNAs, along with 5S rRNA, are members of
the large ribosomal subunit (LSU) [3]. The gene
encoding 5S rRNA is an exception when compared to
other rRNA genes as it is located on chromosome 1 and
transcribed by RNA Polymerase III (Pol III) in the
nucleus [4, 5]. The protein components of the ribosome
are 80 ribosomal proteins (RPs), which are transcribed
in the nucleus by RNA Polymerase II (Pol II) and
translated in the cytoplasm. However, both the 5S
rRNA and the RPs need to be imported into the
nucleolus in order to be incorporated into the ribosome
[6]. During late ribosome maturation, the forming
subunits are first moved into the nucleus, followed by
transport to the cytoplasm where ribosomes can fully
assemble and assume their protein-translation function

[3].
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It can be readily accepted that ribosome biosynthesis
consumes most of the cell’s energy, particularly when
compared to other biological processes, as it requires
the synthesis of the most abundant RNA and protein
species in the cell. This not only includes the concerted
action of all three RNA polymerases and the cell’s
translation apparatus, but also the activity of more than
200 non-ribosomal factors within the nucleolus [7, 8].
Therefore, it is not surprising that cellular signaling
networks which sense the nutrient status, growth
factors, extra- and intracellular stress levels affect the
rate of ribosome biogenesis, mainly by altering the
activity of Pol I [9, 10]. Disruption of ribosome
biogenesis also promotes signaling pathways that lead
to cell cycle arrest and cellular senescence or apoptosis
[8, 11]. The earliest observation that impaired ribosome
biogenesis halts cell cycle progression comes from a
study by Volarevic et al., where they described that the
conditional knockout of ribosomal protein RPS6 (eS6)
causes cell cycle arrest in mouse liver cells [12]. Since
then, a number of studies have demonstrated that the
disruption of virtually any step in ribosome biogenesis
can result in cell cycle arrest, primarily through
activation of the tumor suppressor protein p53. This
particular process was recently termed as the Impaired
Ribosome Biogenesis Checkpoint (IRBC) [13].

Impaired ribosome biogenesis is usually best visible as
structural alterations of the nucleolus which can be seen
also in various human diseases [14-17]. Importantly,
increased size of nucleoli usually reflects intense
ribosome biogenesis and has been recognized by
physicians for a long time as a hallmark of many tumor
types [18]. Interestingly, despite excessive ribosome
biogenesis being believed to drive the fast proliferation
of cancer cells, some of the most rapidly dividing tumor
cells do not display this phenotype [19]. Moreover,
patients with another group of human diseases called
ribosomopathies, are prone to developing various kinds
of tumors. Ribosomopathies are characterized by
mutations in RPs or ribosome biogenesis factors,
showing a decreased rate of ribosome biosynthesis due to
deficiencies of these components required in the ribo-
some biogenesis pathway. Symptoms of these disorders
arise from tissue specific growth arrest and/or
incompetent translation. There is a wide spectrum of
phenotypes displayed by ribosomopathy patients and
affected tissues frequently show upregulation of p53 as a
consequence of IRBC [20, 21]. Altered ribosome bio-
genesis was also connected to aging and it is also relevant
in neurodegenerative disorders such as: Alzheimer,
Parkinson, Huntington and other advanced age-related
diseases (for more details on this topic see the following
reviews [16, 17]). However, the exact contribution of
IRBC to these complex disorders and aging remains an
intriguing question open to further research.

In this review, we summarize the most important steps
of ribosome biogenesis, focusing mainly on human cell
culture studies. Furthermore, we describe the main
effectors of IRBC and review studies that provide
evidence for the existence of this pathway as well as
examining the clinical relevance of IRBC in aging and
age-related diseases.

Ribosome biogenesis

Ribosome biogenesis begins with rRNA synthesis in the
nucleolus. As a first step a pre-initiation complex (PIC)
is formed around the rDNA promoter region. The PIC
itself consists of the upstream binding factor (UBF),
selectivity factor (SL1 also known as TIF1-B), trans-
cription initiation factor 1A (TIF1-A or hRRN3) and
Pol 1. UBF marks the promoter regions by binding as a
homodimer to the core promoter surrounding the
transcription start site and to the upstream core element
(UCE), thereby creating a DNA loop structure. Next,
SL1 is recruited to the promoter: binding to both UBF
and the rDNA. The interaction of TIF1-A with Pol I is
essential for its recruitment to the promoter and
formation of the complete PIC. Promoter opening and
escape is also stimulated by UBF and is accompanied
by the release of TIF1-A from the Pol I complex [22,
23]. Surprisingly, UBF was shown to bind the whole
length of rDNA transcript units, and it has been
suggested that it is involved in the control of elongation
process as well [24]. Transcription termination occurs
when Pol I encounters transcription termination factor 1
(TTF-1)-bound terminator elements, the stalled Pol I is
subsequently removed by the polymerase 1 and
transcript release factor (PTRF) [25].

In contrast to the synthesis of 47S rRNA, the precursor
of 5S rRNA is transcribed by Pol III in the nucleoplasm.
The main factors involved in this process are the
transcription factors IIIA, IIIB and IIIC (TFIIIA, TFIIIB
and TFIIC), which are responsible for labeling of the
promoter region and the recruitment of Pol I1I [5, 26].

The rate of ribosome production is regulated mainly on
the level of rRNA synthesis. This is carried out by a
number of factors and signaling pathways which are
dependent on wvarious cellular needs, such as the
availability of nutrients, and the presence of mitogenic
or stress signaling [10]. Mitogenic stimuli activate
several, typically oncogenic pathways which upregulate
rDNA transcription. For example, MAPK/ERK
pathway phosphorylates UBF, TIF1-A and TFIIB to
stimulate Pol I and Pol III mediated rRNA transcription,
respectively [27-30]. Moreover, both MAPK/ERK and
PI3K/AKT signaling activate the expression of c-Myc
[31, 32], which can boost ribosome biogenesis at
multiple levels. It stimulates the formation of PIC by
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recruiting SL1 to the rDNA promoter, increasing the
activity of Pol II to drive transcription of RP genes
while simultaneously upregulating Pol III transcription
by activating TFIIIB [33-35]. Furthermore, growth
factors also activate the mammalian target of rapamycin
(mTOR) signaling network which contributes to the
activation of UBF, TIF1-A and Pol III associated
transcription factors TFIIIB and TFIIC [36-38].
Additionally, p53 is also involved, both directly and
indirectly, in the control of Pol I transcription. It
interacts with SL1 to prevent its recruitment to rDNA
promoters, thus inhibiting Pol I transcription [39], and
also limits Pol III activity via the direct binding of
TFIIIB [40]. One of the main transcriptional targets of
p53 is p21, which is able to activate the retinoblastoma
protein (pRb) through the inhibition of CDKs [41, 42].
Besides its well-known role in cell cycle regulation,
pRb is able to bind to several ribosome biogenesis
factors, like UBF and TFIIIB to suppress rRNA
transcription [43-45].

Transcription of rDNA results in the emergence of a
single polycistronic primary transcript, known as the
47S rRNA. This transcript contains 18S, 5.8S and 28S
rRNAs separated by internal transcribed spacers (ITS1
and ITS2) and flanked by external transcribed spacers
(5’-ETS and 3°-ETS). Over the course of rRNA
maturation, the ITSs and ETSs are removed by the
combined action of endo- and exonucleases. The pro-
cessing of the 47S pre-rRNA is initiated co-
transcriptionally by the formation of the so-called small
subunit (SSU) processome [3]. The recruitment of the
transcriptional U three protein (t-UTP) complex to the
5’ end of the 47S pre-rRNA belongs among the earliest
steps of SSU processome formation. t-UTPs strictly co-
localize with the Pol I transcription machinery; forming
bead-like structures during active transcription in the
nucleolus [46]. Subsequently, t-UTPs and other SSU
processome factors initiate the early processing steps of
18S rRNA [46]. Importantly, a cleavage in the ITSI
region separates the processing pathways of the two
subunits (for more information on the topic of rRNA
processing refer to one of the following reviews [3,
47)).

The maturation of rRNA is coordinated mainly by box
C/D and box H/ACA small nucleolar ribonucleoprotein
complexes (snoRNPs), named after a specific motif of
the RNA component, which catalyze site-specific 2’-O-
methylation and pseudouridylation of rRNA species
respectively. Box C/D snoRNPs are composed of the
methyltransferase fibrillarin (FBL), accessory proteins
Nop56, Nop58, and 15.5K/NHPX along with the
snoRNA component. The snoRNA hybridizes to the
pre-rRNA to bring it into the proper conformation to be
accessible for methylation by FBL. Furthermore, FBL’s

function is not limited to the methylation of pre-rRNA,
when it forms a complex with e.g. U3, U8 or Ul4 box
C/D snoRNAgs, it is also involved in chaperoning and
directing the pre-rRNA for endo- and exonucleolytic
cleavages [48]. Box H/ACA snoRNPs consist of the
pseudouridine synthase dyskerin, the accessory proteins
Nhp2, Nopl0, Garl and the H/ACA snoRNA com-
ponent [48]. Box H/ACA snoRNPs operate similarly to
box C/D snoRNPs, besides their function in site-specific
pseudouridylation and cleavage of rRNA, box H/ACA
RNPs are also involved in other cellular processes such
as: mRNA splicing, production of miRNAs and
telomere maintenance [48, 49].

In addition to snoRNPs, numerous other proteins (e.g.
ATPases, GTPases, RNA helicases) are also implicated
in rRNA processing. By chaperoning rRNA to facilitate
proper folding, or by the removal of processing factors
from the rRNA, these factors allow subsequent rRNA
maturation steps and the assembly of RPs onto the
rRNA to proceed [3]. An example of this is the multi-
functional protein nucleolin (NCL), which is involved
in multiple stages of ribosome biogenesis. NCL is
recruited to the rRNA genes and interacts with both the
promoter and the coding regions to facilitate trans-
cription elongation by Pol I [50]. Furthermore, as a
histone chaperone, NCL can bind to H2A-H2B dimers
to promote their dissociation from the nucleosome and
stimulate chromatin remodelers, like SWI/SNF and
ACF, thereby increasing the rate of transcription [51].
NCL is also involved in rRNA maturation, as it binds to
a specific site in the 5’-ETS region of the pre-rRNA and
has a role in the cleavage of this site possibly by
facilitating the action of its interaction partner, U3
snoRNA [52, 53]. Moreover, NCL was demonstrated
to interact with a subset of RPs and have an important
function in the pre-ribosome assembly [54, 55].

Nucleophosmin (NPM) is another multifunctional
protein that is involved in ribosome biogenesis at
multiple levels. Similarly to NCL, NPM is a histone
chaperone, with the ability to stimulate rRNA trans-
cription [56]. The requirement of NPM for rRNA
processing was first described by Savkur and Olson in
1998. This study demonstrated that NPM is involved in
the cleavage of pre-rRNA in the ITS2 region to promote
the release of 28S rRNA [57]. These results were con-
firmed later on, as downregulation of NPM led to the
impairment of this processing step [58]. Furthermore,
NPM has been demonstrated to have a role in the
nuclear export of RPL5 (uL18) and the pre-ribosomal
subunits [59, 60]. Additionally, NPM has been
implicated in numerous other cellular processes such as:
centrosome duplication, regulation of cell cycle and
maintenance of genome stability [61].
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In parallel with the rRNA processing the newly
synthesized RPs are imported into the nucleus and
assemble onto the pre-ribosomal subunits [3]. Since
nascent RPs in the cytoplasm are readily degraded by
the proteasome, their nuclear import has to occur
immediately following their synthesis [62, 63]. The
nuclear import of RPs is an active, energy-dependent
process facilitated by several proteins of the p-
karyopherin family. Importin-f, transportin, RanBP5
and RanBP7 have been reported to promote the nuclear
import of RPL23A (uL23), RPS7 (eS7) and RPL5 [64],
while importin-11 was suggested to be a mediator of
RPL12 (uL11) transport [65]. Furthermore, importin-7
was shown to participate in the nuclear import of
several RPs, such as RPL4 (ulL4), RPL6 (eL6) and
RPL23A [66]. Once in the nucleus or nucleolus, RPs
are believed to be actively involved in rRNA maturation
presumably by stabilizing the secondary structure of the
pre-tfRNA. The incorporation of RPs into the pre-
ribosome occurs in a highly hierarchical order, which
correlates to the level of rRNA processing they are
involved in, during either the early or late phases of
maturation [3].

In addition to its synthesis, the maturation and assembly
of 5S rRNA into the LSU is also exceptional. The pre-

cursor of the 5S rRNA is matured in the nucleus and is
assembled shortly after maturation; adding two LSU
RPs, RPL5 and RPL11 (uL5) to the structure. As a
ternary complex, the 5S RNP is incorporated into the
pre-60S subunit [67, 68].

Similar to the nuclear import of RPs, the export of the
pre-40S and pre-60S particles occurs through an
energy-dependent process, which is also facilitated by
B-karyopherins. Most importantly, exportin-1 is
involved in the export of both of the pre-ribosomal
subunits [69]. After their transport into the cytoplasm,
pre-40S and pre-60S ribosomal subunits undergo the
final maturation steps which include the dissociation of
the remaining non-ribosomal proteins and the
association of last RPs into their subunits [70]. Finally,
the mature SSU and LSU particles can be joined
together during translation initiation to fulfil their
protein production function [71].

Impaired ribosome biogenesis

Ribosome biogenesis is an extremely energy-
demanding process, which cells utilize for their growth
and proliferation. In the case of impaired ribosome
biogenesis, cells must immediately shut down their cell
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Figure 1. Impaired ribosome biogenesis. Impairment of multiple ribosome biogenesis stages (in bold black) activate p53 via
the RPL5/RPL11/5S rRNA/Mdm?2 pathway and is associated with various ribosomopathies (in red) TCS (Treacher Collins synd-
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cycle to avoid incomplete growth and unprepared
division. The central player in this control is the tumor
suppressor protein p53 (Figure 1).

Activation of p53 by impaired ribosome biogenesis

Under normal conditions the level of p53 in cells is kept
low, despite the fact that it is continuously expressed.
Downregulation of p53 is ensured post-translationally
by Mdm2, an E3 ubiquitin ligase [72-74]. Mdm2 forms
a heterodimer with its inactive paralogue MdmX and
their interaction is required for the stability of the
complex [75]. Ubiquitylation of p53 by Mdm2
stimulates the nuclear export of p53 and its degradation
by the 26S proteasome [76]. In addition, the interaction
between Mdm2 and p53 counteracts p53’s trans-
activating activity; the ability to trigger the expression
of its target genes [77]. Once stabilized, p53 is also
responsible for the transactivation of Mdm2, providing
a negative feedback loop to quench its own activity
after the activating stress has been overcome [78, 79].

Perturbation of ribosome biogenesis promotes the
recruitment and binding of a group of RPs and nucleolar
factors to the Mdm2 central acidic domain, thereby
disrupting its interaction with p53 which is then no
longer degraded and thus becomes activated [8, 80].
Although Mdm?2 binding activity, and thus the ability to
induce p53 was shown for multiple RPs, it is generally
accepted that RPLS and RPL11 have major roles in p53
activation in response to ribosomal stress. This effect is
best illustrated when Pol I is inhibited by, for example,
a low dose of actinomycin D (ActD) treatment, which
normally induces a p53 response. In the absence of
RPLS5 and/or RPL11 ActD induced p53 stabilization is
largely inhibited. Interestingly, depletion of other RPs
cannot abolish p53 activation in this manner [81, 82].
While most RPs are still synthesized during impaired
ribosome biogenesis, they are rapidly degraded by the
proteasome [63, 82, 83]. However, under these
conditions RPL5 and RPL11 are able to accumulate in a
ribosome free fraction, as a result of their mutual
protection from proteasomal degradation, further
supporting the central function of these proteins in
IRBC [82]. Moreover, the assembly of RPLS5 and
RPL11 into the 5S RNP complex is continued even
when ribosome biogenesis is impaired; the formation of
this particle is essential for the binding of Mdm2 by
these RPs [84]. Furthermore, the association of such a
complex might render RPL5 and RPL11 more resistant
to degradation when compared to other RPs.

The source of the Mdm?2 binding RPs that are involved
in IRBC is an intriguing question. In most cases,
impairment of ribosome biogenesis leads to the
disintegration of the nucleolar structure leading to

spontaneous release of RPs and other nucleolar proteins
into the nucleoplasm. Thus, disruption of the nucleoli
seems to be an important prerequisite for p53 activation
[85]. However, this logical proposal was questioned by
Fumagalli et al. who demonstrated that RPS6 silencing,
which inhibits SSU biogenesis, does not disrupt
nucleolar structure, while p53 still accumulates via
IRBC. It turned out that under these conditions
translation of 5’ terminal oligopyrimidin tract contain-
ing messenger RNAs (5’-TOP mRNAs), including
RPL11 and RPL5 mRNA, is upregulated [81, 86]. The
newly synthesized RPs are then actively imported into
the nucleus to promote a pS3-dependent response while
nucleolar structure stays intact [8, 87]. Furthermore, it
has been also demonstrated that even when
disintegration of the nucleoli occurs upon impaired
ribosome biogenesis, the induction of p53 relies on the
presence of nascent RPL5 and RPL11 proteins [82].
Thus, while disruption of the nucleolus might be only a
consequence of perturbed ribosome biogenesis, the
conditions and mechanisms which induce such
morphological changes remain unclear.

Besides RPL5 and RPL11, there is another nucleolar
factor, called alternative reading frame protein (ARF),
which is capable of binding to Mdm2 and thereby
promotes the activation of p53 [88]. ARF is a tumor
suppressor protein encoded by the INK4A locus, which
also encodes a cyclin-dependent kinase (CDK) inhibitor
termed pl6 using alternative reading frame of the same
genetic locus [88, 89]. Under normal conditions, ARF is
expressed at low levels and sequestered into the
nucleolus by NPM [90]. ARF is typically activated by
oncogenes, which overstimulate ribosome biogenesis to
gain excessive growth potential. Under such stimuli,
AREF is released to the nucleoplasm where, similarly to
RPs, it interacts with the central acidic domain of
Mdm?2 and indirectly promotes the stabilization of p53
[88, 91, 92]. Consequently, it was demonstrated that the
absence of NPM triggers p53-mediated apoptosis
through the activation of ARF [93]. Additionally,
excessive quantities of ARF was shown to promote the
degradation of NPM and therefore inhibit ribosome
biogenesis [58]. This was suggested to induce 5S RNP
mediated IRBC, implicating an interplay between the
two pathways [87]. Moreover, ARF has a direct
inhibitory effect on ribosome biogenesis; by suppres-
sing the phosphorylation of UBF and the nucleolar
import of TTF-1 it is able to shutdown rRNA synthesis,
which triggers IRBC [87, 94, 95]. Surprisingly, one
study demonstrated that overexpression of NPM also
promotes the upregulation of p53, since NPM is also
capable of interacting directly with Mdm2 to prevent
p53’s degradation [96]. Overexpression of NPM also
inhibits the translocation of p53 from the nucleus to
mitochondria, which prevents the activation of the so
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called intrinsic apoptotic pathway [97]. However, upon
apoptotic stimuli, NPM display pro-apoptotic activity as
it translocates to the cytoplasm, where NPM binds the
pro-apoptotic BAX protein, triggering cytochrome-c
release from the mitochondria [98]. This dual function
of NPM in the apoptotic process depicts the numerous
functions of NPM in cells, which often differ depending
on the conditions.

It is also worth mentioning that several studies have
uncovered that activated IRBC also promotes cell cycle
arrest through p53-independent pathways. For instance,
RPL11 is capable of promoting the degradation of E2F-
1 by binding to Mdm2 [99, 100]; E2F-1 is a trans-
cription factor that is required for cell cycle progression
[101]. Since nearly half of human cancers have
inactivated p53 [102], discovering pS53-independent
pathways of IRBC, makes ribosome biogenesis relevant
therapeutic target in cancer research (for more detailed
reviews see [11, 87, 103, 104]).

Impaired rRNA synthesis

Perturbation of rRNA synthesis at multiple levels was
shown to activate IRBC. It has been demonstrated by
numerous studies that the induction of IRBC and the
stabilization of p53 can be achieved by different
conditions of inhibited Pol I transcription, including: the
silencing of POLRIA, a gene encoding the catalytic
subunit of Pol I [105]; knockout of the TIFI-A gene
[106]; or inactivation of UBF by a monoclonal antibody
[85]. Impairment of the Pol I transcription machinery
can also be accomplished by using several small
molecule inhibitors. For instance, the DNA intercalating
agent ActD is a very potent inhibitor of rRNA syn-
thesis; it intercalates into the DNA at guanosine-
cytosine (GC) rich regions which are mainly present in
rDNA genes. Therefore, at lower concentrations it
preferentially inhibits transcription by Pol I [107, 108].
Several studies showed that ActD causes severe stress
through this mechanism, disrupts the nucleolar structure
and strongly induces p53 [11, 85, 104]. BMH-21, a
newly identified drug has a similar mechanism of
action, as it also intercalates into the GC-rich rDNA.
Besides its incorporation into the rDNA, BMH-21 also
promotes the proteasomal degradation of Pol I [109,
110]. Other chemical compounds employ different
mechanisms to suppress rRNA synthesis. CX-3543
(quarfloxin) inhibits transcription elongation by
disrupting the interaction of NCL with rDNA [111], and
CX-5461 prevents the recruitment of SL1 to rDNA
promoters [112]. Both drugs are potent inducers of the
IRBC response. Furthermore, CX-5461 showed a
preferential toxicity in some cancer cells compared to
normal primary cells, causing p53-dependent apoptosis
in Ep-Myc lymphoma cells [113], as well as inducing

p53-independent senescence and autophagy in solid
tumor cell lines [112]. CX-5461 quickly advanced to
phase 1 clinical trials [113-115], representing an
example of therapeutic potential in targeting ribosome
biogenesis. Of note, a recent study showed that in
addition to their inhibitory effect on rDNA trans-
cription, both CX-5461 and CX-3543 elicit cytotoxicity
through induction of DNA damage [116].
Mechanistically, these drugs bind to and stabilize the
four stranded DNA structures, G-quadruplexes (G4),
thereby causing replication-dependent DNA damage
[111, 116]. Elimination of G4 structures is carried out
mainly by the homologous recombination (HR)
machinery, therefore cancer cells deficient in HR
components are particularly sensitive to these drugs
[116]. Thus, besides the activation of IRBC, DNA
damage induction also contributes to the increased
sensitivity of cancer cells towards CX-5461 and CX-
3543.

Impairment of the Pol III transcription machinery was
also investigated by several research groups. Depletion
of the POLR3A4 gene, which encodes the catalytic
subunit of Pol III, impairs 5S rRNA biosynthesis and
leads to cell cycle arrest in a p53-independent manner
[117]. Since 5S rRNA is the essential component of 5S
RNP, formed during both intact and impaired ribosome
biogenesis, perturbation of its biosynthesis diminishes
the formation of the ternary RNP complex which is
involved in p53 stabilization. This may explain the lack
of p53 induction in Pol III depleted cells [84].
Furthermore, deficiency of TFIIIA, which is involved
exclusively in 5S rRNA transcription [118, 119], also
led to p53-independent cell cycle arrest and could
reverse the activation of p53 induced by Pol I depletion,
supporting the hypothesis that 5S rRNA is essential for
the induction of p53 in IRBC [68, 84, 117, 120].

Consequences of impaired rRNA synthesis and
activated IRBC are well represented by patients
suffering from Treacher Collins syndrome (TCS). TCS
is a severe craniofacial disease with symptoms include-
ing: micrognathia, retrognathia, coloboma of the lower
eyelids, loss of medial eyelashes, external ear aplasia or
microtia, a large or protruding nose and zygomatic bone
hypoplasia [121, 122]. TCS is an autosomal dominant
disorder mainly caused by mutations in the TCOFI
gene. A minority of TCS cases (~8%) are associated
with mutations in the POLRIC and POLRID genes,
which encode the RPACI and RPAC2 proteins,
respectively. Both RPAC1 and RPAC2 proteins are
parts of the RNA polymerase I and III complexes [123,
124]. The TCOFI gene encodes a protein named
Treacle, which has a prominent role in both rRNA
synthesis and the early processing steps [125, 126].
Haploinsufficiency of Treacle disrupts ribosome bio-
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genesis, leading to the activation of IRBC and the
initiation of pS53-mediated apoptosis specific to the
neural crest cells during early embryogenesis. The
affected stem cell population is responsible for the
formation of the bone, cartilage and connective tissue of
the head [127, 128]. The strong connection of IRBC and
p53-induced neural crest cell apoptosis with the
pathogenesis of TCS was shown in the mouse model of
the disease. Similarly to TCS patients, Treacle
haploinsufficient mice display severe craniofacial
abnormalities. Importantly, this phenotype can be
reversed either by the chemical inhibition or genetic
inactivation of p53 [129]. Recent findings suggest that
TCOF1 is involved in the DNA damage response
(DDR) and this might also contribute to TCS pathology.
It was shown by several groups that upon DNA damage
DDR protein NBS1 is relocated to the nucleolus, where
it interacts with TCOF1 in a CK2- and ATM-dependent
manner in order to suppress rRNA transcription [130,
131]. Interestingly, neuroepithelial cells, including
progenitors of neural crest cells, have been reported to
exhibit increased amount of DNA damage in a Tcof] "
background. The accumulation of DNA damage has
been suggested to be a consequence of the higher level
of reactive oxygen species (ROS) produced in this
tissue [132]. Since ROS are potent inducers of DNA
damage [133, 134], proficient expression of TCOF1 in
neural crest cells is essential. Indeed, the administration
of the antioxidant N-acetyl-cysteine partially reduced
craniofacial malformations in Tcofl ™" mouse embryos
and accumulation of p53 [132], indicating that both
DNA damage and the IRBC contribute to TCS
pathology. Additionally, a recent study provides insight
into pathogenesis and tissue-specificity of TCS. Calo et
al. reported that upon TCOF1 depletion the nucleolar
RNA helicase DDX21 redistributes to the nucleoplasm,
leading to the inhibition of ribosome biogenesis [135].
Interestingly, such disruptions in the localization of
DDX21 seem to be specific for cranial neural crest cells
and depletion of DDX21 alone has been presented to
induce craniofacial malformations [135]. The authors
suggest that IDNA damage that occurs as a consequence
of impaired Pol I transcription machinery induces p53
activation and DDX21 relocalization, followed by
apoptosis in tissues, which are hypersensitive to
elevated levels of p53 [135]. These findings add novel
layers to the research of ribosomopathies and offer
new therapeutic avenues for the small group of TCS
patients.

Impaired rRNA maturation

rRNA processing is initiated co-transcriptionally and
early processing factors, such as the t-UTP complex and
Treacle, have been shown to have an important role in
facilitating both rRNA synthesis and maturation.

Therefore, perturbation of ribosome biogenesis due to
the absence of these early processing factors leads to a
drop in rRNA synthesis and impaired rRNA processing
as well [46, 125, 126]. We have recently demonstrated
that the depletion of one such early factor, HEAT repeat
containing 1 (HEATRI1) activates IRBC. Impaired
expression of HEATRI1 strongly induced p53 and p53-
dependent cell cycle arrest. In this scenario activation of
p53 was triggered by IRBC, evidenced by the robust
disruption of the nucleolar structure and the emergence
of Mdm2-RPL5 interaction. Furthermore, under these
conditions p53 induction can be reversed by con-
comitant depletion of RPL5 or RPL11 [136]. UTP10,
the yeast homolog of HEATR1 is a member of the t-
UTP complex and has been demonstrated to have a role
in rRNA synthesis as well as in early steps of pre-rRNA
processing [137-139]. Correspondingly, we and others
have demonstrated that human HEATRI positively
regulates rRNA synthesis and co-localizes with the Pol I
transcription machinery regardless of active trans-
cription [46, 136]. Upon impaired rRNA synthesis,
HEATRI, along with other Pol I associated factors, is
redistributed to the periphery of the nucleolus to form
so-called nucleolar caps; structures characteristic for
impaired rDNA transcription [46, 136, 140]. Moreover,
this localization appears to be solely dependent on UBF
[46]. In addition, similarly to UTP10, HEATR1 has also
been shown to be involved in the early 18 S rRNA
maturation [46]. The exact function of HEATRI1 in
rRNA synthesis and processing remains largely
unknown. However, as it possesses a C-terminal HEAT
repeat, a motif suggested to mediate protein-protein
interactions, HEATR1 might promote connections
between the Pol I transcription machinery and rRNA
processing factors. Analogous results, i.e. repressed
transcription and processing of rRNA and IRBC
activation, were obtained for other yeast t-UTP
homologs, such as: 1A6/DRIM [141], WDR43 [142]
and NOL11 [143].

Depletion, mutation or overexpression of numerous
subsequent processing factors have been shown to
impair TRNA maturation and induce IRBC [144-147].
Downregulation of the box C/D snoRNP component
FBL is one such an example; it has been shown to
impair rRNA processing and activate the IRBC pathway
which leads to p53-mediated apoptosis in embryonic
stem cells [148]. Similarly, depletion of box C/D
snoRNAs, such as U3 and U8 has been proposed to
induce IRBC, resulting in a very potent induction of p53
[149]. Both, FBL and U3 or U8 expression has been
shown to be upregulated in several cancer types,
indicating their potential involvement in tumorigenesis
[149-153]. High FBL expression led to the alteration of
the 2’-O-methylation pattern of rRNA and translational
infidelity. Moreover, the altered methylation of the
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rRNA also promoted the internal ribosome entry site
(IRES)-dependent  translation of proto-oncogenic
mRNAs, such as IGFIR, MYC, FGF1/2 and VEGFA
[154]. An abnormal rRNA methylation pattern has been
observed in aggressive breast cancer, where it induces a
decrease in the IRES-dependent translation of p353,
which contributes to tumor progression [153].
Additionally, opposing these effects, p53 was demons-
trated to counteract such harmful methylation pattern by
directly inhibiting the expression of FBL [154]
Consistently, recent study by Sharma et al. showed that
p53 depletion results in a robust increase in the level of
FBL and introduces alterations in the methylation
pattern of rRNAs. In addition, FBL ablation promotes
the loss of mainly peripheral 2-O-methylated sites
[155].

Mutations of the box H/ACA snoRNP component
dyskerin encoding gene DKC/ is associated with a rare
genetic condition known as X-linked form of dys-
keratosis congenita (X-DC). Dyskeratosis congenita
(DC) is a premature aging syndrome characterized by
the classical triad of mucocutaneous symptoms:
abnormal pigmentation of the skin, nail dystrophy and
leukoplakia of the oral mucosa. The most common
cause of death is bone marrow failure, but further
symptoms may also include: pulmonary fibrosis,
increased risk for wvarious malignancies, mental
retardation, ophthalmic, skeletal, gastrointestinal and
genitourinary abnormalities [156, 157]. The patho-
genesis of DC was originally thought to be a
consequence of impaired rRNA processing, caused by
mutations of dyskerin [49]. However, dyskerin is also a
component of the telomerase complex, formed from the
box H/ACA telomerase RNA component (TERC),
telomerase reverse transcriptase (TERT) and the box
H/ACA snoRNA associated proteins [49, 156]. Patients
with X-DC show accelerated telomere shortening,
which mainly affects the rapidly dividing stem and
progenitor cell populations. The possibility that DC is
actually a telomerase dysfunction disorder is supported
by the occurrence of DC due to mutations of TERT and
TERC in the autosomal dominant form of the disease
[49, 156, 158]. Furthermore, while depletion of dys-
kerin in human fibroblasts leads to early activation of
p53, presumably through the IRBC pathway, similar
upregulation of p53 was only observed later in the
fibroblasts of patients with X-DC or autosomal
dominant DC [159]. However, in the latter case p53
activation is actually the result of DNA damage arisen
from telomere attrition after cells go through several
cycles of population doubling [158, 159]. In agreement
with this, most of the mutations in DKC/ gene affect
the RNA binding domain, which is involved in
association with TERC, rather than affecting catalytic
activity or the expression level of dyskerin in X-DC

cases [156, 160]. DKCI mutations also seem to cause
altered rfRNA pseudouridylation, which impairs the
IRES-dependent translation of a specific group of tumor
suppressor mRNAs, including: p53, the CDK inhibitor
p27 and the anti-apoptotic proteins XIAP and BCL-X;.
Thus, impaired TRNA processing might contribute to
the cancer susceptibility observed in X-DC patients
[161, 162]. In addition, similarly to FBL, the over-
expression of dyskerin has also been associated with
cancer [163, 164], likely contributing via the dys-
regulated rRNA pseudouridylation, but precise
mechanism is not known.

Due to their importance in ribosome biogenesis,
depletion of the multifunctional proteins NCL or NPM
impairs this process at multiple levels; in the case of
NCL, it has been demonstrated to result in the activation
of p53, presumably via IRBC [51, 165]. Importantly,
overexpression of NCL has been documented in many
types of cancer [166]. This upregulation of NCL might
promote tumorigenesis by increasing the rate of rRNA
transcription and thus enhance ribosome production
[167-169]. Apart from that, NCL was shown to also be
involved in other cellular processes such as: chromatin
organization, DNA and RNA metabolism, angiogenesis,
cytokinesis, telomere maintenance, cell growth and
proliferation, all of which can contribute to the
tumorigenic potential of upregulated NCL [166, 167,
170]. Due to its high expression level NCL represents
an interesting target for cancer therapy [167]. Indeed,
aptameric compound AS1411, a G-rich oligonucleotide
which binds to NCL with high affinity, counteracts
NCL’s RNA binding activity and induces apoptosis in
various cancer cells [171, 172]. The therapeutic
potential of AS1411 was already presented in a phase I
trial for patients with different kinds of advanced cancer
[173, 174] and phase II trials for patients with advanced
renal cell carcinoma and acute myeloid leukemia
(AML) [175, 176].

In contrast to other nucleolar processing factors, by
binding to Mdm2, NPM has been shown to be actively
involved in IRBC [96]. While another study reported
that ablation of NPM also induces the upregulation of
p53 through the activation of ARF [93]. Consistent with
these rather conflicting results, NPM has been
demonstrated to display both pro-oncogenic and tumor
suppressive functions during tumorigenesis [61, 177,
178]. Overexpression of NPM has in fact been reported
in many types of solid tumors [179-189]. Its role in
tumorigenesis is commonly linked to its function in
ribosome biogenesis. Interestingly, low levels of NPM
have also been reported for certain cancers; such as
gastric or breast cancer [190, 191]. Furthermore,
mutations and rearrangements of the NPMI gene are
often seen in numerous hematological malignancies
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[177, 192, 193]. The involvement and importance of
NPM in tumorigenesis, particularly in cases when it is
upregulated, makes it an attractive target for cancer
therapy. Indeed, several small molecule inhibitors of
NPM have been tested in preclinical studies and clinical
trials [194]. One such promising compound is
NSC348884 which, by binding to NPM, is able to
dissociate ARF from the complex with NPM; thereby
inducing the upregulation of p53, which subsequently
triggers apoptosis [195]. Furthermore, this compound
has been shown to efficiently induce cytotoxicity in
preclinical studies involving solid and hematological
cancers [195, 196], however clinical trials of
NSC348884 has not been initiated to date.

RP imbalance and impaired pre-ribosome assembly

The activation of p53 via the downregulation of both
SSU and LSU RPs has been consistently demonstrated
by multiple studies [81, 82, 86, 197-204]. Phenotypic
consequences of the RP deficiency are well represented
by a rare autosomal dominant disorder called Diamond
Blackfan anemia (DBA), which is a bone marrow
failure syndrome due to elevated apoptosis of the
erythroid progenitor cells [202, 205, 206]. Patients
suffering from DBA often show other symptoms as
well, including: short stature, craniofacial, cardiac or
genitourinary abnormalities and predisposition to cancer
[157, 206]. Mutations in a subset of both 40S and 60S
RP genes are observed in approximately 50% of DBA
cases; the molecular background of the remaining cases
is unknown [206-208]. In the most cases of DBA,
disruption of the RPSI9 (eS19) gene is observed,
however several patients show mutations of: RPLS,
RPLI11, RPL15 (elL15), RPL36 (eL36), RPL35A (elL33),
RPS7, RPS10 (eS10), RPSI17(eS17), RPS24 (eS24),
RPS26 (eS26) or RPS274 (eS31) genes. These
mutations cause the haploinsufficiency of the certain RP
and most likely impair the global translational capacity
of the cells [205, 207]. In erythroid progenitors such
insufficiency reduces the production of hemoglobin,
leading to increased amount of free heme which has
strong pro-oxidative potential. Elevated oxidative stress
then leads to p53-independent apoptosis of these cells
[209, 210]. This theory was well supported by a mouse
model where the gene for Feline Leukemia Virus
Subgroup Receptor 1 (FLVCRI1), a heme exporter
protein, was deleted. FLVCRI1-null mice exhibit
increased intracellular heme and show a phenotype
resembling DBA [211]. Since the RPs which are
commonly mutated in DBA patients are involved also in
several diverse steps of ribosome biogenesis, their
reduced expression also activates the IRBC and
subsequent p53-dependent apoptosis [21, 210]. Such
IRBC activation is indeed detectable as accumulation of
p53 has been shown in DBA-patients’ bone marrow

samples [202]. Similarly, some mouse and zebrafish
models of DBA, which show a similar, but not com-
pletely overlapping phenotype with impaired erythro-
poiesis, also have upregulated p53 [212-215]. The
contribution of IRBC- and heme-induced apoptosis to
the resulting DBA phenotype was studied by p53
inactivation in various models. While in zebrafish p53
inactivation only rescued developmental abnor-
malities, but did not affect the observed defective
erythropoiesis, in mouse models inactivation of p53
reversed the apoptosis of erythroid progenitors [212,
214, 215].

Another ribosomopathy characterized by the reduced
expression of an RP is 5q  syndrome, which is often
referred to as a somatically acquired form of DBA. The
5q syndrome is a myelodysplastic disease, which is
predominantly present in women of advanced age and is
caused by the deletion of the long arm of chromosome
5. Similarly to DBA, it is also characterized by
disrupted erythropoiesis in the bone marrow, causing
macrocytic anemia and a predisposition to AML.
Although the extensive deletion of chromosome 5 q arm
results in the loss of about 40 genes, RPSI4 (uSI1)
seems to be particularly important for the pathogenesis
of the disease [205, 216-219]. This is illustrated by
mouse models with haploinsufficiency of RPS14 which
recapitulate the human phenotype and also show
upregulation of p53. In these mouse models, genetic
inactivation of p53 was sufficient to rescue apoptosis of
bone marrow progenitors [219]. Additionally, an
increased level of p53 was also represented in
hematopoietic cells of 5q patients [202, 217].

Overall, due to the involvement of RPs in ribosome
biogenesis a decrease in their expression leads to the
initiation of the IRBC pathway. The subsequent
stabilization and activation of p53 resulting in p53-
dependent apoptosis seems to be the main cause of the
pathogenesis of these diseases. However, active IRBC
alone does not explain the tissue-specific effects of
defective RPs in either of the aforementioned diseases.
The sensitivity of erythroid progenitors is explained by
an increased dependence on ribosome biogenesis due to
rapid cell division combined with additional oxidative
stress caused by the heme overload [21, 209]. The
relative contribution of IRBC versus oxidative stress to
the apoptosis of erythroid progenitors remains an
unanswered question.

In contrast to the decreased expression of RPs, the
selective overexpression of certain RPs has been
observed in multiple types of cancer, suggesting an
active role in tumorigenesis [6]. For instance, RPS13
(uS15) and RPL23 (uL14) were shown to be up-
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regulated in gastric cancer contributing to the multidrug
resistance of these cells [220].

Impaired RP import and pre-ribosome export

Golomb et al. demonstrated that depletion of f-
karyopherin importin-7, not only disrupts the nuclear
import of some RPs, but also causes the disruption of
the nucleolar structure and activates IRBC, leading to
p53 stabilization and activation [221]. In addition to -
karyopherins, other transport adaptor proteins might
also be involved in the nuclear import of RPs. Lately,
symportin-1 was identified as a crucial protein re-
quired for the co-import of RPLS5 and RPL11 in yeast
[222]. Furthermore, symportin-1 in Chaetomium
thermophilum might also serve as a molecular
chaperon for the assembly of RPL5 and RPL11 with
5S rRNA, to form the 5S RNP complex, which is able
to subsequently incorporate into the LSU [223].
Whether human homolog of symportin-1, HEAT
repeat containing protein 3 (HEATR3), has analogous
functions remains to be investigated. Since 5S RNP is
the main mediator of IRBC (as discussed above),
impairment of the chaperoning of this complex might
counteract the activation of the IRBC pathway and as a
consequence could potentially lead to tumorigenesis.

Depletion or leptomycin-B-mediated pharmacological
inhibition of exportin-1 inhibits the nuclear export of
the premature subunits, induces morphological
alterations of the nucleolus and activates p53 through
IRBC [221]. Therefore, the disruption of either the
import of RPs or the export of the pre-ribosomal
particles is able to elicit the IRBC response.

As with the other steps of ribosome biogenesis, the
transport of RPs and pre-ribosomal subunits also
appears to be upregulated in cancer. For instance, the
nuclear import of RPs was reported to be upregulated
by the mTOR and c-Myc oncogenic pathways [221,
224]. Moreover, c-Myc is also required for the up-
regulation of exportin-1 expression [221]. Thus, tar-
geting B-karyopherins involved in ribosome biogenesis
might be an appealing approach for cancer therapy;
although, it is important to bear in mind that these
transport adaptor proteins have a large subset of cargo
proteins which are involved in other cellular processes
as well.

Impaired assembly of ribosomal subunits

One of the most important steps to initiate the subunit
assembly is the release of the eukaryotic translation
initiation factor 6 (elF6) from the LSU, which is
promoted by the GTPase activity of elongation factor

like-1 (EFL1). Interestingly, ribosome maturation is
abrogated at this step in a human autosomal recessive
disorder, called Shwachman-Diamond syndrome (SDS)
[225-227]. SDS is another bone marrow failure
syndrome, with additional symptoms, including:
exocrine pancreatic insufficiency, gastrointestinal,
skeletal, immune system abnormalities and pre-
disposition to AML [208, 228, 229]. Biallelic mutations
in the SBDS gene is present in 90% of SDS cases.
Ribosome maturation protein SBDS is required for the
EFL1-promoted removal of eIF6 from the 60S
ribosomal subunit, thus governing the final assembly of
the ribosome [225-227]. Furthermore, SBDS was also
reported to localize into the nucleolus [230], where it
interacts with the 28S rRNA and NPM, which implies
that it might have additional functions in the earlier
steps of ribosome biogenesis as well [231]. The
involvement of SBDS in both early and late steps of
ribosome biogenesis is consistent with the observation
of upregulated p53 in SDS patient-derived samples,
presumably a consequence of active IRBC [232, 233].
However, concomitant depletion of p53 in zebrafish and
mouse models of SDS only partially rescues the
pathologic phenotype; indicating that insufficient
translation, alongside with activated IRBC and up-
regulated p53, has a prominent role in the pathogenesis
of the disease [234, 235].

Aberrant ribosome biogenesis and aging

Numerous studies presented a direct connection
between dysregulated ribosome biogenesis and aging.
For instance, the downregulation of ribosome bio-
genesis components or nutrient sensing pathways,
which stimulate ribosome production, have been shown
to increase the lifespan of multiple organisms including
C. elegans, D. melanogaster, yeast, mice and human
[236-249]. Therefore, enhanced ribosome biogenesis,
visualized by enlarged nucleoli, is believed to accelerate
aging. Indeed, consistent with this idea, the size of the
nucleoli and the amount of rRNA increases during
aging in human primary fibroblasts and a single, large
nucleolus is often observed in senescent cells [250,
251]. Furthermore, fibroblasts isolated from patients
suffering from the premature aging disease Hutchinson-
Gilford progeria, have enlarged nucleoli and
upregulated ribosome biogenesis [251]. Since the rate of
protein translation is proportional to the rate of
ribosome biogenesis [22, 252] it was suggested that
upregulation of protein synthesis and disruption of
global proteostasis is the mechanism through which
ribosome biogenesis promotes aging [253]. This theory
is supported by studies showing that reduction in the
rate of translation can increase lifespan, and furthermore
that altered proteostasis is a hallmark of aging [238,
254-258]. Additionally, caloric restriction that has been
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shown to promote longevity [259-261], leads to the
downregulation of ribosome biogenesis by several
mechanisms [262-264]. Under such dietary conditions,
deacetylase SIRT1 is induced [265, 266]. SIRTI, as a
component of the energy dependent nucleolar silencing
complex (eNoSC), is responsible for the epigenetic
silencing of rDNA gene expression [264] and its
overexpression can extend the lifespan [267].
Furthermore, a higher rate of metabolism and reduced
amount of the tumor suppressors p53 and ARF might
also contribute to aging [268, 269].

Accumulation of DNA damage in rDNA

Besides direct changes in rDNA expression level and/or
rate of ribosome biogenesis, another theory relates to
the accumulation of rDNA damage for aging. The
repetitive nature of rDNA and the high rate of rRNA
synthesis cause the rDNA repeats to be subject to
recombination events and DNA damage, possibly due to
collisions between the replication and transcription
machineries and R-loop formations [270-274]. As a
result, DNA damage can accumulate in rDNA, this in
turn can lead to genome instability, which has also been
implicated in cellular aging [258, 275]. Indeed, it has
been recently demonstrated that hematopoietic stem
cells, which are highly proliferative, and thus have
upregulated ribosome biogenesis, accumulate DNA
damage in their rDNA genes during aging [276].
Moreover, premature aging diseases, such as Bloom and
Werner syndromes are associated with increased rDNA
instability [277-279]. BLM and WRN helicases, that are
mutated in Bloom and Werner syndromes, respectively
have been shown to associate with the Pol 1
transcription machinery and promote rRNA synthesis
[280, 281]. These findings indicate that rDNA in-
stability in these diseases can be attributed to disrupted
rRNA transcription and consequent accumulation of
rDNA damage due to unresolved rDNA structures.

Deregulation of ribosome biogenesis in aging

Several studies have reported the downregulation of
ribosome biogenesis in aged tissues. A progressive
decrease in the expression of RPs or rRNA has been
observed during the aging process [282, 283],
inefficient ribosome biogenesis has been accounted for
age-related cataract [284] and diminished skeletal
muscle hypertrophy [285]. On the other hand, it has
been suggested that such decrease of ribosome bio-
synthesis may be a compensatory mechanism in aged
tissues to prolong lifespan [283].

Being an age-related disease, upregulation of ribosome
biogenesis and increased size of the nucleoli have been
observed in various types of cancer cells [18].

Numerous reports suggests that rather than being a
passive consequence of tumorigenesis, upregulation of
ribosome biogenesis is a key step to promote this
process [113, 162, 286]. The increase in the rate of
ribosome biogenesis drives translation, excess growth
and proliferation [287] and the selective upregulation of
certain ribosome biogenesis components in many cases
contributes to tumorigenesis. For instance, over-
expression of key rRNA processing factors, such as
FBL or dyskerin has been reported in various cancers
[150-153, 163, 164]. Upregulation of FBL or dyskerin
alters the posttranscriptional modification of the rRNAs,
thus changes the structure of the ribosomes. These
altered ribosomes presumably do not change the amount
of total protein production, however they affect the
quality of translation [288]. Marcel et al. designated
these altered complexes ‘cancer ribosomes’ in FBL
upregulated cells, because of their active involvement in
tumorigenesis due to preference for IRES-dependent
translation of oncogene mRNAs [154]. Moreover, FBL
overexpression has been observed in aged mice [289]
and lower expression of it seems to be associated with
increased lifespan in humans [262]. Additionally,
similarly to FBL and dyskerin, selective overexpression
of certain RPs has been reported to promote tumori-
genesis [220, 290, 291]. Changes in the balance of the
RPs might change the structure of the ribosome;
however, since many of these RPs possess extra-
ribosomal functions, these cannot be excluded from
contribution to tumorigenesis.

A high rate of ribosome biogenesis and enlarged
nucleoli are the main characteristics of stem cells as
well as cancer cells. Similarly to cancer cells, stem cells
rely on ribosome biogenesis for their growth and
proliferation and it also ensures pluripotency [148, 292-
294]. During differentiation these cells lose high
expression of ribosome biogenesis factors and obtain
shrunken nucleoli [295]. Several studies have
demonstrated that partial depletion of certain nucleolar
factors involved in ribosome biosynthesis induces
differentiation of pluripotent stem cells [148, 292, 294,
296, 297]. Furthermore, complete loss of some
ribosome biogenesis components affects stem cells
more drastically, when compared to differentiated cells
[148, 297]. Consistently, decreased expression of ribo-
some biosynthesis factors observed in ribosomopathies
induces growth arrest and apoptosis in hematopoietic or
other stem cell types, while differentiated cells remain
mostly unaffected. Furthermore, although upregulation
of ribosome biogenesis is traditionally associated with
aging and cancer, downregulation of this process can
also promote tumorigenesis, as patients with
ribosomopathies are predisposed to development of
certain cancer types [20, 205, 208]. This can be
explained as a result of a lower amount of available
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mature ribosomes introducing competition between
various mRNAs. Thus tumor suppressors encoding
mRNAs with lower affinity to the ribosome may lose
their translational capacity [287]. High and stable
expression of p53 can decrease lifespan in mice and
humans [298-300], therefore it is possible that
upregulated p53 usually observed in ribosomopathies
can also contribute to accelerated aging of those
patients. Indeed, one of the ribosomopathies, dys-
keratosis congenita has been associated with premature
aging. Whether this is a more general feature that is also
shared by other ribosomopathies needs further invest-
tigation. Although, both upregulation and down-
regulation of ribosome biogenesis can accelerate aging
process, timing of the downregulation of the ribosome
biogenesis is important factor that must be considered.
While numerous studies show that an overall decrease
in ribosome biogenesis promotes longevity, it must
occur in the post-developmental phase. When it is
downregulated early in life, as in the case of ribo-
somopathies, it has more severe consequences, which
reduce lifespan [301].

Although differentiated, non-dividing cells usually
display shrunken nucleoli and reduced rate of ribosome
biogenesis, prominent nucleoli can be observed in
terminally differentiated neurons [17]. It has been
demonstrated that during development, post-mitotic
neurons rely on increased ribosome biogenesis for their
somatoneuritic growth [302, 303]. Specifically, neuro-
trophics, such as the brain-derived neurotrophic factor
(BDNF) stimulate ribosome biosynthesis, through the
ERK1/2 signaling cascade [302]. Consequently,
upregulated ribosome biogenesis supply developing
neurites with a sufficient number of ribosomes for the
increased local protein synthesis to promote morpho-
genesis of the neurons [17, 302]. Furthermore, it has
been also suggested that neurite outgrowth, which is
promoted in mature neurons during regeneration of the
nerves following injury, depends on the upregulation of
ribosome biogenesis [304, 305].

Ribosome biogenesis and neurodegenerative diseases

The importance of active ribosome biogenesis in mature
neurons is further supported by the observation that it is
frequently impaired in neurodegenerative diseases. For
instance, Alzheimer’s disease (AD) has been reported to
associate with reduced number of the ribosomes [306],
which may be the linked to the increased oxidation of
rRNA [307, 308] and/or epigenetic silencing of rDNA,
seen in AD patient’s brains [309, 310]. Furthermore,
aberrant NORs have been also observed in AD patients
[311]. Additionally, the microtubule-associated protein,
tau, whose function is severely impaired in AD, has
been reported to localize to the nucleolus, where it

interacts with several nucleolar proteins and may have a
role in several nucleolus-associated functions under
normal conditions [312-315]. Downregulation of
ribosome biogenesis has also been documented in
Parkinson’s disease (PD), which is often accompanied
with disrupted nucleolar structure of the affected
dopaminergic neurons [316, 317]. This phenotype may
be mediated by NCL, since its expression has been
reported to be decreased in the substantia nigra of PD
patients [318]. Furthermore, NCL has been also
documented to interact with a-synuclein and DJ-1, the
two major proteins involved in the pathogenesis of
familial PD [319]. Moreover, a mutation of DJ-1 has
been presented to impair ribosome biogenesis by the
exclusion of TNF receptor associated protein (TTRAP)
from the nucleolus [320]. Whereas another study on PD
has been reported that the overexpression of parkin
associated substrate (PARIS) represses rRNA trans-
cription by direct interaction with the Pol I transcription
machinery [321]. Several factors perturbing ribosome
biogenesis have been observed in Huntington’s disease
(HD) as well. For instance, the PIC component, UBF
has been shown to be downregulated in HD patients
[322]. UBF’s function and thus rRNA synthesis has
been also suggested to be inhibited via the decreased
acetylation and/or increased methylation of UBF, both
mediated by the mutant huntingtin protein [322, 323].
Furthermore, it has been also suggested that the CAG
triplet expansion containing transcripts, characteristic of
HD, are able to associate with NCL and this interaction
leads to the reduced recruitment and binding of NCL to
the rDNA promoter, followed by promoter hyper-
methylation and results in the rRNA synthesis
suppression [324]. Overall, numerous studies indicate
that impaired ribosome biogenesis is a key feature of
neurodegeneration. The diversity and complexity of
mechanisms that perturb this process indicate the
existence of more factors capable of impairing ribosome
biogenesis in these syndromes with a rather hetero-
geneous genetic background. Additionally, since the
accumulation of p53 has been reported in AD, PD and
HD [325-327], the activation of IRBC is evident and
may be fundamental for the pathology of these diseases.

Although the complex relationship between aging, age-
related diseases and ribosome biogenesis and the
regulation thereof is just being elucidated, the
importance of the tight regulation of these processes is
evident from these examples.

CONCLUSION

In the past decades, a tremendous effort was made to
explore the various steps of ribosome biogenesis and the
regulation of this process. It has long been acknow-
ledged that due to its complexity, ribosome biogenesis
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requires a huge energy investment from cells.
Therefore, it is regulated by numerous complex path-
ways. The impairment of ribosome biogenesis, at any
step from rRNA synthesis to ribosome assembly, has
been demonstrated to result in severe consequences
such as: cell cycle arrest, senescence or apoptosis
mainly through the RPL5/RPL11/5S rRNA/Mdm2/p53
axis. Although the process of IRBC is well-established
and widely accepted, further research is ongoing. For
instance, it is not fully understood how the defects in
various steps of ribosome biogenesis are sensed and
transduced to uniformly induce IRBC.

The dependence of ribosome biogenesis on the nutrient
and energy status of cells renders the entire process
highly vulnerable to internal and external stress stimuli.
Indeed, multiple studies have reported that a number of
typical cellular stressors, such as: DNA damaging
agents (UV- and vy-irradiation, genotoxic chemo-
therapeutics); hypoxia, nutrient and growth factor
deprivation; heat shock and oncogene activation induce
alterations in ribosome biogenesis and ultimately
activate the IRBC [328]. Consistently, a report from
Burger and colleagues showed that a diverse group of
commonly used chemotherapeutic drugs (e.g. alkylating
agents, antimetabolites, mitosis inhibitors, kinase
inhibitors, translation inhibitors, etc.), are all capable of
perturbing ribosome biogenesis [108]. Interestingly, the
stage of ribosome biogenesis inhibition differed
between these compounds; some of them suppressed the
process earlier while others inhibited later steps [108].
These results suggest that chemotherapeutic agents
induce IRBC, which might contribute to their
cytotoxicity. IRBC-induced apoptosis or senescence
might be beneficial for cancer therapeutics, since cancer
cells highly rely on ribosome production for their
growth and proliferation. However, traditional chemo-
therapeutic drugs possess other cytotoxic effects such
as: genotoxicity, nucleotide deprivation, inhibition of
signal transduction, and others which poison non-
cancerous cells as well. Therefore, it might be more
favorable to take advantage of those compounds, which
are rather specific and exclusively inhibit ribosome
biogenesis. However, these agents must still be treated
with caution, as other populations of rapidly dividing
cells, such as stem cells might be sensitive to the
perturbation of ribosome biogenesis. Other therapeutic
approaches, targeting the various steps of ribosome
biogenesis may be a valid therapeutic strategy, as
selective upregulation of some ribosome biosynthesis
factors is observed in various cancers.
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