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NORGES TEKNISK-NATURVITENSKAPELIGE UNIVERSITET
DET MEDISINSKE FAKULTET

DNA i levende celler gjennomgar kontinuerlig strukturelle og kjemiske forandringer, som kan
forarsake feil i replikasjon og transkripsjon, og fore til akkumulering av mutasjoner.
Mutasjoner er viktige for genetisk variasjon og evolusjon, men langtids overlevelse av en art
krever genetisk stabilitet. Genetisk informasjon er relativt stabil fordi et komplekst maskineri
av mekanismer for reparasjon, skade-toleranse, og sjekkpunkt mekanismer opprettholder
DNA integritet. Defekter 1 disse systemene pavirker organismens utvikling,
aldringsprosessen, og kan fore til kreft.

Dette arbeidet har bidratt til bedre forstielse av genomisk uracil prosessering. De kjente
kildene til uracil i DNA ble tidligere antatt & veere misinkorporering av dUMP under DNA
replikasjonen og spontan deaminering av cytosin. Oppdagelsen av aktiveringsindusert cytidin
deaminase (AID) og andre APOBEC enzymer som kan generere uracil fra cytosin har ekt
interessen for dette temaet. AID-indusert DNA cytosin-deaminering i immunglobulin gener
og APOBEC-indusert deaminering av viralt DNA er naturlige prosesser i immunsystemet. Til
tross for sine viktige fysiologiske funksjoner, medferer disse forsvarsmekanismene i verten en
hoy risiko for det oppstér potensielt kreftfremkallende-mutasjoner. Hoy gjennomstremning
sekvensering av et stort antall menneskelige kreft genomer viser at mutasjoner i C:G basepar,
og C til T overganger i s@rdeleshet, er de mest utbredte. Dette tyder at enzymatisk cytosin
deaminering kan vaere en hovedarsak.

Betydelig fremgang har blitt gjort vedrerende opprinnelsen og base-eksisjonsreparasjon av
genomisk uracil, men det viktige spersmalet om det basale nivaet er fortsatt omstridt. Tallene
varierer med nesten tre sterrelsesordener. Vi mener at dette avviket mest sannsynlig er et
resultat av metodiske feil relatert til preparasjon av DNA prover og generering av uracil fra
cytosin 1 lepet av analysen. I artikkel I diskuterer vi disse potensielle problemene og
presenterer en forbedret LC/MS/MS-basert metode for absolutt kvantifisering av genomisk
deoxyuridin (dUrd). For a teste metoden i en relevant biologisk sammenheng, har vi
undersgkt murine embryonale fibroblaster og humane lymfoblastoide cellelinjer — der UNG-
genet er inaktivert. De reparasjon-kompetente cellelinjene hadde omtrent 400-600 dUrd per
genom. Dette tallet tyder pa at det basale nivaet av genomisk uracil har vaert overestimert
tidligere. Vi mener at var nye metode gir det mest noyaktige resultatet og er svert relevant for

DNA-reparasjon-orienterte forskere.



I artikkel II undersekte vi ulike genomisk uracil og uracil fjerning fra DNA i humane
kreftcellelinjer. Vi fant svert heye nivéer av genomisk uracil i mange B-cell lymfomer.
Nivéaet korrelerte med AID uttrykk og var delvis reversibelt etter AID knockdown. Uracil
reparasjonskapasitet og uttrykk av uracil DNA-reparasjonsproteiner korrelerte inverst med
genomisk uracil niva. Vi fant ogsé at regioner med grupperte mutasjoner (kataegis) i lymfom
og kronisk lymfatisk leukemi har AID-hotspot mutasjons signatur. Dette er det forste
mekanistiske beviset pa at AID kan forarsake akkumulering av genomisk uracil i kreftceller
og indikerer at enzymet kan ha en viktig rolle i utvikling av B-cell lymfomer.

I tillegg til arbeidet med hovedprosjektet, studerte vi interaksjons partnere til uracil-DNA
glykosylase SMUGT. I artikkel III, viser vi at SMUG1 kan samhandle med pseudouridine
synthase DKC1, og at SMUG1 og DKC1 ko-lokaliserer i nucleoli og Cajal legemer, hvor
rRNA biogenes og ikke-kodende RNA modning foregar, henholdsvis. Vi oppdaget at
SMUG/1-defekt var assosiert med redusert niva av modne 28S, 18S, og 5.8S rRNA og okt
niva av polyadenylerte 28S rRNA. Videre observerte vi at SMUG] har aktivitet pd ssSRNA
som inneholder 5-hm (dUrd) in vitro. Vi fant ogsa et ekt 5-hm(Urd) niva i modent rRNA i
SMUG 1 -defekte celler. Disse funnene danner grunnlag for en ny hypotese om at SMUG1 kan
vere involvert i rRNA kvalitetskontroll. Det har blitt pavist at et annet DNA-reparasjon
protein, apyrmidinic/apurinic endonuclease (APE1), ogsa er assosiert med 47S, 28S, 18S
rRNA, og nucleoplasmin innen nucleoli. Vi spekulerer derfor om APE1 behandler AP-seter
som genereres av SMUGTI. I dette tilfellet ville APE1 danne 3'-OH termini, som maélrettes for
videre nedbrytning i exosomer.

Funksjoner av DNA-reparasjonsproteiner er mer allsidige enn man har trodd tidligere. Det
synes som en logisk mulighet at DNA glycosylaser sin evne til & gjenkjenne kjemiske
modifikasjoner ogsé kan bidra til identifisering av skadede eller feilaktig modifisert RNA og
at slike proteiner i noen tilfeller kan bidre til genetisk stabilitet ikke bare gjennom DNA-

reparasjon.
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1. Introduction
1.1 DNA damage

DNA in living cells undergoes continuous structural and chemical alterations through
different types of damage, which may result in errors in replication and transcription and lead
to mutation accumulation. Mutations are important for genetic variation and evolution, but
survival of the individual demands genetic stability. Genetic information is stored relatively
stably only because a complex machinery of repair, damage tolerance, and checkpoint
pathways maintain DNA integrity. Defects in these systems affect the organism's

development, aging process and predispose to cancer (reviewed in (Friedberg et al., 2006)).
Oxidation

Oxidative DNA damage can be induced by reactive oxygen species and reactive nitrogen
species. Superoxide (-O,), hydroxyl radicals (-OH), singlet oxygen ('05), nitric oxide (-NO)
and other agents that are formed during normal cellular signaling and metabolism can result
from inflammation, exposure to oxidizing chemicals, ionizing radiation, and UV light. These
agents oxidize DNA bases and generate abasic sites and single- and double-strand breaks
(reviewed in (Evans et al., 2004)).

The most extensively studied oxidized base is 8-0xo0-7,8-dihydroguanine (8-0xoG). It
originates from the attack of hydroxyl radicals on the C8 guanine. This lesion is mutagenic
because it may result in GC—TA transversions during replication (reviewed in (De Bont and
van Larebeke, 2004)). The steady-state level of 8-0xoG in human cells is approximately 0.3-
4.2 per 10° guanine residues (Collins et al., 2004). Increased levels of genomic 8-oxoGua
have been detected in breast cancer tissue, lung squamous cell carcinoma, colorectal
adenoma, male prostate cancer, and many other human malignancies (reviewed in (Kryston et
al., 2011)). In addition, 8-0xoG accumulation in nuclear and mitochondrial DNA has been
linked to aging (Izzotti et al., 1999; Lu et al., 2004; Nie et al., 2013; Stevnsner et al., 2002).
DNA interaction with the hydroxyl radicals can lead to single-strand breaks (SSBs) via
hydrogen abstraction from sugar moieties. SSBs can be converted to double-strand DNA
breaks (DSBs) when encountered by replisomes or as a result of adjacent SSBs (reviewed in
(Caldecott, 2008)). These lesions frequently induce chromosomal aberrations, including
aneuploidy, deletions, and chromosomal translocations. Defective repair of DNA strand

breaks is associated with congenital brain development abnormalities, immunodeficiency,
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predisposition to breast, ovarian, and prostate cancer (reviewed in (Katyal and McKinnon,
2008)).

Alkylation

Alkylation damage refers to the addition of an alkyl group to DNA bases. Alkylating agents
can be classified according to the number of reactive sites (monofunctional versus
bifunctional), the chemical mechanism (Sx1 versus Sn2 nucleophilic substitution), and the
length of alkyl chain (methyl, ethyl, etc.). The induced DNA lesions range from base
modifications and strand breaks to DNA-DNA and DNA-protein cross-links (reviewed in (Fu
etal., 2012)).

Methylation is the predominant type of alkylation. DNA can be methylated by endogenous
agents such as S-adenosylmethionine, betaine, choline, and exogenous factors such as
tobacco-specific nitrosamines and atmospheric halocarbons. Most of them generate N7-
methylguanine (7-meG), 3-methyladenine (3-meA) and O°-methylguanine (O%-meG). 7-meG
is considered to be relatively harmless because it base pairs similarly to unmodified guanine;
however, it may create cytotoxic abasic sites upon excision by N-alkylpurine DNA-
glycosylases. 3-meA is considered cytotoxic: it can cause S phase arrest, sister chromatid
exchange, chromosome aberrations, and apoptosis (reviewed in (Shrivastav et al., 2010)). 0°-
meG is mutagenic because it results in GC—AT transitions. Moreover, recognition of O°-
meG:T and O°-meG:C mispairs by the mismatch repair system may lead to generation of
double-strand breaks (reviewed in (Drablos et al., 2004)).

Bifunctional alkylating agents such as nitrogen mustards and aziridine compounds have two
reactive groups and can form interstrand cross-links (ICLs). Cross-links may also occur on the
same DNA strand or between modified DNA base and protein. This type of damage disrupts

replication, transcription, and recombination (reviewed in (Kondo et al., 2010)).
Hydrolysis

Spontaneous hydrolytic cleavage of the N-glycosidic bond between the base and deoxyribose
in DNA results in approximately 10 000 apurinic/apyrimidinic sites per cell per day (Lindahl
and Nyberg, 1972). Abasic sites stall DNA replication and transcription, induce base
substitutions, and cause frameshift mutations. Furthermore, abasic sites can be converted into
SSBs by AP endonucleases or DNA glycosylases/AP lyases (Loeb and Preston, 1986).
Another type of hydrolytic DNA damage is deamination. Deamination of the exocyclic amino

group in cytosine (C), 5-methylcytosine (5-meC), adenine (A), and guanine (G) generates
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uracil (U), thymine (T), hypoxanthine, and xanthine, respectively. Subsequent DNA
replication of unrepaired U:G and T:G mismatches result in GC—AT transitions, the most
frequent type of mutation in human cancers. Hypoxanthine preferentially base pairs with
cytosine and may lead to AT—GC transitions. Xanthine does not stably pair with any bases

and may arrest DNA synthesis (reviewed in (Friedberg et al., 2006)).
Damage to DNA by other chemical species

Estrogen metabolites can damage DNA directly through the formation of bulky adducts or
indirectly through redox cycling processes that generate radical species. These free radicals
induce single-strand breaks and 8-hydroxylation of guanine bases and produce
malondialdehyde-DNA adducts. Quinone intermediates of 4-hydroxylated estrogens have
been shown to create unstable DNA adducts, which are prone to decomposition and formation
of abasic sites. It has been demonstrated that estrogenic steroids raise the risk of breast,

endometrial, and uterine cancers in humans (reviewed in (Liehr, 2001)).

The major aldehyde products of lipid peroxidation (LPO), malondialdehyde, 4-
hydroxynonenal, acrolein, and crotonaldehyde form exocyclic DNA adducts that can
compromise base pairing or produce substitution mutations. Several studies have shown that
inflammatory processes and metal storage diseases cause persistent oxidative and nitrosative
stress and lead to accumulation of LPO-derived DNA modifications (reviewed in (Nair et al.,
2007)). Significantly increased levels of etheno-dAdo and etheno-dCyd adducts have been
found in patients with primary hemochromatosis, chronic pancreatitis, Crohn’s disease,

ulcerative colitis, and familial adenomatous polyposis (Bartsch and Nair, 2005).

Reactive carbonyl species originate from glycation and lipid peroxidation. Glyoxal and
methylglyoxal are the most studied ones. It has been reported that human keratinocytes
treated with glyoxal accumulate DNA strand breaks, whereas methylglyoxal treatment
generates DNA cross-links (reviewed in (Mano, 2012)). Carbonyl stress is believed to be one
of the most important mechanisms of tissue damage in vascular complications of diabetes

(Bourajjaj et al., 2003).

DNA replication errors

Nuclear DNA is replicated by polymerase (Pol) a, Pold, and Pole. Although these enzymes
ensure correct choice of deoxynucleotide triphosphate (dNTP) during DNA synthesis,



mistakes may occur. However, occasionally misincorporated nucleotides can be readily
removed by the 3’-5’ exonuclease activity of the polymerases (reviewed in (Lange et al.,
2011)). The proofreading through 3°-5’ exonuclease activity is crucial for preventing
mutations. Pole proofreading-deficient mice die prematurely of intestinal adenomas and
adenocarcinomas (Albertson et al., 2009). Mice lacking Pold 3’-5’ exonuclease activity are
not viable (Uchimura et al., 2009). In addition to misincorporation, DNA polymerases can
induce mutagenesis through incorporation of oxidized dNTPs during DNA synthesis (Hidaka
et al., 2008).

1.2 DNA damage and replication checkpoints

DNA damage and replication checkpoints are signal transduction pathways that control a
variety of cellular responses, including cell cycle arrest, activation of DNA repair, and
apoptosis. These processes are believed to be primarily mediated by members of the
phosphatidylinositol 3-kinase-like protein kinase (PIKK) family, Ataxia telangiectasia
mutated (ATM), Ataxia telangiectasia and Rad3-related (ATR), and DNA-dependent protein
kinase (DNA-PK), as well as by the Poly(ADP-ribosyl) polymerase (PARP) family members
(reviewed in (Ciccia and Elledge, 2010)).

Localization of DNA damage response factors to specific DNA lesions is initiated by sensor
proteins. Stretches of single strand DNA (ssDNA) resulting from replication fork stalling are
rapidly coated by replication protein A (RPA). RPA-ssDNA stimulates binding and activation
of a protein complex that consists of Rad17 and four replication factor C subunits (RFC,.s).
Rad17- RFC,.5 loads the PCNA-related Rad9-Hus1-Rad1l onto 5' or 3' DNA ends of RPA-
ssDNA to initiate the ATR signaling pathway (Zou et al., 2003). SSBs are detected by the
PARP family. Activated PARP1 and PARP2 modify themselves and other proteins by
transient assembling of branched poly(ADP)-ribose chains, which enable interactions with
single-strand break repair (SSBR) proteins and regulate chromatin structure at sites of DNA
damage to block transcription and facilitate repair (reviewed in (Caldecott, 2008)). DSBs are
rapidly bound by the Ku heterodimer (Ku70/Ku80), which activates the catalytic subunit of
DNA-PK to trigger repair through canonical non-homologous end joining (NHEJ) (Mahaney
et al., 2009). PARP1 may compete with Ku and probably together with DNA ligase III,
participate in an alternative pathway of non-homologous end joining (alt-NHEJ) (Wang et al.,
2006). In addition, PARP-3 has been shown to be activated by DNA DSBs in vitro and
function to accelerate NHEJ (Rulten et al., 2011). Finally, the DSB lesions can be recognized
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by Mrel1-Rad50-Nbsl (MRN) complex, which recruits ATM and prepares DNA for repair
through homologous recombination (Williams et al., 2007). The mechanism of single base
damage detection by DNA glycosylases is less clear. Recent structural and biophysical studies
conclude that error-prone scanning is provided through an electrostatically guided migration
of these enzymes along the DNA backbone. Once an inappropriate nucleotide is found, the

excision process begins (reviewed in (Friedman and Stivers, 2010)).

The recognition of DNA damage results in initiation of a signal transduction cascade. The list
of downstream targets is far from complete and is beyond the scope of this thesis. Briefly,
ATM and ATR act mainly through phosphorylation of their respective substrates, checkpoint
kinases (Chk) 2 and 1, which inhibit cell division cycle 25 homologs (Cdc25) A, B, and C,
and activate the tumor suppression transcription factor p53. The Cdc25 homologs control
dephosphorylation of cyclin-dependent kinases (Cdk) Cdk1 and Cdk2, which are required for
S-phase progression, promotion of G/S, and G,/M transition. p53 regulates transcription of
the Cdk2 and PCNA inhibitor p21, proapoptotic BAX and PUMA proteins, which induce

cell-cycle arrest, apoptosis, or senescence (reviewed in (Ciccia and Elledge, 2010)).

1.3 DNA damage tolerance

DNA damage tolerance (DDT) mechanisms, translesion synthesis (TLS), and template
switching facilitate the continuation of DNA replication in the presence of polymerase-
blocking lesions. In mammals TLS is governed by at least seven low-fidelity DNA
polymerases: Poln, Poli, Polk, REV1, Poll, Pol® and Polv. These polymerases lack 3'-5'
exonuclease proofreading activity and are thus error-prone (reviewed in (Stallons and
McGregor, 2010)). The mechanisms by which lesions are bypassed and a particular TLS Pol
is selected are not yet fully elucidated. There are currently two models: the polymerase-
switching and the gap-filling. The polymerase-switching model is believed to occur when a
replication fork is blocked during DNA synthesis. It is likely that RPA-ssDNA recruits
Radl18, which recruits the E2 ubiquitin ligase Rad6 to the damage site. The Rad6/Radl8
heterodimer initiates proliferating cell nuclear antigen (PCNA) monoubiquitination, which is
required for replacement of the stalled replicative DNA polymerase with a TLS polymerase.
The switch is followed by lesion bypass and extension of the primer-template. In an
alternative model, TLS polymerases fill in ssDNA gaps during late S or early G2 phase
(reviewed in (Waters et al., 2009)).
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Template switching is less studied. It has been suggested that DNA lesions may be avoided
either by replication fork reversal and use of the nascent sister strand or invasion of the sister

duplex by a single-stranded gap (reviewed in (Chang and Cimprich, 2009)).

1.4 DNA repair mechanisms

1.4.1 Base excision repair

The base excision repair (BER) pathway corrects oxidation, alkylation, and deamination of
DNA bases. It is also responsible for elimination of misincorporated nucleotides, abasic sites,
and single-strand breaks (reviewed in (Zharkov, 2008)). BER can be presented as a multistep

process (Figure 1).

BER is initiated by lesion-specific DNA glycosylases, which detect the incorrect or damaged
base and catalyze cleavage of the N-glycosidic bond (reviewed in (Dalhus et al., 2009)). DNA
glycosylases can be classified according to their reaction mechanism (monofunctional versus
bifunctional). Most DNA glycosylases are monofunctional and require assistance of a
separate enzyme, apurinic/apyrimidinic endonuclease 1 (APE1l), which cleaves the
phosphodiester bond located 5' to the AP site and leaves a nick containing a 3'OH and 5'dRP
moiety. Subsequently, Polp removes the dRP group and inserts the correct nucleotide. The
bifunctional glycosylases have AP lyase activity and can cleave the DNA strand by B-
elimination (3' to the AP site) or by [B/d-elimination (3' and 5' to the AP site). The gap
resulting from B-elimination is processed by APE1. f/5-elimination is APE1-independent, but
requires recruitment of the phosphatase/kinase PNKP to remove the 3'phosphate residue and

prepare the gap for the repair synthesis step (reviewed in (Svilar et al., 2011)).

BER further proceeds by short-patch or long-patch sub-pathways. The short-patch BER is
typically characterized by insertion of only one nucleotide by Polf} or Pol\ and strand sealing
by either DNA ligase I or a complex of DNA ligase Illa and the scaffold protein XRCC1
(reviewed in (Kim and Wilson, 2012)). DNA synthesis during the long-patch BER is
mediated by Polfp or Pold and Pole, which in conjunction with PCNA and RFC form a 2-12
nucleotide flap. Finally, the structure-specific flap endonuclease 1 (FENI1) removes the

intermediate and ligase I seals the substrate (reviewed in (Krokan and Bjoras, 2013)).
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Figure 1. Schematic representation of the base excision repair pathway.
The core enzymatic steps: damage recognition and removal (I), DNA strand incision and 3'termini tailoring (II),

gap filling (I11), 5'termini tailoring (IV), ligation (V). The figure was modified from (Zharkov, 2008).

Recent findings suggest the existence of a distinct PolB-dependent two-nucleotide insertion
BER mechanism in extracts from non-proliferating cells, indicating that the concept of short
and long-patch repair can be further extended (Akbari et al., 2009). What determines the
choice of sub-pathway is not clear, but it may be influenced by the type of DNA glycosylase,
concentration of ATP near the AP site, protein-protein interactions, and the cell cycle stage
(reviewed in (Fortini and Dogliotti, 2007)).

A more comprehensive description of several BER core players is given below.
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Uracil-DNA glycosylase

Human uracil-DNA glycosylase is present in two forms: mitochondrial (UNG1) and nuclear
(UNG2). These enzymes are generated by transcription from different promoters and
alternative splicing in the UNG gene located in chromosome 12q24.1 (Haug et al., 1996;
Nilsen et al., 1997). The catalytic domains in UNG1 and UNG?2 are identical, containing a
conserved DNA-binding groove and a recognition pocket, which ensures selectivity for uracil
by shape complementary, main chain, and Asn-204, Tyr-147, Phe-158 side chain hydrogen
bonds (Mol et al., 1995). The mechanism of base excision was elucidated by mutational
studies and co-crystallization of human UNG with a uracil-containing DNA duplex
(Slupphaug et al., 1996). It includes stabilization of the extrahelical conformation (DNA
“pinching”), creation of complementary interactions with uracil (“pull”), expelling of the
nucleotide from the double helix by insertion of a hydrophobic leucine side chain into the
minor groove (“push”), and cleavage of the N-glycosidic bond. Excision is achieved through
the attack of a water molecule, which donates a proton to the uracil and a hydroxyl group to
the deoxyribose (reviewed in (Krokan et al., 2002)). The N-terminal amino acids in UNGI
and UNG2 determine their intracellular localization (Nilsen et al., 1997). UNGI is the only
known uracil- removing enzyme involved in mitochondrial BER (Akbari et al., 2008). It also
repairs 5-hydroxyuracil (5-hU), isodialuric acid, and alloxan, the cytosine-derived products of
oxidative base damage (Dizdaroglu et al., 1996; Krokan et al., 1997). Notably, oxidative
stress results in increased expression of UNG1 (Akbari et al., 2007). UNG2 has a central role
in elimination of misincorporated dUMP at the replication forks (Otterlei et al., 1999). Ung'/'
mice exhibit a 20-30-fold decreased capacity for removal of misincorporated dUMP and
elevated steady-state genomic uracil (Nilsen et al., 2000). UNG2 is regulated by post-
translational modifications of N-terminal residues. It has been shown that phosphorylation at
Ser23 increases catalytic turnover against ssDNA and association with RPA in late G1 and
early S phase, whereas phosphorylation at Ser-64 and Thr-60 throughout the S phase reduces
binding to RPA and facilitates ubiquitinylation and proteosomal degradation of UNG2 in G2
phase (Hagen et al, 2008). In support of replication associated repair, co-
immunoprecipitation experiments revealed BER complexes containing UNG2, APE1, POLa,
POLB, POLS, POLe, DNA PK, XRCCI1, PCNA, DNA ligase I, MCM7, and the cell cycle
regulatory protein cyclin A (Akbari et al., 2004; Parlanti et al., 2007). UNG2 plays a major
role in repair of uracil resulting from cytosine deamination, at least in the human genome

(Kavli et al., 2002). Mutagenic processing of uracil generated by activation-induced cytidine
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deaminase (AID) in antigen-stimulated B-cells during somatic hypermutation and class switch

recombination is discussed in section 1.6.2.
Single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUGI)

SMUGT is a member of the uracil DNA glycosylase superfamily (Haushalter et al., 1999). In
addition to uracil, it removes 5-hU, 5-fluorouracil (5-FU), and other oxidized pyrimidines
with bulky substitutions at the C5 position. SMUGI1 is the main DNA repair enzyme
responsible for 5-hydroxymethyluracil (5-hmU) excision (Boorstein et al., 2001; Kavli et al.,
2002; Masaoka et al., 2003). Unlike UNG2, SMUGTI is constitutively expressed throughout
the cell cycle, does not accumulate in replication foci and maintains contact with both DNA
strands by a wedge motif. High affinity for U:G mispairs and low turnover number make
SMUGT1 an ideal candidate for repair of uracil resulting from cytosine deamination in non-
proliferating cells and proliferating cells outside the S phase (reviewed in (Visnes et al.,
2009)). SMUGT can bind to abasic sites and inhibit their cleavage by AP-endonucleases until
the next repair protein is recruited to the potentially mutagenic DNA damage (Pettersen et al.,
2007). Interestingly, disruption of the Smugl gene in Ung'/ " mice does not affect animal
viability. They develop normally beyond one year of age despite the ablation of all detectable
uracil and 5-hydroxymethyluracil-excision activity. This may be explained by the backup
mismatch repair pathway because Smug! " Ung'/ “Msh2™" triple knockout mice are cancer-prone

and die prematurely (Kemmerich et al., 2012).
Thymine-DNA glycosylase (TDG)

TDG is a monofunctional mismatch-specific DNA glycosylase that eliminates uracil and
thymine resulting from deamination of cytosine and 5-methylcytosine (5-meC), respectively
(Neddermann et al., 1996; Neddermann and Jiricny, 1994). Its substrates also include 5-FU,
5-hU, 5-hmU, 3°N4-ethenocytosine (¢C), and oxidation products of 5-meC, such as 5-
formylcytosine (5-fC), and 5-carboxylcytosine (5-caC) (Hardeland et al., 2001; Maiti and
Drohat, 2011). TDG shares a common o/p fold structure with other uracil DNA glycosylases
and removes U mispaired to G with almost 10-fold higher efficiency than T from T:G
mismatches (reviewed in (Krokan et al., 2002)). Unlike UNG2, TDG has an extremely low
turnover number and is mostly expressed during the Gl and G2/M phase, suggesting a
distinct role for U:G repair outside the S phase (Hardeland et al., 2007). Importantly,
dissociation of TDG from the AP site is facilitated by the ubiquitine-like proteins SUMO1
and SUMO2/3, which bind the C-terminal end of the catalytic domain (Baba et al., 2005). The
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N-terminus of TDG contains a lysine-rich regulatory domain, a target for acetylation by
histone acetyl-transferases CBP and p300, which promotes recruitment of APE1 (Tini et al.,
2002). Interestingly, TDG has also been shown to interact with DNA methyltransferases
Dnmt3a/3b and a number of transcription factors, including thyroid transcription factor 1
(TTF1), retinoic acid receptor, and retinoid X receptor. These interactions are believed to be
important in coordination of DNA methylation/demethylation and transcriptional regulation
of target genes (Li et al., 2007; Missero et al., 2001; Um et al., 1998). This has been recently
supported by the finding that germline ablation of the 7dg gene is embryonic lethal in mice
(Cortazar et al., 2011). BER-dependent active demethylation pathway will be discussed in

section 1.6.4.
Methyl-CpG-binding protein 4 (MBD4)

MBD4 belongs to the helix-hairpin-helix superfamily of DNA glycosylases (Wu et al., 2003;
Zhang et al., 2011). Its substrate specificities resemble those of TDG, although MBD4
preferentially binds to 5-mCpG:TpG mismatches and cannot remove 5-fC and 5-caC from
DNA (Hendrich et al., 1999; Manvilla et al., 2012). MBD4 counteracts the mutagenic effects
of DNA deamination (reviewed in (Bellacosa, 2001)). Moreover, it associates with the human
homolog 1 of E.coli MutL (MLH1) and may thus have a role in the mismatch repair pathway
(Bellacosa et al., 1999). In addition, MBD4 directly binds to the transcription repression
domains of Sin3A and histone deacetylase 1 (HDACI1) and may therefore be involved in
epigenetic regulation (Kondo et al., 2005). Finally, interaction of MBD4 and Fas-associated
death domain protein may provide a link between genome surveillance and apoptosis
(Screaton et al., 2003). Mice deficient in MBD4 show only a slight increase in C—T
transition mutations. The lack of an apparent phenotype can probably be explained by TDG
repair activity (Millar et al., 2002; Wong et al., 2002).

Apurinic/apyrimidinic endonuclease 1 (APE1)

APE1 is the major BER enzyme incising AP sites and generating 3'-hydroxyl and
deoxyribose-5'-phosphate (5'-dRP) termini. In addition to 5' AP endonuclease activity, APEI
exhibits weak 3'-5' DNA exonuclease, 3'-phosphatase, 3'-phosphoglycolate and, RNase H-like
enzymatic activities. Another important function of APEl is the regulation of gene
expression. APE1 can alter the DNA binding of several transcription factors involved in
cancer promotion and progression, such as early growth response protein (Erg-1), nuclear

factor kappa-light-chain-enhancer of activated B-cells (NF-kB), and p53. Furthermore, APEI
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can bind to the negative calcium response elements (nCaRE) of some promoters (i.e.,
parathyroid hormone promoter) and thus act as a transcriptional repressor (reviewed in
(Abbotts and Madhusudan, 2010; Tell et al., 2010)). It has been demonstrated that APE1 may
also be involved in RNA metabolism. In particular, APE1 appears to interact with
nucleoplasmin (NPM1), cleave c-myc mRNA in vitro and regulate c-myc mRNA levels in
cells (Kim et al., 2010; Vascotto et al., 2009). Several studies have reported that the functional
activity of APE1 can be modulated at the post-translational level. For instance, acetylation of
APEI by the transcriptional co-activator p300 enhances its binding affinity for nCaRE, while
proteolytic cleavage of the N-terminal 33 amino acids domain reduces APE1 nuclear
accumulation (Bhakat et al., 2003; Chattopadhyay et al., 2006). Finally, it has been shown
that homozygous deletion of the Apel gene in mice is embryonic lethal (Xanthoudakis et al.,
1996). In human cells, down-regulation of 4Apel results in cell cycle arrest and apoptosis, and

has been correlated with increased AP site formation (Fung and Demple, 2005).

DNA polymerase f (Polf)

Polp is the major polymerase in BER, particularly in short-patch sub-pathway (reviewed in
(Beard and Wilson, 2006)). It is also responsible for most of the two-nucleotide BER in non-
proliferating cells (Akbari et al., 2009). Polf interacts with APE1, XRCC1, PARPI1, PARP2,
and DNA ligase I (reviewed in (Almeida and Sobol, 2007)). Knockout of Polf in mice results
in embryonic lethality (Gu et al., 1994). Polb™" mice are viable, but have an increased
incidence of lymphomas (Cabelof et al., 2006). Importantly, Polf lacks an intrinsic 3' to 5'
proofreading exonuclease activity and shows an average base substitution error rate of
approximately 1 per 4000 inserted nucleotides (Osheroff et al., 1999). Overexpression of Polf3
has been reported in gastric, uterine, prostate, ovarian, and thyroid carcinomas (reviewed in

(Lange et al., 2011)).
Flap endonuclease 1 (FENI)

FENI is a member of the XPG/RAD2 endonuclease family and involved in Okazaki fragment
maturation and long-patch BER. FEN1 processes 5'-flaps generated by Polp or d-mediated
strand -displacement DNA synthesis. It also exhibits 5'-3' exonuclease and gap endonuclease
activity, which may be involved in apoptotic DNA fragmentation and stalled replication fork
rescue (reviewed in (Shen et al., 2005)). More than 30 proteins are known to interact with

FENTI, including the long-patch BER partners APE1, PCNA, Polp, DNA ligase I, and PARP1.
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Protein-protein interactions and post-translational modifications are critical for regulation of
FEN1’s functions in different pathways (reviewed in (Zheng et al., 2011)). For example, it has
been shown that the scaffolding factor PCNA recruits FENI to the replication factories and
stimulates its flap endonuclease and exonuclease activities (Wu et al., 1996; Zheng et al.,
2007). In contrast, phosphorylation of FEN1 at Ser-187 in late S phase reduces its activities
and abolishes PCNA binding (Henneke et al., 2003). Ablation of Fen! leads to embryonic
lethality in mice (Larsen et al., 2003; Zheng et al., 2007).

DNA ligases I (LIG1) and Illo. (LIG3a)

DNA ligases catalyze the formation of a phosphodiester bond between adjacent 3'-hydroxyl
and 5'-phosphate termini. There are strong indications of LIG1 involvement in BER. The S-
phase specific interaction with PCNA, APE1, and Polf links LIG1 with both short-patch and
long-patch BER sub-pathways (Dimitriadis et al., 1998; Ferrari et al., 2003; Levin et al.,
2000; Ranalli et al., 2002). LIG1 is also required for the joining of Okazaki fragments during
DNA synthesis (Levin et al., 1997). Consistent with this, mouse embryonic fibroblast (MEF)
cell lines generated from Lig/ mutants accumulate DNA replication intermediates and
demonstrate increased genome instability (Bentley et al., 2002). LIG30 has been shown to
form a stable complex with the DNA repair protein XRCC1, which interacts with Polf} and
PARPI and thus links LIG3a with BER and single-strand break repair, respectively
(Caldecott et al., 1996; Caldecott et al., 1994; Leppard et al., 2003). Importantly, LIG3a can
also function in the mitochondrial BER pathway (Lakshmipathy and Campbell, 2000). Knock
out of the Lig3 gene in mice results in early embryonic lethality (Puebla-Osorio et al., 2006);
however, the viability of Lig3”” MEF cells can be rescued by expressing mitochondrial but not
nuclear LIG3a, revealing its critical role in maintenance of mtDNA integrity (Simsek et al.,
2011). Furthermore, Lig3 inactivation does not cause nuclear DNA repair deficiency, which
indicates that Ligl is the major ligase in the short-patch BER (Gao et al., 2011; Simsek et al.,
2011).

Proliferating cell nuclear antigen (PCNA)

Eukaryotic PCNA forms a homotrimeric ring-shaped complex that encircles DNA and
provides a scaffold for the proteins involved in chromatin remodeling, cell cycle regulation,
and DNA replication and repair. PCNA is an important docking site for DNA glycosylases
(UNG2, MYH, MPG), DNA polymerases (Polp, Pold, Pole), APE1, FENI1, LIG1, PARPI,

18



and XRCCI1 (reviewed in (Moldovan et al., 2007)). The majority of proteins bind to PCNA
through their conserved PIP (PCNA-interacting peptide) or APIM (AlkB homologue 2
PCNA-interacting motif) region (Gilljam et al., 2009; Warbrick, 2000). PCNA is cell cycle-
regulated with the highest expression level in S phase (Leonhardt et al., 2000). Coordination
of its functions depends on the binding affinity of interaction partners (reviewed in (Maga and
Hubscher, 2003)). Post translational modifications are an additional regulatory mechanism.
For example, it has been shown that PCNA monoubiquitination facilitates replacement of
high-fidelity replicative polymerases with error-prone polymerases, SUMOylation inhibits
association with PIP-box proteins, while dephosphorylation triggers PCNA degradation
(reviewed in (Moldovan et al., 2007)).

Poly(ADP-Ribose)Polymerase 1 (PARPI)

PARP1 is an ADP-ribosylating enzyme activated by DNA strand breaks. It binds to the site of
damage, cleaves nicotinamide adenine dinucleotide (NAD"), and adds generated ADP-ribose
moieties to acceptor proteins, such as histones, chromatin regulators, transcription factors and
DNA repair proteins (reviewed in (Krishnakumar and Kraus, 2010)). Up to 200 negatively
charged ADP-ribose units can link to each other via glycosidic ribose-ribose bonds and serve
as an interaction platform for other molecules. Poly(ADP)ribose-glycohydrolase (PARG) can
easily release ADP-ribose from the acceptor proteins and thus maintain the dynamic
equilibrium between polymer synthesis and degradation (reviewed in (Luo and Kraus, 2012)).
PARP1 is involved in single-strand and double-strand break repair. It recruits XRCC1, Polp,
and LIG3a to the DNA damage foci (reviewed in (De Vos et al., 2012)). Recent data indicate
that PARP1 may also have a 5-dRP/AP lyase activity (Khodyreva et al., 2010). PARPI™
mice are viable, but highly susceptible to y-irradiation and DNA alkylating agents (Shall and
de Murcia, 2000). The mild phenotype may be explained by the functional redundancy with
other PARP family members. Indeed, it has been shown that double knockout of PARP1 and
PARP2 in mice results in embryonic lethality (Menissier de Murcia et al., 2003).

X-ray repair cross-complementing protein 1 (XRCC1)

XRCCI1 provides scaffold for several DNA glycosylases (UNG2, OGG1) and downstream
BER and SSBR proteins (APE1, Polf, LIG3a, PNK, PCNA, PARPI1, PARP2) (reviewed in
(Hanssen-Bauer et al., 2012)). Cells lacking functional XRCC1 are viable, but hypersensitive
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to ionizing radiation, oxidative stress and alkylating agents (reviewed in (Caldecott, 2003)).

Knock out of the Xrccl gene in mice results in embryonic lethality (Tebbs et al., 1999).

1.4.2 Nucleotide excision repair

Nucleotide excision repair (NER) removes bulky DNA lesions, such as cyclobutane
pyrimidine dimers and pyrimidine-6,4-pyrimidone photoproducts, induced by UV radiation,
chemical carcinogens and chemotherapeutic agents. There are two NER sub-pathways: global
genomic repair (GGR) and transcription-coupled repair (TCR), which differ only during the
DNA damage recognition step. In GGR, the DNA lesion is detected by the xeroderma
pigmentosum group C protein complex XPC-HR23B, which recruits transcription factor ITH
(TFIIH). In TCR, this role is performed by CSA and CSB proteins, activated by stalled RNA
polymerase. The TFIIH subunits XPB and XPD possess 3'-5' and 5'-3' helicase activity and
can thus unwind DNA in both directions to ensure access for the other NER factors. The
DNA strand is further incised by the structure specific endonucleases XPF and XPG, which
release the damaged base in the form of 24-32 nucleotide-long oligomers. DNA polymerases
d and € use the undamaged strand as a template to fill in the gap (reviewed in (Leibeling et al.,
2006)). The final step, DNA ligation, is performed by LIG1 during the S phase and by LIG3a
throughout the whole cell cycle (Moser et al., 2007). It has been shown that mutations in NER
associated genes result in the rare recessively inherited human syndromes: xeroderma
pigmentosum, Cockayne syndrome, and trichothiodystrophy (reviewed in (Cleaver et al.,
2009)). Defective NER may also play a critical role in chronic neurodegenerative disorders,

such as Alzheimer’s and Parkinson’s disease (Sepe et al., 2013).

1.4.3 Mismatch repair

Mismatch repair (MMR) corrects replication errors resulting from nucleotide
misincorporation and DNA polymerase slippage. MMR proteins have also been implicated in
DNA damage-induced cell cycle arrest and apoptosis, homologous recombination, inter-
strand crosslink repair, trinucleotide repeat expansion, and antibody diversification. In
eukaryotes, mispairs of 1 or 2 nucleotides are recognized by MSH2-MSH6 (MutSa)
heterodimer. Mismatches containing up to 16 base pairs are processed by MSH2-MSH3
(MutSB). Binding of MutS homologs to DNA triggers ATP-dependent conformational
changes and facilitates recruitment of exonuclease 1 (EXOIl) and endonuclease MutLa
(MLH1-PMS2). EXOI starts 5' directed mismatch excision in the presence of RPA. It may

also catalyze MutLa-associated 3'-nick directed repair. After the error is removed, a new
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DNA strand with correct base pairing is synthesized by Pold. Other proteins involved in
MMR are PCNA, RFC, FEN1, HMGBI1 and LIG1 (reviewed in (Fukui, 2010; Li, 2008)).
Defects in MMR lead to microsatellite instability and predispose to colorectal cancers

(reviewed in (Boland and Goel, 2010)).

1.4.4 Double-strand break repair

DNA double-strand breaks (DSBs) in mammalian cells can be repaired by two distinctly
different mechanisms, homologous recombination (HR) and nonhomologous end-joining
(NHEJ) (reviewed in (Brandsma and Gent, 2012)). In “classical” HR, broken DNA ends are
resected by the MRN-complex (Mrell, Rad50, Nbsl) and CtBP-interacting protein. The
resulting 3'-single stranded DNA is kept unwound by RPA. Subsequently, BRCA2 initiates
the replacement of RPA by RADS1 to form a nucleoprotein filament that can search for DNA
sequences similar to that of the 3' overhang. When the template is found, the nucleoprotein
filament invades the sister chromatid and makes a displacement loop (D-loop) in a process
called strand invasion. Extension of the invading 3' strand by DNA polymerases changes the
D-loop to a cross-shaped structure known as a Holliday junction. The second end of the
broken DNA also forms a Holliday junction with the homologous chromosome. The junctions
are further resolved in crossover or non-crossover products (reviewed in (Krejci et al., 2012)).
An alternative synthesis-dependent strand annealing HR pathway results only in non-
crossover products. In this model, the extended 3' end of the invading strand anneals to the
other break end through complementary base pairing. HR is restricted to S and G2 phases of
the cell cycle (reviewed in (Chapman et al., 2012)). Mutations in the HR genes have been
linked to the most common form of hereditary breast and ovarian cancer, ataxia-
telangiectasia-like disorder, and the Nijmegen breakage syndrome (reviewed in (Thompson
and Schild, 2002)).

In contrast to HR, NHEJ repairs DSBs throughout the cell cycle and more often results in
small insertions, deletions, substitutions or translocations. It is initiated by the Ku70/80
heterodimer, which binds to the broken DNA ends and recruits DNA-PKcs. Further
processing requires polynucleotide kinase/phosphatase to add 5'-phosphates and eliminate 3'-
phosphates, tyrosyl-DNA phosphodiesterases I and II to preclude peptide fragments of
topoisomerases, the Artemis and Metnase endonucleases to cut off unnecessary DNA
overhangs, and Polu or Pol A to create compatible ends. Finally, XRCC4, DNA ligase IV and
Xrcc4 like factor (XLF) rejoin the DNA strands (reviewed in (Lieber, 2010)). NHEJ is the

primary mechanism during V(D)J and class switch recombination. Aberrant NHEJ is
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associated with impaired embryonic development, increased radiosensitivity, severe
immunodeficiency, and predisposition to lymphomas (reviewed in (Malu et al., 2012)).
Recent studies suggest that a backup microhomology-mediated end joining (alt-NHEJ) route
may partially rescue the deficient DSB repair in the absence of the core NHEJ components:
Ku70/80, DNA-PKcs and DNA ligase IV. This pathway employs PARPI, histone H1, Polf,

LIGIII, XRCC1, and the MRN complex (reviewed in (Mladenov and Iliakis, 2011)).

1.5 AID/APOBEC cytidine deaminases

The APOBEC (apolipoprotein B mRNA-editing catalytic polypeptide) family of cytidine
deaminases comprises 11 members: APOBEC1, APOBEC2, APOBEC3 (A, B, C, DE, F, G,
H), APOBEC4 and AID (Figure 2). These proteins are characterized by the presence of one or
two zinc-binding catalytic domains with the conserved His-X-Glu-X(23.23-Pro-Cys-X2.4)-Cys
sequence (X is any amino acid), which mediate hydrolytic removal of the exocyclic amino
group from cytidine or deoxycytidine to form uridine or deoxyuridine (reviewed in (Vieira

and Soares, 2013)).
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Figure 2. Schematic representation of the human APOBEC proteins. (a) The number of zinc-binding
catalytic motifs (black) and amino acids for each protein. (b) The APOBEC-mediated hydrolytic deamination

reaction. The figure was modified from (Vieira and Soares, 2013).

APOBECI

APOBECI is the apolipoprotein B (ApoB) mRNA-editing enzyme, but can process ssDNA

when overexpressed in bacterial assays (Harris et al., 2002; Petersen-Mahrt and Neuberger,
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2003; Teng et al.,, 1993). It acts in the nucleus in the presence of the APOBECI
complementation factor (ACF) (Lau et al., 1991; Sowden et al., 2002). APOBEC1 deaminates
mRNA-cytidine at nucleotide position 6666. Conversion of a CAA glutamine codon to a
translation stop UAA codon enables expression of full length (ApoB100) and truncated
(ApoB48) isoforms. ApoB100 is a non-exchangeable structural component of very low
density lipoproteins (VLDLs), which are produced in liver and converted to low density
lipoproteins (LDLs) in the bloodstream. LDLs play a central role in atherogenesis. ApoB48 is
a part of chylomicrons responsible for transport of exogenous dietary lipids in the proximal
small intestine (reviewed in (Blanc and Davidson, 2010)). Recently, 32 additional mRNA
targets of APOBECI have been identified. All of them are located in AU-rich segments of
transcript 3’ untranslated regions (3’ UTRs) (Rosenberg et al., 2011).

APOBEC2

APOBEC?2 is cardiac- and skeletal muscle-specific (Liao et al., 1999). Although its crystal
structure has been solved, functions remain unclear (Prochnow et al., 2007). Unlike other
family members, APOBEC2 has no deaminase activity on ssDNA in yeast- and bacteria-based
mutator assays (Harris et al., 2002; Lada et al., 2011). However, it has been demonstrated that
aberrant expression of APOBEC2 results in nucleotide alterations in the transcripts of the
Eif4g2 and PTEN tumor suppressor genes and contributes to the development of liver and

lung malignancies in mice (Okuyama et al., 2012).

APOBEC3

The APOBEC3 subfamily comprises proteins with one (APOBEC3A, APOBEC3C,
APOBEC3H) and two (APOBEC3B, APOBEC3DE, APOBEC3F, APOBEC3G) catalytically
active zinc-binding deaminase domains. These domains are located at the N- and C-terminus
(Harris et al., 2002; Navarro et al., 2005; Wedekind et al., 2006). These enzymes target
specific ssDNA sequences. For instance, APOBEC3F edits cytosine at dTC contexts, whereas
APOBEC3G prefers dCC (Armitage et al., 2008; Beale et al., 2004; Bishop et al., 2004;
Harris et al., 2003). APOBEC3 proteins play important role in innate immune responses to
exogenous viruses and endogenous retroelements (reviewed in (Vieira and Soares, 2013)).
APOBEC3G is the best studied one. It restricts replication of human immunodeficiency virus

type 1 (HIV-1). APOBEC3G deaminates the HIV-1 minus-strand cDNA during viral reverse
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transcription and leads to degradation of the viral DNA or functional inactivation of the
provirus (reviewed in (Smith et al., 2012)). There are two forms of APOBEC3G within the
cell: protein of low molecular mass (LMM) and ribonucleoproteic complex of high molecular
mass (HMM). Enzymatically inactive HMM can be converted to functional LMM through
RNase digestion (Chiu et al., 2005). The presence of LMM APOBEC3G is correlated to the
reduced susceptibility to HIV-1 infection (Ellery et al., 2007; Stopak et al., 2007). However, a
HIV-1 accessory protein known as viral infectivity factor (Vif) can induce APOBEC3G
polyubiquitination and proteasomal degradation and, thus, help to overcome this host defense
mechanism (reviewed in (Smith et al., 2012)).

Recent data indicate that APOBEC3 enzymes can cause mutations in human mitochondrial

and nuclear DNA (Suspene et al., 2011). This phenomenon will be discussed in section 1.7.

APOBEC4

The APOBEC4 substrate is not known. It is expressed primarily in testicles and may function

as an editing enzyme for mRNAs involved in spermatogenesis (Rogozin et al., 2005).
AID

AID is an ssDNA-specific cytidine deaminase essential for the /g gene diversification in
mature B lymphocytes. It is a relatively small protein consisting of 198 amino acids encoded
by the AICDA gene. AID preferentially targets WRCY (W=A or T, R=A or G, C and Y=T or
C) hotspot motifs and generates uracils, the assumed base intermediates in somatic
hypermutation and class-switch recombination (reviewed in (Gazumyan et al., 2012)). Its off-
target activity is associated with development of B cell lymphomas (Hakim et al., 2012;
Pasqualucci et al., 2008; Ramiro et al., 2006; Robbiani et al., 2008). Aberrant expression of
AID in non-B cells is also linked to oncogenesis (Chiba and Marusawa, 2009; Lin et al.,
2009; Morisawa et al., 2008; Okazaki et al., 2003; Pauklin et al., 2009; Robbiani et al., 2009).
Clearly, AID must be tightly regulated.

The AICDA gene expression depends on binding of various transcription factors, including
NF-xB, STAT6, Spl, Sp3, HoxC4, Pax5, Smad3/4, the E-box proteins and estrogen
(Dedeoglu et al., 2004; Gonda et al., 2003; Park et al., 2009; Pauklin et al., 2009; Sayegh et
al., 2003; Tran et al., 2010; Yadav et al., 2006). For example, interaction with NF-xB is
important for triggering AID expression by viral infection, toll-like receptor or TNFa

stimulation (Gourzi et al., 2007; Pauklin et al., 2009; Xu et al., 2010). Inhibition of Pax5 and
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the E-proteins by 1d2, Id3 and Blimp-1 has the opposite effect (Gonda et al., 2003; Sayegh et
al., 2003; Shaffer et al., 2002).

MicroRNAs (miRs) can down-regulate the level of protein by targeting mRNA transcript to
degradation or preventing its translation (reviewed in (Pasquinelli, 2012)). For instance,
activated B cells exhibit higher levels of AID in absence of miR-155 (Vigorito et al., 2007).
Mutations of the miR-155 binding site on the Aicda 3> UTR are associated with the increased
levels of AID protein and mRNA transcript (Dorsett et al., 2008; Teng et al., 2008).
Posttranslational modifications provide an additional layer of regulation. Phosphorylation of
AID-S38 residue facilitates interaction with RPA. It has been suggested that RPA allows
access to ssDNA bubbles and recruits factors of DNA repair and translesion synthesis during
antibody diversification (Chaudhuri et al., 2007; Chaudhuri et al., 2004). Indeed, substitution
of S38 with alanine (AID-S38A) did not affect the ssDNA deaminase activity, but
significantly reduced somatic hypermutation and class-switch recombination in B cells
stimulated ex vivo (Basu et al., 2005; McBride et al., 2006; McBride et al., 2008; Pasqualucci
et al., 2006). Mutation of the other phosphorylation site (AID-T140A) impaired only somatic
hypermutation (McBride et al., 2008). In contrast, AID-S3A mutants enhanced both class-
switch recombination and C-MYC/IgH translocations, indicating that phosphorylation of S3
motif inhibits AID activity (Gazumyan et al., 2011).

Polyubiquitination has been shown to subject AID to proteosomal degradation in the nucleus
(Aoufouchi et al., 2008). Interaction with heat shock protein 90 (Hsp90), Hsp40-Hsp70
system and DnalJal cochaperone seems to protect cytoplasmic AID from this posttranslational
modification (Orthwein et al., 2010; Orthwein et al., 2012). A recent study suggests that the
translation elongation factor loa (eEF1A) also contributes to cytosolic retention and
stabilization of AID (Hasler et al., 2011).

Nucleocytoplasmic shuttling plays a major role in functional regulation of AID (reviewed in
(Zan and Casali, 2013)). The C terminus harbors a leucine-rich nuclear export signal (NES)
that largely restricts AID to the cytoplasm (Brar et al., 2004; Ito et al., 2004; McBride et al.,
2004; Patenaude et al., 2009). The nuclear import is mediated by a nuclear localization signal
(NLS) (Patenaude et al., 2009). NLS directs AID to nucleoli, where it interacts with catenin-3-
like 1 (CTNNBLI) and physically associates with nucleolin and nucleoplasmin. Importantly,
release from nucleoli is dependent on the AID C-terminal motif. The exact mechanism is not
yet clear, but it appears that subnuclear trafficking is an additional level of AID regulation (Hu

etal., 2013).
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1.6 Other functions of DNA repair proteins

DNA repair proteins are involved in the mechanisms of innate response to viral infection,
adaptive immunity, cellular redox activities, control of DNA methylation, and epigenetic

stability (reviewed in (Jacobs and Schar, 2012; Kelley et al., 2012)).

1.6.1 Innate immune response to viral infection

There is some evidence that the APOBEC3G-mediated uracilation of the viral genome is
coupled to the action of BER proteins. Namely, that UNG2 removes U from the deaminated
viral cDNA and that APE cleaves the resulting AP-sites. Indeed, expression of UNG2-
inhibitor Ugi or UNG2- and APE-specific siRNA has been shown to suppress the antiviral
activity of APOBEC3G (Yang et al., 2007). It is further supported by the fact that HIV-1 viral
protein R (Vpr) targets UNG2 and SMUGI! for degradation by the ubiquitin-proteasome
system (Schrofelbauer et al., 2007; Schrofelbauer et al., 2005).

1.6.2 Antibody diversification

Immunoglobulins (Ig) are heterodimeric proteins produced by B lymphocytes in response to
infection. They exist both as a cell-surface B cell receptors and soluble molecules. All
antibodies have the same basic structural units, two heavy (H) and two light (L) chains
encoded by separate multigene families. Amino-terminal segments of both H and L chains
compose variable (V) regions that bind antigens, while the carboxyl-terminal segments
constitute constant (C) regions that define the biological effector functions such as
complement fixation or binding to macrophages, natural killer cells, and neutrophils
(reviewed in (Schroeder and Cavacini, 2010)). The number of genes required to encode the
wide range of pathogen specific antibody molecules greatly exceeds the coding capacity of
the inherited genome (Di Noia and Neuberger, 2007). The primary repertoire of functional B
cell receptors is generated in the bone marrow by V(D)J recombination. The second stage of
Ig gene diversification is antigen dependent and consists of somatic hypermutation and class
switch recombination in the germinal centers of secondary lymphoid organs (Figure 3)

(reviewed in (Tang and Martin, 2007)).
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Figure 3. Schematic representation of the Ig gene diversification. AID deaminates cytosine to uracil to
trigger somatic hypermutation (a) and class-switch recombination (b). V, D, J, S and C are the Ig gene variable,
diversity, joining, switch, and constant regions, respectively. See the main text for further details. The figure was

modified from (Harris and Liddament, 2004).

V(D)J recombination

V(D)J recombination is the rearrangement of germline variable (V), diversity (D), and joining
(/) segments of B cell receptor genes via the introduction of site-specific DNA double-strand
breaks. This process occurs between two types of recombination signal sequences (RSSs),
termed the 12-RSS and the 23-RSS. In brief, the recombination activating proteins RAG1 and
RAG?2 assemble a pair of dissimilar RSSs into a synaptic complex and catalyze its cleavage
by direct transesterification. The generated signal and coding DNA ends are reorganized and
repaired by the classical NHEJ pathway, involving Ku70, Ku80, XRCC4, DNA ligase IV, and
the Cernunnos/XLF protein. Genetic diversity may be further amplified by random nucleotide
insertions and template-independent DNA fill-in synthesis by terminal deoxynucleotidyl

transferase, Polp and PolA (reviewed in (Schatz and Swanson, 2011)).

Somatic hypermutation

In somatic hypermutation, the antigen binding affinity of the primary antibody repertoire is
increased via the introduction of point mutations in the g} gene by activation-induced
cytidine deaminase. AID deaminates cytosine to uracil. Replication across the lesion results in
C:G to T:A transition mutation. Uracil can also be eliminated by error-prone BER and MMR,

which normally act in an error-free manner (Figure 4). In BER, AID-generated U is excised
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by UNG2, which creates an AP site that can be corrected by Polp, replicated over to produce
any possible mutation, or processed by Revl and other TLS polymerases to yield both
transversion and transition mutations at C:G base pair. Alternatively, U is recognized by the
MMR proteins MSH2/MSHG6 and removed by EXO1. The resulting large gap can be either
faithfully repaired by Pold, or filled in by Poln, generating mutations mainly on A:T pairs
(reviewed in (Chahwan et al., 2012; Saribasak and Gearhart, 2012)).
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Figure 4. Schematic representation of somatic hypermutation. See the main text for further details. The figure

was adopted from (Casellas et al., 2009).

There is no evidence to support a unique targeting of AID to the /g loci. The in vivo hot-spot
motif for AID, WRCY (W=A/T, R=A/G, Y=C/T) is widely distributed in non-/g genes. That
AID is associated with the transcriptional machinery cannot explain why it is recruited mainly
to the IgV(D)J and S regions but not all highly transcribed genes (reviewed in (Chahwan et
al., 2012; Maul and Gearhart, 2010)). Furthermore, AID has recently been reported to
deaminate a large number of off-target sites, though at low levels (Yamane et al., 2011). If so,
high-fidelity DNA repair mechanisms must protect non-Ig genes from AID-mediated
mutagenisis. What makes BER and MMR pathways act in an erroneous manner during
somatic hypermutation is not clear (reviewed in (Liu and Schatz, 2009)). There is some
evidence that monoubiquitination of PCNA at Lys164 may facilitate recruitment of error-
prone DNA polymerases (Arakawa et al., 2006). In line with this, mice expressing PCNA with
a lysine-to-arginine substitution at residue 164 display a strong reduction in mutations at A:T
base pairs (Langerak et al., 2007). It has been proposed that the cell cycle phase may also
determine the fidelity of U processing. In a current model, U generated by AID during S
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phase is faithfully repaired by BER, whereas deamination events outside of S phase are
resolved by error-prone MMR pathway (reviewed in (Liu and Schatz, 2009)). However, a
recent study indicates that UNG2 removes AID-induced U only during G1 phase (Sharbeen et
al., 2012), contradicting this hypothesis.

Class switch recombination

Class switch recombination (CSR) is a unique intrachromosomal rearrangement between
switch (S) regions of /gH genes resulting in the replacement of the heavy chain constant locus
Cu with Cy, Ce or Ca loci and thus a change of the antibody isotype from IgM/IgD to IgG,
IgA, or IgE (reviewed in (Stavnezer et al., 2008)). CSR is initiated by AID (Maul et al.,
2011). Interaction with the RNA polymerase Il-associated exosome complex enhances
recruitment of AID to both DNA strands (Basu et al., 2011). Subsequent excision of U by
UNG?2 and cleavage of AP site by APE1/APE2 or MRN complex (MRE11/RAD50/NBS1) in
two separate switch regions on both DNA strands generate DSBs, the substrate for CSR
(Figure 4). The U:G mismatches can also be recognized by the MMR proteins MSH2/MSH6,
which recruit EXO1 and MLH1-PMS?2 to yield DSBs (reviewed in (Stavnezer et al., 2008)).
CSR is completed when DSBs in Sp and Sx regions of /gH genes are recombined by NHEJ or
alt-NHEJ (see 1.4.4).
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Figure 4. Generation of DSBs in class-switch recombination. AID deaminates cytosines to uracils in the /g
gene switch (S) regions during DNA transcription. UNG2 excises uracils and generates AP sites on both DNA
strands. APEl or MRN complex (MRE11/RADS50/NBS1) converts AP sites to SSBs. The MMR pathway
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(MSH2/MSH6, EXO1, MLH1/PMS2) can also introduce SSBs at U:G mismatches. Opposing SSBs lead to
DSBs. The figure was modified from (Offer et al., 2010).

Deficiency in UNG2 or MMR proteins (MSH2, MSH6, MLH1, PMS2 or EXOT1) alone has
been shown to perturb CSR (Bardwell et al., 2004; Ehrenstein and Neuberger, 1999; Imai et
al., 2003; Peron et al., 2008; Rada et al., 2002; Schrader et al., 1999; Vora et al., 1999).
Double knockout of UNG2 and MSH2/MSH6 in mice results in complete ablation of CSR
(Rada et al., 2004; Shen et al., 2006). Notably, overexpression of SMUG1 can partially induce
CSR in Ung” and Ung”"Msh2”" mouse B-cells (Di Noia et al., 2006).

There is some evidence that AID can initiate DSBs in non-/g genes (Robbiani et al., 2008).
Aberrant CSR and chromosomal translocations, involving the /g locus and proto-oncogenes
(e.g. BCL2, BCL5, C-MYC(), is a prominent hallmark of most human lymphomas derived from
germinal center or post-germinal center B-cells (reviewed in (Kuppers, 2005)). It has recently
been demonstrated that the HR factor XRCC2-mediated repair may protect the genome from
off-target DSBs (Hasham et al., 2010).

1.6.3 DNA demethylation

DNA methylation is the key epigenetic mark associated with long-term gene silencing. It is
conducted by a family of DNA methyltransferases (DNMTs) and occurs at ~70-80% of CpG
sites (cytosine and guanine linked by one phosphate) distributed throughout the entire
genome. The reverse of this process can restore gene expression. Passive DNA demethylation
occurs in the absence of DNMT maintenance activity during DNA replication (reviewed in
(Law and Jacobsen, 2010)). The mechanisms of active demethylation are only partially
elucidated. It has been suggested that 5-meC is deaminated to thymine by an AID/APOBEC
family member. The T:G mismatch is further processed by MBD4 (together with GADD45a,)
or TDG via the BER pathway. Alternatively, 5-meC can be hydroxylated to 5-
hydroxymethylcytosine (5-hmC) by ten-eleven translocation TET proteins. 5-hmC is either
deaminated by AID/APOBEC enzymes to 5-hmU (the substrate for SMUGI and TDG) or
subsequently oxidized to 5-fC and 5-caC, which can be removed by TDG (reviewed in (Nabel
et al., 2012b)).

The mechanisms involved in active DNA demethylation are not agreed upon. Several lines of
evidence support the deamination-initiated model (reviewed in (Teperek-Tkacz et al., 2011)).
For example, overexpression of AID or APOBEC2 together with MBD4 glycosylase and
GADDA450 causes demethylation of the embryonic genome and injected plasmid DNA in
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zebrafish (Rai et al., 2008). The use of siRNA against AID in heterokaryons of human
fibroblasts and mouse embryonic stem cells inhibits demethylation and reactivation of the
OCT4 and NANOG pluripotency genes (Bhutani et al., 2010). Moreover, primordial germ
cells in AID knockout mice are up to three times more methylated than wild-type controls
(Popp et al., 2010). However, Aid" / , Mbd4” and Gadd45¢” knockout mice are viable and
have surprisingly few developmental defects, while ablation of the 7dg gene leads to
embryonic lethality (Cortazar et al., 2011; Engel et al., 2009; Millar et al., 2002; Muramatsu
et al., 2000; Wong et al., 2002), indicating that there may be more than one mechanism of
active demethylation. The discovery of TET proteins responsible for converting 5-meC to 5-
hmC suggested the possibility of oxidation-induced DNA demethylation pathways (reviewed
in (Tan and Shi, 2012)). Recent studies have shown that 5-hmC formation is critical for
embryonic development and cell differentiation (reviewed in (Pfeifer et al., 2013)). For
instance, Tet3 depletion impedes active demethylation of the paternal genome upon
fertilization and leads to morphological abnormalities in mice (Gu et al., 2011). Loss of Tet/
and Tez2 function affects the expression of pluripotency and selected lineage marker genes in
embryonic stem cells (Koh et al., 2011). Disruption of TET2 enzymatic activity is frequently
observed in patients with myelodysplastic syndromes and myeloproliferative disorders (Ko et
al., 2010).

It has been suggested that cytidine deaminases cooperate with TET proteins. In this model,
AID/APOBECs mediate 5-hmC deamination to 5-hmU, which is removed by DNA
glycosylases (Guo et al, 2011). However, SMUGI-deficient mice do not exhibit
developmental deffects, though SMUGTI is the major enzyme responsible for excision of 5-
hmU (Kemmerich et al., 2012). In addition, it has been recently reported that AID/APOBEC
family members have no detectable 5-hmC activity (Nabel et al., 2012a). These data provide a
strong argument against the proposed oxidation-deamination mechanism for active DNA
demethylation.

Stepwise oxidation of 5-hmC to 5-fC and 5-caC by TET proteins followed by TDG-mediated
base excision may constitute an alternative pathway (Ito et al., 2011; Maiti and Drohat, 2011).
Indeed, it has been shown that depletion of TDG in mouse embyronic stem cells leads to 5-
caC accumulation (He et al., 2011). There is also some evidence that 5-caC may be converted
to cytosine by a putative decarboxylase without involvement of BER (Schiesser et al., 2012).
Clearly, the contribution of DNA glycosylases as well as the TET and AID/APOBEC

enzymatic families to active DNA demethylation requires further investigation.
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1.7 Oncogenesis

Global sequencing initiatives have made possible identification of somatic mutations from
thousands of cancers (Hudson et al., 2010). Systematic computational analysis of the
generated data has revealed the repertoire of mutational signatures (Alexandrov et al., 2013).
These patterns result from the DNA damage and repair processes operating during the cellular
lineage (reviewed in (Stratton, 2011)). Notably, a signature attributed to the APOBEC family
of cytidine deaminases was observed in 16 out of 30 different primary cancer types. It is
characterized by the simultaneous occurrence of C — T, C — G and in a less degree C —A
mutations at TpCpN trinucleotides (Alexandrov et al., 2013). The C — T transitions arise
through replication over unrepaired U:G mismatches. The C— G transversions may originate
from abasic sites processed by REV1 and Pol-C (Auerbach et al., 2006; Nelson et al., 1996).
The mechanism of C — A substitution is not clear.

Most recently, a remarkable phenomenon of localized substitution hypermutation has been
described in breast cancers. It is termed kataegis, which means rainfall in Greek. Foci of
kataegis are characterized by clusters of C — T transitions and C— G transversions at TpCpN
trinucleotides on the same DNA strand (Nik-Zainal et al., 2012). These mutations are closely
associated with somatic rearrangements and occur within a spatially localized genomic region
on a single chromosome (Chen et al., 2012). Taking into account the substitution type and the
sequence context, it has been suggested that APOBEC cytidine deaminases might be
implicated in kataegis (Nik-Zainal et al., 2012). Indeed, breast cancer-like kataegis can be
recapitulated in the budding yeast experimental system by expression of APOBEC3B and
APOBEC3A (Taylor et al., 2013). APOBEC3B is highly expressed in most primary breast
tumors and its presence correlates with increased levels of genomic uracil and C — T
transitions (Burns et al., 2013a). Moreover, APOBEC3B-induced DNA deamination is
responsible for mutational load in at least five other distinct cancer types — bladder, cervical,
lung squamous cell carcinoma, lung adenocarcinoma, head and neck (Burns et al., 2013b).
The yeast experiments indicate that kafaegis can be triggered by DNA breaks, which are
generated through the processing of abasic sites introduced by joint action of APOBEC
cytidine deaminase and UNG. Some residual kataegis in the UNG-deficient background
might well be explained by the presence of spontaneous DNA breaks (Taylor et al., 2013).

The exact mechanism is not clear and need to be elucidated.
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1.8 RNA modifications and repair

Like DNA, RNA is constantly attacked by various exogenous and endogenous agents, which
can cause chemical alterations, cross-linking, and strand breaks (reviewed in (Wurtmann and
Wolin, 2009)). A total of 109 different RNA modifications has been identified (Cantara et al.,
2011). In some cases, these structural changes ensure correct folding of the RNA molecule
and have important regulatory functions (reviewed in (Agris, 2004; Helm, 2006)). For
example, uridine isomerization reduces binding of protein kinase R to messenger RNA
(mRNA) and enhances translation (Anderson et al., 2010). Ribose 2’-O-methylation provides
a molecular signature for the distinction of self and non-self mRNA in host innate immune
responses (Daffis et al., 2010; Zust et al., 2011). N®-methyladenosine (m°A), the physiological
substrate of fat mass and obesity-associated protein (FTO), has recently been linked to energy
homeostasis regulation (reviewed in (Jia et al., 2013)).

On the other hand, RNA modifications can be quite deleterious and result in translation of
truncated proteins, ribosome dysfunction and RNA degradation. Oxidation of mRNA is
thought to be one of the main contributing factors in the pathogenesis of neurodegenerative
disorders, hemochromatosis, diabetes and heart failure (reviewed in (Kong and Lin, 2010;

Poulsen et al., 2012)).

It remains largely unclear how the cell deals with damaged RNA. Several studies indicate that
aberrant RNA molecules can be eliminated. In eukaryotes, mRNAs containing premature stop
codons and lacking in-frame stop codons are degraded via the “nonsense-mediated decay”
and “nonstop decay” pathways, respectively (reviewed in (Brogna and Wen, 2009; Klauer and
van Hoof, 2012)). In addition, there are several nucleic acid chaperons that can sequester
faulty RNA from translation. For instance, the Ro protein has been shown to act in quality
control of 5S ribosomal RNA (rRNA) precursors and U2 spliceosomal small nuclear RNA
(reviewed in (Wurtmann and Wolin, 2009)).

The discovery of phage-type transfer RNA repair pathway catalyzed by polynucleotide
kinase-phosphatase and RNA ligase 1 demonstrated that cells may have specific mechanisms
to restore RNA integrity (Amitsur et al., 1987). Indeed, it was found that the E.coli enzyme
AIkB and its human homologue hABH3 can reverse RNA alkylation damage by
demethylation of 1-methyladenine and 3-methylcytosine (Aas et al., 2003; Vagbo et al.,
2013). Intriguingly, there is some evidence that another DNA repair enzyme, APE1, may

have the endoribonuclease activity and play a role in rRNA quality control (Barnes et al.,
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2009; Vascotto et al., 2009). Clearly, this unexpected cross-talk between the RNA post-

transcriptional modification machinery and DNA repair awaits further studies.

1.9 Quantitative analysis of DNA and RNA damage

The identification and quantification of nucleic acid adducts can provide important
information on the mechanism of action and biological relevance of genotoxic chemicals. A
variety of techniques have been established to estimate the risk associated with the exposure
to carcinogens derived from environmental and dietary sources. In general, there are four
main approaches including **P-postlabeling, immunological assays, fluorimetric methods, and

mass spectrometry (reviewed in (Brown, 2012)).
2P_postlabeling

The **P-postlabeling method consists of four principal steps: enzymatic digestion of DNA to
nucleoside 3'-monophosphates; enrichment of the adduct fraction of the DNA digest by
solvent or solid-phase extraction, HPLC, or further enzymatic digestion; labeling of the 5°-
position of the adducts by polynucleotide kinase-mediated transfer of **P-orthophosphate
from [y-32P]ATP; separation of the labeled adducts by thin-layer chromatography (TLC) or
HPLC and quantification by measuring **P-decay. The assay provides sensitivity of 1
adduct/10" nucleotides and requires only 1-10ug of DNA. It can be used for detection of
numerous DNA lesions resulting from exposure to a wide variety of chemical compounds
(e.g. polycyclic aromatic hydrocarbons, alkenylbenzene derivatives, heterocyclic amines, etc.)
(reviewed in (Phillips and Arlt, 2007)). On the other hand, this method does not provide
structural information for the identification of unknown DNA adducts. The procedure is time
consuming and labor intensive. It requires handling of radioactive phosphorus and lacks
internal standardization. Moreover, it is known that polynucleotide kinase can mediate
labeling of non-nucleic acid components and thus lead to the false-positive results (reviewed

in (Klaene et al., 2013)).
Immunological assays

Radioimmunoassays (RIAs) and enzyme-linked immunosorbent assays (ELISAs) have found
the most extensive application. These methods are based on the use of antibodies against
certain DNA modifications. In RIAs, the concentration of antigen in a probe is determined by

measuring its ability to compete with a fixed amount of radioactive antigen ("tracer") for a
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limited quantity of antibody. Although highly sensitive and reproducible, this technique
requires special precautions for handling of radioactive material (reviewed in (Santella,
1999)). In ELISAs, the “tracer” is substituted by immunogen coated onto a microtiter plate.
After the antigen is immobilized, the secondary enzyme-linked antibody and the enzymatic
substrate are added to produce a visible signal. Various detection strategies can be applied
(colorimetric, fluorescent, chemiluminescent). The quantity of antigen in the probe is obtained
by comparison with the standard curve made by serial dilution of either the modified
denatured DNA or the monoadduct mixed with diluted antibody. This approach is
inexpensive and easy to perform, but requires relatively large amounts of biological sample.
In total up to 200 pg of DNA should be used to provide maximal sensitivity of 1 adduct/10®
nucleotides (reviewed in (Phillips et al., 2000)).

The availability and selectivity of antibodies can greatly limit the application of
immunological assays. It appears that antibodies may cross-react with structurally similar and
unmodified DNA bases. Moreover, none of these methods permit identification of unknown

nucleic acid adducts (reviewed in (Santella, 1999)).

Fluorimetric methods

The inherent or chemically induced fluorescent properties of DNA lesions can be used for
their detection and quantification. Synchronous fluorescence spectrophotometry (SFS) of
benzo[a]pyrene diol epoxide-DNA adducts is one of the first reported applications of this
technique. In SFS, simplified spectra are generated by scanning of both excitation and
emission simultaneously with a fixed wavelength difference. The method requires
approximately 100 pg of DNA to provide the sensitivity of 1 adduct/10’ nucleotides.
However, its ability to distinguish between closely related compounds and determine a single
lesion in a complex mixture is quite limited. Moreover, only a few DNA modifications
possess intrinsic fluorescent properties (reviewed in (Chang et al., 1994)).

Chemical linkage of fluorescent dyes to DNA adducts followed by capillary electrophoresis
and laser-induced fluorescence (CE-LIF) detection is an alternative strategy. The main
disadvantages of this approach are the inability to control the efficiency of the labeling
procedure and low sensitivity (2 adducts/10° nucleotides). In addition, the CE-LIF assay is
vulnerable to interference by other fluorescence-emitting substances present in the biological

sample (Schmitz et al., 2002).
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Mass spectrometry

Mass spectrometry (MS) is one of the most sensitive analytical techniques currently available.
It provides structural identification and absolute quantification of DNA lesions at the low-
femtomole levels using only a few micrograms of DNA. The method is based on molecular
ionization followed by separation of the generated ions and measurement of their abundance
and mass-to-charge ratio (m/z). The ions can be subjected to further fragmentation. Sequential
MS (MS") is accomplished with a triple quadrupole or ion trap mass spectrometers. Each
quadrupole (Q) has a separate function: Q1 selects the ion of interest; Q2 dissociates the ions
while introducing a collision gas such as argon, helium, or nitrogen; Q3 filters the resulting
fragments. The ion trap mass spectrometers work on the same physical principles. The only
difference is that the ions are captured and sequentially ejected. It ensures the highest level of
selectivity and sensitivity (reviewed in (Kang, 2012)).

Gas chromatography (GC) and liquid chromatography (LC) systems are commonly used to
separate and introduce the sample components into a mass spectrometer. The main drawback
of the GC-MS approach is that it is limited to volatile/non-polar species, whereas the majority
of nucleic acid adducts are non-volatile and/or polar. The analysis requires derivatization,
which may be incomplete or result in formation of by-products and artifacts (reviewed in
(Farmer et al., 2006)). Development of the electrospray ionization method has solved this
problem. It enables transformation of the analyte in gas phase without rupturing any covalent
bonds. LC coupled to ESI-MS" is a great choice for highly polar, least volatile and thermally

labile compounds (reviewed in (Singh and Farmer, 2006)).
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2. Aims of the study

The main aim of this work was to gain further insight into mutagenic processing of genomic
uracil. First, we wanted to address the issue concerning the basal level of uracil in DNA.
Previously reported estimations vary by almost three orders of magnitude. This may be due to
differences in sample type, but may also result from technical shortcomings of the employed
methods. We analyzed potential methodological errors and developed an improved LC-
MS/MS-based method for accurate determination and quantification of genomic uracil. This
part of the study is presented in paper I.

Next, we wanted to explore whether AID expression in B-cell lymphomas was associated
with increased levels of genomic uracil, presumably in the form of U:G mismatches. We
aimed to measure genomic uracil in lymphoma and non-lymphoma cell lines and correlate it
to APOBECs, uracil DNA glycosylases and dUTPase mRNA and protein levels. In order to
provide direct mechanistic evidence of genomic uracil accumulation by AID, we assayed B-
cells stably expressing AID-EYFP fusion protein and B-cells undergoing class-switch
recombination. Finally, we decided to reanalyze the exome sequencing data from kataegis
regions in lymphomas and chronic lymphocytic leukemia. This part of the study is presented
in paper II.

In addition to the work on the main project, we collaborated with the DNA repair research
group at Biotechnology Centre, University of Oslo. We aimed to reveal interaction partners of

uracil-DNA glycosylase SMUGT1. The results are presented in paper III.
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3. Summary of results

Paper I: A robust, sensitive assay for genomic uracil determination by
LC/MS/MS reveals lower levels than previously reported
DNA repair (Amst.), 12, 699-706 (2013)
Anastasia Galashevskaya*, Antonio Sarno*, Cathrine B. Végbe, Per A.
Aas, Lars Hagen, Geir Slupphaug, and Hans E. Krokan

* These authors contributed equally to this work

Cytosine deamination and deoxyuridine monophosphate ({UMP) misincorporation are the
major sources of uracil (U) in DNA. This potentially mutagenic and cytotoxic lesion is
normally eliminated by error-free BER (reviewed in (Krokan et al., 2002)). The error-prone
processing of genomic uracil was found to be essential for Ig gene diversification by somatic
hypermutation and class switch recombination (reviewed in (Maul et al., 2011)). Moreover, it
was reported that AID- and APOBEC3B-catalyzed off-target deamination of cytosine might
contribute to tumorigenesis in humans (Burns et al., 2013a; Leonard et al., 2013; Lohr et al.,
2012; Robbiani and Nussenzweig, 2013). In this sense, accurate determination and
quantification of genomic uracil is of fundamental importance.

A number of GC/MS and LC/MS assays have been developed, but their estimations of the
basal uracil levels vary by three orders of magnitude (Mashiyama et al., 2008). We suggest
that the discrepancy is a result of methodological errors related to DNA sample preparation
and uracil generation during the analysis. In paper I, we discuss these potential issues and
present an improved LC/MS/MS-based assay for absolute quantification of genomic
deoxyuridine.

Our findings provide convincing evidence that co-purification of intracellular deoxycytidine
monophosphate (dCMP) and deoxyuridine monophosphate (dlUMP) during DNA isolation
and deamination of deoxycytidine (dCyd) during DNA hydrolysis lead to overestimation of
genomic uracil. To avoid false results, we introduced an additional clean-up step after DNA
isolation, optimized reaction conditions for DNA hydrolysis and included deuracilated DNA
control in a work-flow.

Further studies revealed that MS detection of deoxyuridine (dUrd) can be obfuscated by the
isobaric and naturally occurring *C-deoxycytidine (*C-dCyd) (~1.1% of all carbon). To

circumvent this problem, we employed a precursory HPLC fractionation step with a reverse-
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phase column prior to LC-MS/MS analysis. In addition to dCyd-free samples, it provided a
convenient opportunity to quantify the amount of hydrolyzed DNA, thereby allowing precise
calculation of dUrd per deoxynucleosides. To correct for variability in processing procedure
(e.g. dilution, injection) and possible matrix effects, we utilized an internal standard 2’-
deoxyuridine-2-"C,1,3-"’N,, which was added to DNA before hydrolysis.

In order to validate the method, we assayed deuracilated salmon sperm DNA spiked with
dUrd in sets of six replicates. The samples demonstrated high inter-experimental accuracy
(94.3%) and precision (CV 9.7%). The lower limit of quantification was found to be 5 fmol
dUrd.

We compared our approach to an alternative method based on detection of U excised from
DNA by UNG. The latter showed greater intra-sample variability, which may have been due
to an imprecise estimation of the DNA concentration.

To test the assay in a relevant biological context, we quantified genomic dUrd in UNG-
proficient and -deficient human and mouse cell lines and found several-fold higher levels in
the UNG-deficient cell lines. Importantly, the repair-proficient cell lines contained
approximately 400-600 dUrd moieties per genome, which is at least an order of magnitude
lower than previously-reported.

We believe that the new method provides the most accurate determination of genomic uracil

and is highly relevant to DNA repair-oriented researchers.
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Paper II: High AID expression in B-cell lymphomas causes accumulation of
genomic uracil and a distinct AID mutational signature.
Manuscript submitted September 2014 (DNA repair)
Henrik S. Pettersen, Anastasia Galashevskaya, Berit Doseth, Mirta M. L.
Sousa, Antonio Sarno, Torkild Visnes, Per A. Aas, Nina B. Liabakk, Geir
Slupphaug, Pél Setrom, Bodil Kavli, and Hans E. Krokan

Mammalian APOBEC cytidine deaminases are the key players in the mechanisms of the host
defence, though its off-target activity is potentially carcinogenic (reviewed in (Conticello,
2008)). A recent large scale genome sequencing study has revealed the APOBEC mutational
signatures in 16 out of 30 primary cancer types (Alexandrov et al., 2013). APOBEC3B has
been characterized as the likely major source of DNA damage in breast and ovarian cancers
(Burns et al., 2013a; Leonard et al., 2013). There have also been many reports showing that
AID is associated with lymphomagenesis, but the direct mechanistic evidence has not been
provided (Dorsett et al., 2007; Komeno et al., 2010; Kotani et al., 2007; Liu et al., 2008;
Ramiro et al., 2006; Robbiani et al., 2008; Robbiani et al., 2009; Shen et al., 1998; Takizawa
et al., 2008). As a continuation of the work from paper I, we sought to employ the established
LC-MS/MS method for quantitation of genomic uracil and explore whether DNA-cytosine
deamination by the APOBEC-family enzyme AID could be a common mutagenic mechanism
in B-cell malignancies.

We tested 17 cancer cell lines and found up to 72-fold variation in genomic uracil levels
(0.056 [epidermoid carcinoma] vs. 4.03 [Burkitt lymphoma] dUrd per 10°
deoxyribonucleosides (dNs). We noticed a clear pattern of genomic uracil accumulation in
lymphoma cell lines. It averaged 2.5 (0.63-4.0) dUrd per 10° dNs, while in non-lymphoma
cells and blood donor lymphocytes its quantity was 4.4- and 13.2-fold lower, respectively.
This could best be explained by AID-induced cytosine deamination. We therefore
investigated expression of all known APOBEC-family genes by means of qRT-PCR, Western
analysis and mass spectrometry. Indeed, AID was by far the best predictor of genomic uracil
accumulation both at the mRNA (r* = 0.70, p < 0.0001) and protein level (I* = 0.64, p =
0.0001).

Next, we assayed mouse CH12F3 lymphoma B-cells stably expressing AID-EYFP fusion
protein or EYFP, and B-cells undergoing class-switch recombination. AID-EYFP expressing
cells showed an almost 6-fold increase in genomic uracil levels from 0.14 to 0.83 dUrd per

10° dN's compared to EYFP alone. Exposure to TGFB, IL-4, and anti-CD40 antibodies for 48
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hours also led to uracil accumulation, though induction of endogenous AID was considerably
lower than in CHI2F3-EYFP cell line. High genomic uracil levels could not be explained by
increased dUMP misincorporation during replication, because stimulation resulted in a
substantial decrease in proliferation rate. Finally, we investigated the effect of AID
knockdown using a lentiviral AID shRNA expressing vector in human B-cell lymphoma cell
line SUDHLS. A 60% knockdown of AID reduced genomic uracil level by 38% (p = 0.005).
We wanted to check whether DNA repair efficacy could determine genomic uracil levels in
the studied lymphoma cell lines. To this end, we measured uracil excision capacity of cell free
extracts with oligonucleotide cleavage assay (U:G and U:A context) and [*H]uracil-release
assay (["H]U:A substrate). It was negatively correlated with genomic uracil levels (= 0.55, p
= 0.0007). Furthermore, we found that UNG, SMUG1 and APEI were negatively correlated
with genomic uracil at the protein level, which apparently indicated that the BER capacity
was surmounted by the high AID expression.

We reanalyzed the published exome sequencing data from lymphomas and chronic
lymphocytic leukemia kataegis regions and revealed the target sequence, which overlapped
with the known AID hotspot motif WRCY (W=A or T, R=A or G, C and Y=T or C). The
general mutation pattern was ApGpCpT, rather than TpCpA/T for the other cancer types with
kataegis.

These data provide direct mechanistic evidence for AID-induced genomic uracil formation in

the development of B-cell malignancies.
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Paper III: =~ The human base excision repair enzyme SMUGI directly interacts
with DKC1 and contributes to RNA quality control
Molecular Cell 49, 339-345 (2013)
Laure Jobert, Hanne K. Skjeldam, Bjorn Dalhus, Anastasia Galashevskaya,

Cathrine B. Vagbg, Magnar Bjords, and Hilde Nilsen

SMUGTI excises deaminated cytosine, 5-hmU, 5-hU, 5-FU and other oxidized pyrimidines
from the DNA (Boorstein et al., 2001; Haushalter et al., 1999; Kavli et al., 2002; Masaoka et
al., 2003). Its biochemical properties and substrate specificities are well defined; however,
little is known about its potential interaction partners. In paper III, we demonstrate that
SMUGTI can interact with the main mammalian pseudouridylase Dyskerin (DKC1) and
function in RNA metabolism.

Our observation that SMUGI1 co-localizes with DKC1 in nucleoli and Cajal bodies was
confirmed by the coimmunoprecipitation (colP) experiments in DNase I- and RNase A-
treated cell extracts. IP of overexpressed SMUG1-EYFP significantly recovered DKC1, while
IP of DKCI1 pulled down a fraction of endogenous SMUGI. This led us to investigate
whether SMUG1 and DKC1 had a direct interaction. To this end, the DKC1 and SMUG1
sequences were synthesized as 20-mer peptides and spotted on cellulose membranes offset by
3-amino acid for further overlay with purified, recombinant glutathione-S-transferase-tagged
SMUGI and DKCI1, respectively. We revealed five potential SMUG1-binding sites in DKC1
(amino acids 16-29, 112-122, 247-260, 400-410, 475-491) and two DKC1-binding sequences
in SMUGT (amino acids 25-35, 220-233). These data were used to create a structural model
of the DKC1/SMUG1 complex in ZDOCK. From a series of possible solutions we selected an
interaction surface involving SMUG]1 Glu 231, because it did not interfere with the nucleic
acid, NOP-10, GAR1 and NHP2 binding domains. Notably, DKCI1 failed to recover SMUG1
E29R/E33R and SMUGI E231R mutants in glutathione-S-transferase pull-down assay,
indicating that SMUG1 amino acids 29, 33, and 231 were required for binding to DKCI.

Our next question was whether SMUGI could act on RNA. Indeed, wild type SMUGI1
excised 5-hm(dUrd) from ssRNA in standard oligonucleotide-nicking experiment, but its
activity was approximately two-fold lower than on ssDNA substrate. No cleavage was seen
on ssRNA containing Urd, dUrd or pseudoUrd. We established a native RNA-coIP assay to
measure the recruitment of SMUG1 to RNA species processed by DKCI1. Interestingly,
SMUGTI associated with the 47S precursor RNA but not mature 28S, 18S and 5.8S rRNA, nor
U2snRNA, nor GAPDH. Moreover, depletion of SMUG! correlated with the reduced
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expression of all three mature rRNAs and accumulation of polyadenilated 28S rRNA, which
could indicate the degradation of damaged or inappropriately processed rRNA.

To get more insight into the biological role of SMUG1/DKCI1 interaction, we measured the
level of 5-hmUrd and pseudouridine (yUrd) in the 28S and 18S rRNA species by LC-
MS/MS. The analysis showed that SMUG1-depleted cells had increased amount of 5-hmUrd.
The effect was even more pronounced in cells depleted for both SMUGI1 and DKCI.
However, we could not confirm that SMUG! was required for DKCI1 activity as the quantity
of yUrd in 28S and 18S rRNAs was reduced only in DKC1 knock-down cells. We therefore
suggested that interaction with DKC1 could be important for proper localization of SMUGI
and transfected HeLa cells with SMUG1 E29R/E33R. Unlike SMUG1-EYFP, the mutant was
diffused in the nucleoplasm and not enriched in nucleoli and Cajal bodies. The DKC1 staining
pattern also changed, indicating that our hypothesis was right.

In conclusion, we propose that the DNA BER enzyme SMUGI directly interacts with the
pseudouridine synthase DKC1 and contributes to rRNA quality control in vivo.
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4. General discussion
4.1. What is the steady state level of genomic uracil?

Uracil may arise in DNA as a result of cytosine deamination and dUTP misincorporation
during replication. The level of dUTP, a necessary precursor for dTTP synthesis in mammals,
is normally kept low by deoxyuridine 5'-triphosphate nucleotide-hydrolase (dUTPase) (Wist
et al., 1978). The average physiological concentrations of intracellular dUTP and dTTP are
0.2 £ 0.2 and 37 = 30 uM, respectively (reviewed in (Traut, 1994)). Based on the fact that
replicative DNA polymerases do not distinguish well between dUTP and dTTP, it has been
calculated that approximately one dUTP residue per 10* dTTPs enters DNA (reviewed in
(Mosbaugh and Bennett, 1994)). The dUTP misincorporation rate is therefore thought to vary
depending on the dUTPase activity and intracellular nucleotide pool imbalances (reviewed in
(Olinski et al., 2010)). There are two isoforms of dUTPase in mammals: nuclear and
mitochondrial. The nuclear dUTPase is proliferation-dependent, while the mitochondrial
isoform is constitutive (Ladner and Caradonna, 1997). It has been shown that, independent of
activation state, dUTP concentration is 6-8-fold higher in lymphocytes compared to
macrophages, which are terminally differentiated non-dividing cells (reviewed in (Gavegnano
et al., 2012)). The steady-state level of genomic uracil determined by alkaline elution of DNA
from UNG-deficient murine embryonic fibroblasts was determined to be about 3600 residues
per genome, while in hepatocytes the number was approximately 900. It was hypothesized
that, in proliferating cells, genomic uracil results mostly from misincorporation during
replication (Andersen et al., 2005). Intracellular nucleotide pool imbalances, for example
dTTP depletion caused by nutrient folate deficiency or by treatment with anticancer drugs 5-
fluorouracil, 5-fluorodeoxyuridine, or methotrexate, can also lead to aberrant uracil

incorporation into DNA (reviewed in (Longley et al., 2003; Powers, 2005)).

Spontaneous deamination of genomic cytosine has been suggested to introduce 60-500 uracil
residues per cell per day (reviewed in (Krokan et al., 2002)). The reaction rates determined by
chemical and biological assays are in reasonable agreement with only 1.2-2.5-fold variation.
It is also generally accepted that the deamination rate in dsDNA is 140-300 times lower than
in ssDNA. The uncertainty concerning the number of deaminations per day in cells is mainly
due to a lack of knowledge on the average size of the fraction of ssDNA in the genome.

Assuming that the fraction of ssDNA in human genome at any time is 0.1%, the best estimate
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would be ~70-200 spontaneous deamination events per genome per day (reviewed in (Kavli et
al., 2007)).

In addition to spontaneous hydrolysis, chemicals such as sodium bisulfite (NaHSO3) and
nitrous anhydride (N,O3) can induce cytosine deamination. Sodium bisulfite is a common
component of many beverages, though it is thought unlikely to be a major contributor to
genomic uracil content because of the low concentrations used. Nitrous anhydride is formed
upon oxidation of nitric oxide (NO-), which is an environmental pollutant, proven mutagen,
and also an important physiological messenger (reviewed in (Sousa et al., 2007)). Human
lymphoblastoid cells, when subjected to sub-cytotoxic levels of NO- and O,, display up to a 2-
fold increase in genomic uracil (Dong and Dedon, 2006). In line with that, E. coli mutants
lacking UDG activity are abnormally sensitive to nitrous acid (Daroza et al., 1977).
Irradiation by ultraviolet light can also lead to the formation of genomic uracil. Deamination
of cytosine in cyclopyrimidine dimers, the major UV photoproducts, has been shown to occur
7-8 times faster than in regular cytosine (Tessman et al., 1992).

Cytosine can be converted to uracil by DNA (cytosine-5)-methyltransferases and cytidine
deaminases (reviewed in (Sousa et al., 2007)). Methyltransferases function at CpG islands
during epigenetic DNA regulation. These enzymes transfer a methyl group from S-
adenosylmethionine (SAM) to cytosine. If SAM concentration is low or if there is a mutation
that impairs SAM-binding, a slow deamination reaction may take place instead (reviewed in
(Hermann et al., 2004)). Several members of the APOBEC family of cytidine deaminases
have recently been shown to deaminate DNA substrates in vitro. AID is the most studied. It
primarily generates uracil at the /g gene loci during somatic hypermutation and class-switch
recombination in germinal center B-cells, but may also target proto-oncogenes (reviewed in

(Longerich et al., 2006)).

Estimations of the genomic uracil steady-state level have initially been based on the dUTP
pool size and spontaneous cytosine deamination rate (reviewed in (Kavli et al., 2007)). There
have been many attempts to measure genomic uracil by indirect means (Andersen et al., 2005;
Atamna et al., 2000; Bennett and Kitner, 2006; Horvath and Vertessy, 2010; Lari et al., 2006;
Lasken et al., 1996; Maul et al., 2011; Yan et al., 2011). For example, the alkaline comet
assay was based on AP-endonuclease treatment of abasic sites and monitoring of the DNA
fragment size by alkaline elution (Andersen et al., 2005). The main issue with this approach is
that DNA can be shared by high pH and even routine laboratory practices like vortexing
(Karpen, 2009; Kohn et al., 1976). Another method employed an aldehyde reactive probe
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reaction with the UNG-generated AP sites (Bennett and Kitner, 2006). However, it does not
account for spontaneous depurination and depyrimidation, which may occur during sample
handling (Lindahl, 1993). The PCR-based strategies suffered from the same drawbacks in
addition to being biased to the sequences they target. Furthermore, all these methods are
relative, which makes comparisons between experimental batches and laboratories quite
difficult.

Direct quantification of genomic uracil can be achieved by mass spectrometry. There are two
main approaches, which are in principle very straightforward: detection of uracil excised from
DNA by UNG and detection of dUrd after enzymatic hydrolysis of DNA to dNs (Bulgar et
al., 2012; Chango et al., 2009; Dong and Dedon, 2006; Dong et al., 2003; Mashiyama et al.,
2004; Mashiyama et al., 2008; Ren et al., 2002). However, a wide variation in reported basal
levels indicates that reliable quantification of genomic uracil is problematic (Mashiyama et
al., 2008).

In paper I, we show that technical shortcomings of the employed methods may result in an
overestimation of genomic uracil quantity. Uracil is a heterocyclic molecule, the chemical
bonds in which require more energy to break than the N-glycosylic bond in dUrd. It results in
higher background signal in MS/MS and increases the probability of mistaking contaminants
for the analyte. Derivatization has been used to measure uracil, but it adds more complexity
and sources for error because biological samples and standards require different reaction
conditions (Ren et al., 2002). Also, the degree to which uracil has been derivatized cannot
easily be monitored. Hydrophilic interaction chromatography can be a good alternative to
derivatization (Bulgar et al., 2012). We tested a similar approach and found that the U
excision assay has a comparable sensitivity to measuring dUrd by hydrolysis, but the intra-
sample variability was greater. This may be due to an imprecise estimation of the DNA
concentration. In this sense, the DNA hydrolysis method is advantageous to uracil excision
strategy because dUrd can be normalized to the amount of dNs. However, the existing assays
that employ this strategy are not optimal. We noticed that intracellular deoxycytidine
monophosphate (dCMP) and/or deoxyuridine monophosphate (dUMP) can co-purify with
DNA and be converted to dUrd during hydrolysis. Preliminary treatment with alkaline
phosphatase and clean-up with isopropanol precipitation steps reduce the amount of measured
dUrd. Deamination of dCyd during sample work-up also represents a major complication with
this method. High temperature, acidic/alkali buffer conditions, and DNA denaturation have
been shown to accelerate dCyd deamination (Lindahl, 1993; Lindahl and Nyberg, 1974;
Shapiro, 1981). We performed DNA hydrolysis at pH 6-6.7 and 37 °C for 50 min using
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DNase I, nuclease P1, and alkaline phosphatase. In order to control dCyd deamination we
included a deuracilated DNA control. We measured the deamination rate at 37 °C to be 4.805
x 107 £ 5.9 x 10”° dUrd/10°bp/min (R*= 0.9964, n = 12), which corresponded to 1.059 x 10~
dUrd/10° dCyd/min. This is in line with previously reported values of 2.6 x 1072 1.2 x 107,
and 4.8 x 10° dUrd/10° dCyd/min for dNs, single-stranded DNA, and double-stranded DNA,
respectively (Shapiro, 1981). MS detection of dUrd can be further complicated by the isobaric
and naturally occurring *C-deoxycytidine (*C-dCyd), which is four orders of magnitude
more abundant than dUrd (Dong and Dedon, 2006). To circumvent this problem, we
employed a precursory HPLC fractionation step with a reverse-phase column containing weak
acidic ion-pairing groups to separate dUrd from dCyd. In addition to dCyd-free samples, it
provided a convenient opportunity to quantify the amount of hydrolyzed DNA, thereby
allowing the precise calculation of dUrd per dNs. To sum up, we believe that our method

provides the most accurate determination of genomic uracil.

We quantified dUrd in DNA isolated from Ung™" and Ung” mouse embryonic fibroblasts
and human lymphoblastoid cell lines derived from hyper-IgM patients carrying UNG
mutations. The repair-proficient cells contained approximately 400-600 dUrd moieties per
genome, which is lower than the quantities reported by other groups. The determined steady
state level of genomic uracil is compared to the estimated rates of spontaneous cytosine
deamination (~70-200 per mammalian genome per day) (Kavli et al., 2007). It does not
indicate that dUTP misincorporation or limited repair efficiency is less abundant. We believe
that contribution from different sources of genomic uracil is dynamic and depends on the cell
type, proliferation state, fidelity of the DNA replication machinery, mutagen exposure, and
DNA repair efficacy. Spontaneous cytosine deamination should be rather a rare event in
physiological conditions because it generates mutagenic U:G mismatches. Enzymatic
deamination of cytosine is thought to be restricted to variable and switch regions of /g-genes
in antigen-stimulated B-cells. However, the APOBEC-induced mutational signatures with
U:G as a likely key intermediate have been observed in 16 different primary cancer types
(Alexandrov et al., 2013). It may be possible that cytidine deaminases act widely on non-Ig
loci, many of which are protected by high-fidelity DNA repair (Liu and Schatz, 2009). What
mechanisms lead to error-prone repair of U:G mismatches remain to be elucidated.

We found that the steady state level of genomic uracil in human lymphoblastoid cell line
derived from hyper-IgM patient carrying UNG mutation is almost 11-fold higher than in
repair-proficient cells. This indicates that uracil-DNA glycosylases SMUG1, TDG, MBD4,

47



and the mismatch repair pathway do not provide efficient backup for the lost UNG activity in
these cells. UNG has a central role in U:A repair (Otterlei et al., 1999). It is therefore
reasonable to conclude that dUMP misincorporation is the main source of genomic uracil in
proliferating cells. U:A pairs are not directly mutagenic and may be well tolerated as it has
been shown in Ung'/ “mice (Nilsen et al., 2000). However, abasic sites generated during their
repair are potentially mutagenic due to errors in gap-filling in BER (Akbari et al., 2009), or
due to translesion synthesis (Auerbach et al., 2006). If the number of U:A pairs and abasic
sites is high, they may contribute significantly to mutagenesis.

We have made efforts to improve quantification of genomic uracil by mass spectrometry.
Although we cannot discriminate between U:A and U:G contexts, the accurate determination
of the global steady state level may be important to better understand the mechanisms of

adaptive immunity and oncogenesis.

4.2. High AID expression in B-cell lymphomas causes accumulation of genomic uracil

and a distinct AID mutational signature

Normally, AID expression is found in activated germinal center B-cells (Muto et al., 2000)
and B-cells developing in the bone marrow (Kuraoka et al., 2009). Aberrant AID expression
can be induced by cytokines, chemokines, reactive nitrogen and oxygen species, and several
types of prostaglandins (Chiba and Marusawa, 2009). It is associated with elevated p53
mutation rate (Takai et al., 2009) and high incidence of inflammation-linked cancers (Endo et
al., 2007; Komori et al., 2008; Matsumoto et al., 2007). Mice constitutively expressing AID
develop malignant T cell lymphomas and lung micro-adenomas. Tumorogenesis has been
characterized by the massive introduction of point mutations in the expressed T cell receptor
(tcr), c-myc, piml, cd4, and cd5 genes (Kotani et al., 2005; Okazaki et al., 2003). Further
studies of the mouse bone marrow transplantation model have shown that AID overexpression
can promote B-cell lymphomagenesis, albeit less frequently (Komeno et al., 2010). The
mechanism remains unclear. It is known that AID-induced DNA strand breaks may result in
translocations between the /g-locus and proto-oncogenes (Chiarle et al., 2011; Dorsett et al.,
2007; Klein et al., 2011; Ramiro et al., 2004; Robbiani et al., 2008; Robbiani et al., 2009;
Takizawa et al., 2008). However, a direct mechanistic link between AID and B-cell
lymphomagenesis has not been demonstrated.

In paper 11, we report that AID mRNA and protein expression levels confer a several-fold
accumulation of genomic uracil in lymphoma cell lines. We show that an increase in genomic

uracil can be induced by stimulation of class switch recombination and overexpression of
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AID-EYFP fusion protein in CH12F3 cell line. AID knockdown results in the opposite effect.
High AID expression was observed in a large proportion of B-cell lymphomas. As it has
already been discussed, the Ig-gene U:G mismatches are the key intermediates in the
mechanisms of antibody diversification in the germinal center B-cells. Non-/g-gene U:G base
pairs can be processed to DNA double-strand breaks or result in C-to-T transition mutations,
which represent a high risk for genomic stability. We found that endogenous AID-induction
can increase genomic uracil four-fold, from approximately 750 to 3000 residues per genome.
We did not reveal any significant correlation between genomic uracil level and APOBECs
other than AID, though a varying expressions of APOBEC3B, APOBEC3D, APOBEC3F,
and APOBEC 3G were detected in all examined cancer cell lines. These results suggest that
high AID expression is the main cause of genomic uracil accumulation in B-cell lymphomas.
The correlation between AID expression and genomic uracil content is not necessarily
straightforward. We noticed two lymphoma cell lines with relatively high uracil levels despite
low AID expression (RL and KARPAS-422) and one cell line with moderately increased
genomic uracil despite high AID expression (L428). This may be explained by different
dUMP misincorporation rate, spontaneous cytosine deamination, uracil repair capacity, and
other regulatory mechanisms that affect AID nuclear translocation and targeting to DNA.
Furthermore, we suppose that AID can obscure low level contribution of other APOBECs,
which may become significant over time.

There was no positive correlation between genomic uracil and cell doubling time in the
lymphoma group. Since AID acts during the G; phase of the cell cycle, we expected to see
higher genomic uracil levels in lymphomas with longer doubling time. In contrast, we found it
in non-lymphoma cell lines that did not express AID (> = 0.57; p = 0.048), which could
indicate that dUMP misincorporation is the main source of genomic uracil in rapidly growing
non-lymphoma cells. These results are in good agreement with the previously published data
(Andersen et al., 2005).

AID-generated uracil is removed by BER and MMR (reviewed in (Maul and Gearhart,
2014)). We focused on BER. In order to examine uracil repair capacity in the studied cell
lines, we performed both a uracil-release assay (U:A context) and an oligonucleotide cleavage
assay (U:A and U:G context). Notably, the repair capacity was negatively correlated with
genomic uracil levels (r* = 0.55; p = 0.0007). UNG was responsible for over 90% of uracil-
excision activity. An inverse correlation between UNG, SMUG], and genomic uracil content
could indicate that BER may counteract AID-induced cytosine deamination, but was

apparently overridden by the high AID expression levels. It has been shown that Ung'/ " mice

49



develop B-cell lymphomas 20 times more frequently than normal controls, but they do not
show an increase in other cancer types (Nilsen et al., 2003). We think that BER and MMR
compensate for UNG-deficiency in most tissues, but not in B-cells expressing AID.

We studied independent contribution of UNG, SMUGI, and TDG to the complete repair of a
defined U:G context in a plasmid. To this end, we used nuclear extracts from synchronized
HeLa cells and antibodies to uracil-DNA glycosylases. Again, UNG was the most efficient
uracil-repair enzyme during the whole cell cycle. SMUG was also active in all cell cycle
phases, but contributed less. TDG has previously been shown to act during G; phase
(Hardeland et al., 2007). Although, we did not reveal significant correlation between TDG
and genomic uracil levels, we confirmed that TDG excises uracil in the G; phase in the in
vitro system.

U:G mismatches resulting from enzymatic and spontaneous cytosine deamination may be
processed in different ways. It has been reported that transcription factor E2A can regulate the
balance between AID and UNG2 at expression and /g targeting levels, stimulate Ig
diversification and suppress canonical DNA repair (Wallenius et al., 2014). Furthermore, it
has been demonstrated that p53 expression in germinal center B cells is under active
repression by BCL6, which helps to tolerate the physiological DNA breaks required for
antibody diversification (Phan and Dalla-Favera, 2004). Nevertheless, excision of genomic
uracil and generation of AP sites at clustered U:G mispairs may result in double strand breaks,
whereas replication over unrepaired U:G mismatches leads in C-to-T transition mutations.
The main finding of our study is that AID expression is a predominant source of genomic
uracil in B-cell lymphoma cell lines. This is in accordance with the exome sequencing data
from lymphomas and chronic lymphocytic leukemia kataegis regions, which carry AID-

hotspot mutational signatures.

4.3. The human base excision repair enzyme SMUGI contributes to RNA quality control

in vivo

In paper III, we show that SMUGI directly interacts with pseudouridine synthase DKC1, and
that SMUGT1 and DKC1 co-localize in nucleoli and Cajal bodies, where rRNA biogenesis and
non-coding RNA maturation take place, respectively. Our data indicate that interaction with
DKCI could be important for targeting SMUGI to a select group of RNA substrates. We
demonstrate that SMUG]1 associates with the 47S precursor rRNA, and that SMUGI
depletion is accompanied by reduced levels of mature 28S, 18S, and 5.8S rRNA and an

increased level of polyadenylated 28S rRNA. Hence, aberrant rRNA species accumulate in
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absence of SMUGH. These findings suggest that SMUGT is involved in rRNA quality control.
Our observation that SMUGT has activity on 5-hm(dUrd)-containing ssRNA in vitro, and that
there is an increased level of 5-hm(Urd) in mature rRNAs isolated from SMUGI-depleted
cells further strengthens the possibility of this involvement.

The source of 5-hmUrd in RNA is not known. We hypothesize that it results from hydrolytic
deamination of 5-hmC, which is a natural modification in 18S and 28S rRNA in eukaryotes
(Racz et al., 1978). We also think that hmU can be misincorporated in RNA, as previously
suggested (Pettersen et al., 2011).

The currently available data indicate that hmU-excision by SMUGI] may initiate RNA
degradation. It has been recently demonstrated that DNA repair protein APE1 associates with
478, 288, and 18S rRNA, and the ribosome processing protein nucleoplasmin (NPM1) within
nucleoli (Vascotto et al., 2009). We therefore speculate whether APE1 could process the AP
site generated by SMUGTI. In this case, APE1 would create a 3'-OH terminus, which may then
be targeted by Ccr4-Not, TRAMP, or the exosome for further degradation.

Functions of DNA repair proteins are more versatile than we originally thought. Several
studies point to their role in RNA metabolism and RNA surveillance pathways (reviewed in
(Jobert and Nilsen, 2014)). It seems reasonable that the ability of DNA glycosylases to
recognize subtle chemical modifications contributes to identification of damaged or
inappropriately processed RNA species and preserves genetic stability not only through the
DNA repair. However, RNA degradation can be triggered by many different types of

aberrations. It warrants further studies into the mechanisms of RNA quality control.
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Considerable progress has been made in understanding the origins of genomic uracil and its role in
genome stability and host defense; however, the main question concerning the basal level of uracil in
DNA remains disputed. Results from assays designed to quantify genomic uracil vary by almost three
orders of magnitude. To address the issues leading to this inconsistency, we explored possible short-
comings with existing methods and developed a sensitive LC/MS/MS-based method for the absolute
quantification of genomic 2’-deoxyuridine (dUrd). To this end, DNA was enzymatically hydrolyzed to
2'-deoxyribonucleosides and dUrd was purified in a preparative HPLC step and analyzed by LC/MS/MS.
The standard curve was linear over four orders of magnitude with a quantification limit of 5 fmol dUrd.
Control samples demonstrated high inter-experimental accuracy (94.3%) and precision (CV 9.7%). An
alternative method that employed UNG2 to excise uracil from DNA for LC/MS/MS analysis gave similar
results, but the intra-assay variability was significantly greater. We quantified genomic dUrd in Ung*/*
and Ung /- mouse embryonic fibroblasts and human lymphoblastoid cell lines carrying UNG mutations.
DNA-dUrd is 5-fold higher in Ung~/~ than in Ung** fibroblasts and 11-fold higher in UNG2 dysfunctional
than in UNG2 functional lymphoblastoid cells. We report approximately 400-600 dUrd per human or
murine genome in repair-proficient cells, which is lower than results using other methods and suggests

that genomic uracil levels may have previously been overestimated.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction

Deamination of 2’-deoxycytidine (dCyd) and misincorpora-
tion of 2’-deoxyuridine 5-monophosphate (dUMP) are the major
sources of 2’-deoxyuridine (dUrd)/uracil (U) in the mammalian
genome [1]. The former creates U:G mismatches and occurs spon-
taneously, mainly via direct nucleophilic attack of the hydroxyl ion
on the protonated base under physiological conditions, by exposure
to various chemicals, or enzymatically by activation induced cyti-
dine deaminase (AID), APOBEC1, and possibly other members in the
APOBEC family [2,3]. Unrepaired U:G mismatches result in Cto T
transitions during replication, the most frequent type of mutation

Abbreviations: LC/MS/MS, liquid chromatography coupled to tandem mass spec-
trometry; UNG, uracil-DNA glycosylase encoded by the UNG-gene; dCyd/dUrd/Dn,
2'-deoxycytidine/2'-deoxyuridine/2’-deoxyribonucleoside.
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original author and source are credited.
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in human cancers [4]. Alternatively, dUMP misincorporation cre-
ates U:A pairs, depends on the dTTP/dUTP ratio at the time of DNA
replication, and is governed by thymidylate synthase and dUTPase
activities [5]. U:A pairs may be cytotoxic due to altered binding of
transcription factors and indirectly mutagenic through generation
of abasic sites [6-9].

Genomic dUrd is generally treated as a lesion that can be cor-
rected by base excision repair with mismatch repair as a likely
backup for U:G mismatches [1,10,11]. Nevertheless, dUrd is also
a key intermediate in adaptive immunity. In this process, dUrd
is generated by AID-mediated dCyd deamination, which targets
variable and switch regions of immunoglobulin genes in B-cells
during somatic hypermutation (SHM) and class switch recombi-
nation (CSR), respectively [12]. This is a risky process because
off-target deamination may cause mutations and translocations,
ultimately culminating in B-cell lymphomas [13-15]. Importantly,
the translocations occur at the DNA damage sites [ 16]. Furthermore,
infection- and/or inflammatory cytokine-driven AID expression
may contribute to carcinogenesis in epithelial cells [17-19].

The emerging significance of genomic uracil thus calls for an
accurate and reliable method for its quantification. Most estab-
lished methods are relative, which precludes comparisons between
experimental batches and different laboratories [6,12,20-25].

1568-7864/$ - see front matter © 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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Direct quantification of absolute levels of genomic uracil can be
achieved using mass spectrometry. There are two main approaches:
detection of U excised from DNA by UNG and detection of dUrd after
enzymatic hydrolysis of DNA to 2’-deoxyribonucleosides (dNs)
[26-32]. Both strategies are seemingly straightforward, but a wide
variation in estimates has been reported, ranging from 3 x 103 to
4 x 10° uracils per mammalian genome [31,33]. It has been sug-
gested that the inconsistency in reported genomic uracil levels may
be due to differences in sample type, but may also emanate from
technical shortcomings of the employed methods [33].

Here we present an improved LC/MS/MS-based method for the
absolute quantification of dUrd in DNA and discuss drawbacks of
related methods. We explore the issues that may lead to inaccu-
rate estimation of genomic U and ameliorate them by introducing
steps for specimen clean-up and chromatographic modifications.
Additionally, we compare dUrd quantification by DNA hydrolysis
to U quantification by UNG excision. We lastly applied our method
to quantify genomic dUrd in Ung** and Ung~/~ mouse embryonic
fibroblasts, as well as human lymphoblastoid cell lines derived
from hyper-IgM patients carrying UNG mutations. We measured
genomic uracil values lower than those previously reported, indi-
cating that previous methods may have overestimated genomic
uracil.

2. Material and methods
2.1. Reagents

2'-Deoxyuridine, 2’-deoxycytidine, 2’-deoxyadenosine, 2'-
deoxyguanosine, thymidine, alkaline phosphatase, nuclease
P1, and BSA were from Sigma-Aldrich (Steinheim, Germany);
DNase I was from Roche Applied Science (Mannheim, Germany);
UltraPure™ salmon sperm DNA was from Invitrogen Corpora-
tion (Carlsbad, CA, USA). Recombinant uracil-DNA glycosylase
(UNGA84) was purified in-house as previously described [34].
[2-13C;1,3-1°N;]-2'-deoxyuridine was from C/D/N Isotopes
(Pointe-Claire, Quebec, Canada).

2.2. Cell lines
Ung** and Ung~/~ mouse embryonic fibroblast cell lines [35]
were cultured in DMEM 4500mg/l p-glucose, supplemented
with 0.29 mg/ml L-glutamine, 10% fetal bovine serum, 100 U/ml
penicillin, 0.1 pg/ml streptomycin, and 2.5 w/ml amphotericin
B in a humidified 5% CO, incubator at 37°C. Epstein-Barr
virus immortalized human lymphoblastoid cell lines [36], a
gift from Dr. Anne Durandy (Institut National de la Santé
et de la Recherche Meédicale, Paris, France), were cultured
in RPMI-1640+GlutaMax™-] medium supplemented with 10%
heat-inactivated bovine serum, 100U/ml penicillin, 0.1 mg/ml
streptomycin, and 2.5 p.g/ml amphotericin B.

2.3. DNA isolation and removal of intracellular
2'-deoxyribonucleotides

Cells (106/80 1) were lysed in 10 mM Tris-HCI (pH 8.0), 10 mM
NaCl, 0.5% SDS, 2.5mM DTT, 0.25 ng/wl proteinase K, 0.1 g/l
RNase A and incubated at 37°C for 1 h with shaking at 250 rpm.
Genomic DNA was extracted in phenol:chloroform:isoamyl alcohol
(25:24:1) and chloroform:isoamyl alcohol (24:1), then precipitated
by adding 0.3 volume equivalents of 10 M ammonium acetate (pH
7.9) and one volume equivalent of 100% isopropanol, washed once
in 70% ethanol, and buffered with 100 mM ammonium bicarbonate
(pH 7.6) and 1 mM MgCl,. Where indicated, DNA was isolated from
cell pellets using the DNeasy® Blood and Tissue kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions except for

increasing the RNase A concentration to 0.1 wg/l and decreasing
the temperature during incubation with AL buffer from 56 to
37 °C. Potentially co-isolated intracellular 2’-deoxyribonucleotides
were dephosphorylated by incubation with alkaline phosphatase
(pH 7.6) from Escherichia coli (0.2U[/pl) in 100 mM ammonium
bicarbonate for 30 min and DNA precipitated with isopropanol as
described above.

2.4. DNA hydrolysis to 2'-deoxyribonucleosides

DNA was enzymatically hydrolyzed to dNs. Prior to hydroly-
sis, a control DNA sample was deuracilated by treatment with
UNG to control for uracil generated in vitro during the assay.
To this end, up to 15 g DNA were buffered with 20mM Tris-
HCl (pH 7.5), 60 mM NaCl, 1 mM DTT, 1 mg/ml BSA in a reaction
volume of 30 ul and treated with 0.075U UNGA84at 37°C for
1h. The DNA was isopropanol precipitated as described in 2.3
and resuspended in 30 wl 100 mM ammonium acetate (pH 6.0),
10 mM MgCl,, and 1 mM CacCl, containing 2U DNase I and 0.2U
nuclease P1 and incubated for 30 min at 37°C. As an internal
standard [2-'3C;1,3-1°N;]-2-deoxyuridine was used. The sam-
ples were then buffered in ammonium bicarbonate (pH 7.6) to
a final concentration of 100mM, and incubated for 20 min at
37°C with 0.1U alkaline phosphatase from E. coli. To precipi-
tate contaminants that could potentially clog the HPLC column,
three volume equivalents of ice-cold acetonitrile were added to
the samples, which were then centrifuged (16,100 x g, 20 min,
4°C). The supernatants were transferred to new tubes and vac-
uum centrifuged until dry at room temperature. The samples
were finally dissolved in 100wl water containing 10% acetoni-
trile.

2.5. Preparative purification of 2'-deoxyuridine

dUrd was purified by HPLC prior to LC/MS/MS analysis. The
purification was performed using a reverse-phase column with
weak acidic ion-pairing groups (Primesep 200, 2.1 mm x 150 mm,
5 wm, SIELC Technologies, Prospect Heights, IL), kept at 35°C, on
an Agilent 1200 series HPLC system, equipped with a G1365D
multiple wavelength detector (Agilent Technologies, Waldbronn,
Germany). Samples were maintained at 4°C prior to injection.
Each sample was injected in triplicate with an injection volume
of 30 ul. The gradient used consisted of solvent A (water, 0.1%
formic acid) and B (methanol, 0.1% formic acid) starting at 10%
B for 0.5 min, ramping to 60% B over 6 min, holding at 60% B for
4 min, and re-equilibrating with 10% B for 10 min at a flow rate
of 0.200 ml/min. dNs were quantified by measuring absorption
at 260 nm. The fractions containing dUrd and IS were collected
+1 min with a Foxy R2 fraction collection system (Teledyne ISCO,
Lincoln, NE, USA) and vacuum centrifuged until dry at room tem-
perature. The samples were dissolved in 25 pl water containing 5%
methanol.

2.6. Uracil excision

Uracil was excised from DNA for direct analysis by LC/MS/MS
to compare uracil excision with DNA hydrolysis as in an alterna-
tive strategy for DNA-uracil quantification. The uracil excision and
quantification protocol was modified from Bulgar et al. [26]. Up to
15 wg DNA were buffered with 20 mM Tris-HCl (pH 7.5), 10mM
NaCl, 1 mM DTT, 1 mg/ml BSA in a reaction volume of 40 pl and
treated with 0.075U UNGAB84at 37°C for 1h. The NaCl concen-
tration used was different from that used for DNA deuracilation
described above to avoid signal loss by ion suppression during
LC/MS/MS. [2-13C, 15N, ]-Uracil was used as internal standard. After
incubation with UNG, 500 wlice-cold acetonitrile were added to the
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samples and they were then centrifuged (16,100 x g, 20 min, 4°C).
The supernatants were transferred to new tubes and vacuum cen-
trifuged until dry at room temperature. The samples were finally
dissolved in 40 pl 10% 2 mM ammonium formate 90% acetonitrile.

2.7. LG/MS/MS instrumentation and conditions

Both dUrd and uracil were quantified using an LC-20AD HPLC
system (Shimadzu Corporation, Kyoto, Japan) coupled to an API
5000 triple-quadrupole mass spectrometer (Applied Biosystems,
Carlsbad, CA, USA) operated under the multiple reaction monitor-
ing (MRM) mode.

dUrd was quantified using a Zorbax SB-C18 reverse phase
column at room temperature (2.1 mm x 150mm, 3.5 um, Agi-
lent Technologies, Santa Clara, CA, USA), protected with a Zorbax
Reliance guard-column (4.6 mm x 12.5 mm, Agilent Technologies).
The injection volume was 20 pl. The gradient used contained sol-
vent A (water, 0.1% formic acid) and B (methanol, 0.1% formic acid)
starting at 5% B for 0.5 min, ramping to 90% B over 6 min, holding at
90% B for 1.5 min and re-equilibrating with 5% B for 5 min at a flow
rate of 0.300 ml/min. Mass spectrometry detection was performed
using positive electrospray ionization, monitoring the mass tran-
sitions 229.2 — 113.0 and 232.2 — 116.0 for 2’-deoxyuridine and
[2-13C,1,3-1°N; |-2'-deoxyuridine, respectively.

For the alternative uracil-release method, uracil was quantified
using a hydrophobic interaction liquid chromatography column
(2.1mm x 100 mm, 3.5 wm, Atlantis HILIC Silica column, Waters
Corporation, Milford, MA, USA). The injection volume was 10 .l
and the HPLC was run at 0.200 ml/min isocratically with 95%
acetonitrile and 5% 2 mM ammonium formate. Detection was per-
formed using negative electrospray ionization, monitoring the
mass transitions 110.9 — 41.9 and 114.1 — 43.9 for uracil and [2-
13C,1,3-15N, ]-uracil, respectively.

3. Results
3.1. Method development

3.1.1. MS/MS analysis

We used tandem mass spectrometry to validate our method’s
specificity. MS/MS spectra revealed ions with m/z values of 113.0
and 116.0, which correspond to the uracil and isotopically labeled
basein the internal standard (IS), respectively. The m/zvalues 117.0,
99.0, and 81.1 were found in both dUrd and IS and correspond
to 2-deoxyribose and 2-deoxyribose without one or two water
molecules, respectively (Fig. 1A).

3.1.2. A precursory HPLC step is essential for sample purity

The analysis of dUrd is complicated by naturally occurring
[13C]-2'-deoxycytidine (['3C]-dCyd), which is isobaric with dUrd.
Although dUrd and dCyd are apparently well separated by reverse-
phase chromatography, the relative abundance of dCyd over dUrd
in DNA is so high that the [!3C]-dCyd peak tail (~1.1% of all car-
bon) will obfuscate the dUrd peak, consequently interfering with
the subsequent MS analysis. To circumvent this problem, we used
a reverse-phase column with embedded weak acidic ion-pairing
groups (hereafter referred to by its brand name, Primesep 200),
with which dUrd elutes well before dCyd (Fig. 1B). However, dUrd
is weakly retained in the column and elutes near or with the
void volume, resulting in ion suppression from ions present in
the reaction buffer, which compete for ionization with the ana-
lyte of interest (dUrd, data not shown). To avoid this, we employed
a precursory HPLC step with a Primesep 200 column to rid the
samples of dCyd and increase sensitivity and then analyzed the
dUrd concentration with a reverse-phase C18 column coupled
to a mass spectrometer. We also tested a standard C18 column
for the precursory HPLC step, but found that enough dCyd co-
eluted with the dUrd fraction that dCyd deamination occurred

[*Cl-dCyd —Unfractionated
A dUrd [FC*N,]-dUrd B 6.0x10° -C18 pre-HPLC
RS ﬁ ., =Primesep 200
"1“‘ i ‘o"-... 6 )
2HO o T, Q“ 2HO of (\’NH 4.010 PIHPEG
H,0 4 ““_ = -HO 11' ) . 3 —
"7, oy o i Tvo R o e @ 2.0x106 dUrd
p Saus Q 0
OH H % 1 2 3 ]
8 1.5x104 .
Emw 113.0 6.0x107 116.0 £ ':
9 soxt0r e 1.0<10% 4 Il.
2 ) ] 1
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Fig. 1. Optimized LC/MS/MS conditions ensure method specificity. (A) MS/MS spectra of 2'-deoxyuridine (m/z 229) and [2-3C,1,3-'°N]-2'-deoxyuridine (m/z 232.1) showing
parent [MH]* to product ion transitions. The proposed origins of key fragments are indicated. Note that the collision energy was tuned to acquire spectra with more
fragments to demonstrate the fragmentation pattern of dUrd. The final settings were optimized for the specific mass transitions analyzed. (B) Effect of precursory HPLC
step with PrimeSep 200 and standard reverse phase C18 columns on LC/MS/MS chromatograms. Note that both chromatograms represent the same data displayed with a
different y-axis scale. In the lower panel, the range to 1.5 x 10% has been expanded to visualize chromatographic tailing and the problems related to [*C]-dCyd when using
C18 column for pre-HPLC. The dUrd peak is obscured by the [*C]-dCyd peak tail in the absence of fractionation (dashed red line). Using both C18 (solid black line) and
Primesep 200 (solid blue line) columns overcome dUrd peak obfuscation by the ['3C]-dCyd peak, but the C18 column retains some dCyd, leading to a ['*C]-dCyd peak in the

LC/MS/MS step as well as a higher dUrd peak, probably due to dCyd deamination.
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Table 1

Summary of statistics for method validation. Deuracilated salmon sperm DNA
samples were spiked with 5, 15, and 100 fmol dUrd to determine accuracy and
intra/inter-day precision.

dUrd spike Accuracy (% Intra-day Inter-day
(fmol) theoretical value) precision (CV %) precision (CV %)
5 94.0 13.6 15.0

15 97.0 13.1 124

100 91.9 2.6 2.6

Mean 943 9.7 10.0

n 18 6 18

between the precursory HPLC step and the LC/MS/MS analysis
(Fig. 1B).

An additional advantage of employing a precursory HPLC step is
that it provides a convenient opportunity to quantify all dNs prior
to LC/MS/MS analysis, thereby allowing accurate quantification of
dUrd per dNs. We compared the DNA concentration measured by
spectrophotometry of 5 g salmon sperm DNA with the calculated
concentration by HPLC-UV on three separate days and found 99.9%
recovery after hydrolysis with a CV of 8.34%.

3.1.3. Determination of range, linearity, detection limit, precision,
and accuracy

We determined the range, linearity, and detection limit for
dUrd quantifications by making standard curves in both water and
deuracilated DNA. Triplicate standard curves of dUrd in water con-
taining 5-200 fmol dUrd and 40 fmol IS were analyzed on three
different days (r2=1.0000), demonstrating near perfect linearity
(Supplementary Fig. 1). Deuracilated DNA prepared by UNG-
treatment and isopropanol precipitation of 5 g salmon sperm DNA
was spiked with 5, 15, and 100 fmol dUrd and assayed in sets of
six replicates. The mean observed accuracy for these samples was
94.3%, and the intra- and inter-day CV values were 9.7 and 10%,
respectively. The lower limit of quantification was found to be
5 fmol dUrd (CV 15% n=18). The data are summarized in Table 1.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.dnarep.
2013.05.002.

3.1.4. Sample contamination with intracellular
2'-deoxyribonucleotides causes overestimation of genomic dUrd

We tested whether cellular dUMP and dCMP could possibly
interfere with dUrd analysis due to co-purification with DNA.
Importantly, dCMP and dCyd (as well as dCyd in ssDNA) are deam-
inated more than two orders of magnitude faster than dCyd in
dsDNA [3]. To this end, we pre-treated DNA samples with alkaline
phosphatase and then precipitated the DNA. Our hypothesis was
that dUMP and dCMP would co-purify with DNA to a larger extent
than dUrd. Indeed, we found that up to 98% of measured dUrd in
commercially prepared DNA was removed after phosphatase treat-
ment and precipitation (Fig. 2A). DNA isolated in our laboratory
showed similar results (data not shown).

3.1.5. Overcoming dCyd deamination during sample work-up

Three main factors have been demonstrated to affect cytosine
deamination in purified DNA samples: temperature, pH, and the
degree to which DNA is denatured [3,37,38]. Taking this into con-
sideration, we made efforts to minimize dCyd deamination during
sample work-up and analysis. Several methods used by other
laboratories involve heat-denaturation of DNA prior to enzymatic
hydrolysis [27]. We found that DNA denaturation by heating to
95°C for 5-20 min increases the dUrd signal approximately 1.7-
and 2.7-fold, respectively (Fig. 2B). To avoid deamination during
work-up and analyses, we optimized reaction time and buffer
conditions, concluding with enzymatic hydrolysis at pH 6-7.6

and 37°C for 50 min using DNase I, nuclease P1, and alkaline
phosphatase. To test the rate at which dUrd is introduced under
these reaction conditions, we assayed the amount of dUrd gen-
erated during sample analysis over time. We found a constant
deamination rate of 4.805x 103 +5.9x 10~> dUrd/10° bp/min
(R2=0.9964, n=12, Fig. 2C). This corresponds to 1.059 x 10~2
dUrd/108 dCyd/min, which is in line with previously reported
values of dCyd deamination rates of 2.6x1072, 1.2x1073,
and 4.8 x 107> dUrd/10% dCyd/min for deoxyribonucleosides,
single-stranded DNA, and double-stranded DNA, respectively
[3]. Subtracting the deuracilated DNA control from the normal
samples yielded a constant value regardless of the time point (0.66
dUrd/108 bp); however, the variation between replicate experi-
ments increased with reaction time due to increasing background.
Thus, we included a deuracilated DNA control in all sample batches
to control for in vitro-generated dUrd.

It has been reported that alkaline phosphatase contained mea-
surable dCyd deaminase activity [28,29]. We substituted dCyd for
DNA to the equivalent of ~2 g (10.5 nmol) and carried out mock
hydrolysis with all enzymes, only alkaline phosphatase, and no
enzymes. The amount of dUrd per dCyd in the untreated samples
was statistically indistinguishable from that of the samples con-
taining either all enzymes or only alkaline phosphatase (data not
shown), which strongly suggests that none of the enzyme prepa-
rations employed contained dCyd deaminase activity under our
reaction conditions. We therefore did not employ dCyd deaminase
inhibitors.

3.1.6. dUrd quantification by DNA hydrolysis is more robust than
U quantification by U excision

Several groups have employed UNG to excise uracil for GC
or LC/MS analysis [26,32]. To compare this strategy to the dUrd
method, we used UNG to excise U from DNA and measured U
by a hydrophobic interaction chromatography column coupled to
the same mass spectrometer used for dUrd quantification. First,
we spiked U into deuracilated DNA and determined that the limit
of quantification for this assay was 5fmol. Then, we measured
genomic U in DNA that had been heated to 95°C. The results
were similar to those obtained by DNA hydrolysis (Fig. 2B). We
also assayed genomic uracil using both the DNA hydrolysis and U
excision on DNA isolated using either phenol:chloroform:isoamyl
alcohol isolation or a column-based kit (Supplementary Fig. 2). The
level of genomic dUrd was similar regardless of the DNA isolation
method when assayed using the DNA hydrolysis method, but signif-
icantly different in UNG2 deficient cells when using the U excision
method (P=0.0275,n=3).This indicates that DNA hydrolysis is both
more robust and reproducible than the U excision method.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.dnarep.
2013.05.002.

3.2. Genomic uracil in human and mouse cells proficient or
deficient in UNG-activity

We tested the biological applicability of our method by compar-
ing the levels of genomic dUrd in mammalian cell lines. First, we
compared two lymphoblastoid cell lines: one with UNG-deficiency
derived from a patient with a homozygous mutation substituting
Ser with Phe (UNG2-F251S) and one with functional UNG derived
from an individual with a heterozygous mutation substituting Arg
with Cys (UNG2-R88C) [36]. The UNG2-R88C mutation has recently
been reported in the NCBI SNP database (rs151095402) with a
frequency of the C/T heterozygote of 0.003 in a cohort of >1500 indi-
viduals in the NHLBI Exome Sequencing Project. Furthermore, the
UNG2-R88C cell line’s overall uracil excision activity has been mea-
sured and is comparable to that in other UNG-WT human tissues
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Fig. 2. Sample contamination with intracellular 2’-deoxyribonucleotides and in vitro dCyd deamination leads to overestimation of genomic dUrd. (A) Alkaline phosphatase
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(B) Denaturation of salmon sperm DNA by heating at 95 °C in water induces dCyd deamination and increases genomic dUrd or U content in time-dependent manner. (C)
Prolongation of sample work-up procedure increases the amount of measured dUrd. Salmon sperm DNA samples as well as deuracilated controls were hydrolyzed at pH

6-7.6 and 37 °C for 50 min, 6 h, and 9 h. In vitro dCyd deamination occurs at the constant

and cell lines, whereas the UNG2-F251S is devoid of in vitro uracil
excision activity [39,40]. We assayed genomic dUrd in these human
celllines in three separate experiments and found an 11-fold higher
level of dUrd per base pair in the UNG2-F251S line (1.10+0.13
dUrd/106 bp, CV 11.6%), as compared with the UNG2-R88 C line
(0.105+0.014 dUrd/106 bp, CV 13%) (Fig. 3A).

We also quantified genomic dUrd in Ung-proficient and
Ung-deficient mouse embryonic fibroblasts (MEFs) in triplicate
experiments (Fig. 3B). We found a 5-fold higher genomic dUrd level
in the Ung~/~ line (0.344 +0.023 dUrd/10° bp, CV 6.76%) as com-
pared with the Ung*/* line (0.072 4+0.006 dUrd/10° bp, CV 8.59%).
These experiments also suggest that other uracil-DNA glycosylases
(e.g. SMUGT1, TDG, and MBD4 [1]) cannot compensate for the lack
of uracil-DNA glycosylase activity in the absence of UNG2.

4. Discussion

Although great progress has been made in understanding the
mechanisms of base excision repair, quantitative information on
the genomic content of the DNA base lesions and intermedi-
ates involved has yielded highly divergent results. As examples,
measurements of genomic 8-oxo-7,8-dihydroguanine, uracil, and
abasic sites have given results varying by orders of magnitude for
each lesion [33,41-45].

Here, we have made efforts to improve quantification of
genomic uracil by mass spectrometry and find that the content is

rate of 4.805 x 10~3 dUrd/10° bp/min. Results represent triplicate experiments +SD.

lower than previously reported. Accurate quantification of genomic
uracil is important to understand its processing, whether present
as a lesion or as an essential intermediate in antibody affin-
ity maturation. The interplay between these two fields forms
the link between adaptive immunity and oncogenesis that has
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Fig. 3. Quantification of genomic dUrd in Ung** and Ung~/~ mouse embryonic
fibroblasts and human lymphoblastoid cell lines carrying UNG mutations. (A) UNG2
dysfunctional lymphoblastoid cells (UNG2-F251S) had 11-fold higher genomic dUrd
level than lymphoblastoid cells with functional UNG2 (UNG2-R88 C). (B) Genomic
duUrd level was 5-fold higher in Ung~/~ than in Ung*/*mouse embryonic fibroblasts.
Results represent triplicate experiments +SD.
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Fig. 4. Overview of possible errors in the methods for absolute quantification of
genomic U/dUrd. (A) Intracellular 2'-deoxyribonucleotides can co-elute with DNA
and be subsequently included in quantification. (B) Unspecific contaminants are
usually more abundant with decreasing molecular weight of the precursor ions.
(C) Differential derivatization of standards versus samples may lead to inaccuracies,
and the efficiency of derivatization is not controlled. (D) Inaccurate determination of
DNA concentration may compromise quantification. The extent of the uracil excision
reaction is not monitored. (E) Denaturation of DNA by heating to 95°C deaminates
dCyd and overestimates the final genomic dUrd measurement. (F) Deamination of
dCyd occurs at 37 °C and neutral pH. Extended incubation time during sample work-
up may artificially increase the amount of dUrd. (G) dCyd elutes before dUrd with
reverse-phase chromatography and may therefore contaminate the dUrd fraction
due to peak tailing. dCyd may then be deaminated prior to MS/MS analysis.

recently been established [13,15]. In this sense, relative quantifi-
cation of genomic uracil can be useful and in some cases preferable
to absolute quantification. For instance, several assays are DNA
sequence-specific and can therefore shed light on specific AID
off-target effects [12,22]. Nevertheless, relative assays hamper
comparison between data sets, and sequence-specific assays are
biased to the sequences they target. Indeed, the wide range of
reported values for genomic uracil suggests that reliable quan-
tification of genomic uracil (as free uracil or dUrd) is technically
problematic [31,33]. Therefore, all steps from cell lysis through
DNA isolation and analysis should be standardized and validated.
A schematic visualization of the different approaches to genomic
uracil and dUrd analyses and steps at which errors may arise is pre-
sented in Fig. 4. The DNA isolation step can be a significant error
source (Fig. 4A). We noticed that isopropanol precipitation steps
reduced the amount of measured dUrd regardless of how DNA was
isolated. Adding alkaline phosphatase prior to precipitation further
decreased the dUrd signal, presumably by removing intracellular
nucleotides (specifically dUMP and dCMP) co-purifying with DNA.

As an alternative to DNA hydrolysis and quantification of dUrd,
uracil can be excised using uracil-DNA glycosylase and directly ana-
lyzed by MS/MS (Fig. 4B) [30,31]. Uracil is inherently more prone to
background signal in MS/MS because it is a heterocyclic molecule
that resonates between non-aromatic amide and aromatic imide
tautomers, the chemical bonds in which require more energy to
break than the N-glycosylic bond between U and the deoxyribose
in dUrd. Consequently, the additional collision energy required to
break up the uracil molecule results in a higher probability of mis-
taking contaminants for the analyte. In this sense, quantification
of dUrd is advantageous to measuring U because the abundance
of interfering components is lower. Derivatizating U abrogates this
effect, but adds complexity because the degree to which U has been
derivatized cannot easily be monitored. In addition, it has proven
difficult to establish robust conditions for derivatization to the
extent that different conditions have been required to derivatize
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Fig. 5. Summary of improved genomic dUrd quantification. DNA isolation is
improved by avoiding sample heating at 56 °C. A phosphatase pre-treatment step
removes intracellular dCMP and dUMP, which otherwise co-purify with DNA. UNG2
is used to deuracilate DNA as a control processed in parallel to estimate whether
and how much dUrd is generated during the analysis. DNA hydrolysis to dNs by
nuclease/phosphatase treatment is kept short and pH neutral. A precursory HPLC
step efficiently removes dCyd from the sample. Together, it significantly improves
the accuracy of the method.

biological samples and standards (Fig. 4C) [32]. Derivatization can
be circumvented by employing hydrophilic interaction chromatog-
raphy (Fig. 4D) [26]. We tested a similar method and found the
sensitivity comparable to measuring dUrd by hydrolysis; however,
intra-sample variability was greater. Indeed, we compared DNA
samples isolated using different methods and found no variability
between DNA isolation methods when employing DNA hydrolysis,
whereas there was significant difference using the U excision assay.
This may result from our inability to gauge the extent of the U exci-
sion under these assay conditions, as well as imprecise estimation
of the DNA concentration. In contrast, the present DNA hydrolysis
method normalizes samples to the amount of dNs measured spec-
trophotometrically during the precursory HPLC step, which both
determines the extent to which DNA has undergone hydrolysis
and provides very accurate determination of DNA concentration.
We performed hydrolysis with 5, 10, 15, and 20 ug DNA and saw
no variation in dUrd measurements (data not shown). Moreover,
samples are minimally handled between precursory HPLC and
analytical LC/MS/MS, resulting in better reproducibility. Uracil exci-
sion is not necessarily inferior to DNA hydrolysis as a DNA-uracil
quantification method and its shortcomings may theoretically be
ameliorated by meticulous standardization of sample treatment,
but it is nevertheless more susceptible to intra-lab or intra-sample
variations.

Employing DNA hydrolysis to measure genomic dUrd has been
reported previously [27-29]; however, the methods reported
are prone to overestimation of genomic dUrd content for var-
ious reasons. DNA heat denaturation causes dCyd deamination
and therefore overestimates dUrd estimates several-fold (Fig. 4E)
[27]. The dCyd-containing products deaminate orders of mag-
nitude faster than double-stranded DNA during long incubation
times (6-9h at 37°C) required for complete enzymatic hydroly-
sis (Fig. 4F). We optimized experimental conditions to only require
50 min incubation at 37 °C. Decreasing this incubation time further
would potentially yield more accurate results. Finally, employment
of a normal reverse-phase column for precursory HPLC fraction-
ation of dNs with which dUrd elutes after dCyd results in a risk of
dCyd contamination in the dUrd fraction from peak tailing because
dCyd is so much more abundant than dUrd (Fig. 4G) [28]. The dCyd
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contamination is problematic both because ['3C]-dCyd is isobaric
with dUrd and because dCyd may deaminate to dUrd between
steps. To avoid that problem, we employed a reverse-phase col-
umn with weak acidic ion-pairing groups with which dUrd elutes
before dCyd. The precursory HPLC step may be omitted by com-
bining the PrimeSep200 and C18 columns with a column switcher.
A dual-column system would shorten the total analysis time and
decrease the likelihood of dUrd contamination as a result of sample
handling before LC/MS/MS analysis; however, the accuracy of the
assay would not necessarily increase. An overview of our improved
method is presented in Fig. 5.

We used the optimized conditions to measure dUrd in DNA
isolated from Ung** and Ung~/~ mouse embryonic fibroblasts
and human lymphoblastoid cell lines derived from hyper-IgM
patients carrying UNG mutations. The values reported for genomic
uracil here were lower than those reported by other groups,
approximately 400-600 dUrd per human or murine genome in
repair-proficient cells [31]. Although this alone does not prove that
our method is superior to those previously published, our demon-
stration of overestimation sources indicates that our method is
probably more reliable.
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ABSTRACT

The most common mutations in cancer are C to T transitions, but their origin has remained
elusive. Recently, mutational signatures of APOBEC-family cytosine deaminases were
identified in many common cancers, suggesting off-target deamination of cytosine to uracil
as a common mutagenic mechanism. Here we present evidence from direct mass
spectrometric quantitation of deoxyuridine in DNA that shows significantly higher genomic
uracil content in B-cell lymphoma cell lines compared to non-lymphoma cancer cell lines
and normal circulating lymphocytes. The genomic uracil levels were highly correlated with
AID mRNA and protein expression, but not with expression of other APOBECs.
Accordingly, AID knockdown significantly reduced genomic uracil content. B-cells
stimulated to express endogenous AID and undergo class switch recombination displayed a
several-fold increase in total genomic uracil, indicating that B cells may undergo widespread
cytosine deamination after stimulation. In line with this, we found that clustered mutations
(kataegis) in lymphoma and chronic lymphocytic leukemia predominantly carry AID-hotspot
mutational signatures. Moreover, we observed an inverse correlation of genomic uracil with
uracil excision activity and expression of the uracil-DNA glycosylases UNG and SMUGI. In
conclusion, AID-induced mutagenic U:G mismatches in DNA may be a fundamental and

common cause of mutations in B-cell malignancies.



INTRODUCTION

The only sources of uracil in DNA were previously thought to be misincorporation of dUMP
during DNA replication and spontaneous deamination of DNA cytosine. The discovery of
activation-induced cytidine deaminase (AID, also called AICDA) and several other
APOBEC-family enzymes as probable DNA-cytosine deaminases introduced a third possible
source (reviewed in (Kavli et al., 2007)). AID was first identified following induction of class
switch recombination (CSR) in the CH12 mouse B-cell lymphoma cell line and initially
thought to be an RNA-editing enzyme (Muramatsu et al., 1999). However, evidence that AID
was a DNA mutator in E. coli (Petersen-Mahrt et al., 2002) and its functional interaction with
uracil-DNA glycosylase UNG in adaptive immunity (Di Noia and Neuberger, 2002; Imai et
al., 2003; Rada et al., 2002), indicated that AID is a DNA-cytosine deaminase. Later several
of the other known APOBEC-family enzymes were also found to be DNA-cytosine
deaminases in vitro (Conticello, 2008; Harris et al., 2002). DNA cytosine deamination by
APOBEC-family enzymes is a natural event in both the adaptive and innate immune systems,
through targeted deamination of immunoglobulin (Ig) genes by AID and deamination of viral
DNA by APOBEC enzymes, respectively (Conticello, 2008). Despite their important
physiological functions, these host defense mechanisms entail a high risk of potentially
carcinogenic off-target genomic mutagenesis. Recent high-throughput sequencing of large
numbers of human cancer genomes showed that mutations at cytosine residues, particularly C
to T transitions, are the most prevalent mutations in human cancer, highlighting enzymatic
deamination of cytosine to uracil as a potential source of mutagenesis (Alexandrov et al.,
2013; Greenman et al., 2007; Zhang et al., 2013). However, the actual uracil level in normal
and various cancer genomes has remained elusive.

Here, a sensitive LC/MS/MS-based method for directly quantification of genomic 2'-

deoxyuridine (dUrd) was applied to demonstrate that B-cell lymphoma cell lines contain



several-fold increased levels of genomic uracil compared to normal human lymphocytes and
non-lymphoma cell lines. Genomic uracil content correlated with AID protein expression but
not with other APOBEC enzymes. In accordance with AID-generated uracil, we found that
regions of clustered mutations (kataegis) in lymphoma and chronic lymphocytic leukemia
(CLL) have a distinct AID-hotspot mutational signature. Importantly, we also show that uracil
excision capacity and expression of the uracil-DNA glycosylases UNG and SMUGI
correlated negatively with genomic uracil levels and to some extent diminished the effect of
AID. This study provides direct mechanistic evidence for genomic uracil accumulation due to

enzymatic DNA cytosine deamination in human cancers.

RESULTS

High genomic uracil levels in B-cell lymphoma cells

To investigate whether uracil in the genome may be an important factor in lymphomagenesis,
we measured genomic uracil in ten B-cell lymphoma cell lines, seven other human
transformed cell lines and in lymphocytes from three healthy human blood donors (Figure
1A). The origin and major characteristics of cell lines is displayed in Figure 1B. We found as
much as 72-fold variation in genomic uracil levels between the cell line with the highest uracil
content (DAUDI, 4.03 deoxyuridines (dU) per 10° deoxyribonucleosides (nt)) and the cells
with the lowest level of genomic uracil (A431, 0.056 dU/10° nt). Strikingly, all ten lymphoma
cell lines and four of the other transformed cell lines had significantly (p < 0.05) elevated
genomic uracil levels compared to genomic uracil in lymphocytes from blood donors. The
mean value for the genomic uracil level in B-cell lymphoma cell lines (2.5 dU/ 10 nt) was
13.2-fold higher than in blood donor lymphocytes and significantly higher (4.4-fold, p<0.001)

than the mean for non-lymphoma cell lines (0.57 dU/10° nt). This may suggest that B-cell



lymphoma cells may be exposed to enzymatic untargeted cytosine deamination throughout the

genome.

AID expression correlates with genomic uracil accumulation

AID has previously been shown to be expressed in several lymphoma subtypes (Greeve et al.,
2003; Lossos et al., 2004; Pasqualucci et al., 2004; Smit et al., 2003) and AID/APOBEC
family enzymes were suggested to contribute to mutational signatures in a number of cancers
by deaminating cytosine to uracil in DNA (Alexandrov et al., 2013). We therefore
investigated whether expression of AID and/or other APOBECs could explain the observed
variation in genomic uracil levels in the cell line panel. We first measured mRNA expression
of AID and all other APOBEC-family genes by quantitative rtPCR using GAPDH as
reference gene (Figure 2A). AID mRNA was detected in all 17 cell lines, although at highly
variable levels, but not in the normal lymphocytes from blood donors. Furthermore, AID
mRNA was substantially increased in lymphomas with high genomic uracil such that AID
mRNA had a high positive correlation with genomic uracil (R*=0.70, P<0.0001). By contrast,
APOBEC3B, -3D, -3F, and -3G mRNA content did not correlate with genomic uracil level
although they were expressed in all cell lines as well as in the normal lymphocytes (Figure
2A). mRNA of the other APOBECs (APOBECI1, APOBEC2, APOBEC3A, and APOBEC)
were detected only in some of the cell lines and mostly at very low levels (data not shown).
Although mRNA expression data is useful as a predictor of protein expression, it does not
always correlate with the actual protein levels in the cells. Thus, we quantified AID and the
APOBEC proteins by parallel reaction monitoring using a quadrupole-Orbitrap mass
spectrometer (Figure 2B). This is a highly selective method allowing quantification of many
protein targets in a single sample (Gallien et al., 2012; Peterson et al., 2012). In agreement

with mRNA data, MS quantification revealed higher amounts of AID protein in lymphoma



cells with increased genomic uracil (Figure 2B, upper panel). Furthermore, similar to mRNA
data (Figure 2A, middle panel), APOBEC3B, -3D, -3F and-3G proteins were expressed in all
cell lines (Figure 2B, middle panel), while APOBECI, APOBEC2, APOBEC3A, and
APOBEC4 were not detectable or detected at very low levels (data not shown). In general,
protein levels for AID and the APOBEC proteins (normalized to GADPH protein) correlated
well with mRNA levels (Figure 2C). As an additional control, we also quantified AID by
western analysis, which yielded results similar to the MS analysis (Figure 2D). Importantly,
AID expression significantly correlated with genomic uracil also at the protein level (R*=0.65,
P<0.0001) (Figure 2B, and Table 1), and thereby seemed to account for a large part of the
variation in genomic uracil between the cell lines. The correlation was still valid when
including only the B-cell lymphoma cell lines in the regression analysis (Table 1). No
significant correlations were observed between the other APOBEC proteins and genomic
uracil (Table 1). Thus, AID was the only APOBEC-family member that correlated with

genomic uracil in the human cancer cell lines examined here.

AID expression causes several-fold increases in genomic uracil

To investigate whether AID expression significantly increases the overall level of genomic
uracil in an otherwise isogenic background, we used stable transfectants of the mouse B-cell
lymphoma cell line CH12F3 expressing AID-YFP fusion protein, or YFP as control (Hu et
al., 2014). AID is mostly localized in the cytoplasm (Figure 3A), but is actively imported into
the nucleus where it may access the genome (Hu et al., 2013). We found that the cells
expressing AID-YFP displayed an almost six-fold higher level of genomic uracil compared to
the YFP control (Figure 3A). When appropriately stimulated, CH12F3 cells increase
endogenous AID expression and have capacity to undergo CSR. Thus next, we investigated

whether stimulation of these cell lines also increased the level of genomic uracil. A clear



induction of AID and a four-fold increase in genomic uracil were observed in stimulated
CHI12F3-YFP cells already after 48 hours (Figure 3B, upper panel). An increase in genomic
uracil was observed in the stimulated AID-YFP expressing cells as well, although this was not
significant, probably due to the high constitutive expression AID-YFP. Importantly, the
increase in genomic uracil observed after stimulation could not be ascribed to increased
replicative misincorporation of dUMP due to higher proliferation rate because stimulated
CHI12F3 cells actually reduce proliferation (Figure 3B, lower panel). Finally, we examined
the effect of knocking down AID using a lentiviral AID shRNA expressing vector. For this
experiment, we used the human B-cell lymphoma cell line SUDHLS, which exhibited high
constitutive AID expression (Figure 2B and 2D). We found that a 60% knockdown of AID
reduced genomic uracil level by 38% (p = 0.005; Figure 3C). Taken together these results
strongly support the view that enzymatic cytosine deamination is the major source of genomic

uracil in AID-expressing cells.

Uracil-DNA repair capacity is inversely correlated with genomic uracil levels

Genomic uracil is predominantly repaired by base excision repair (BER), which is mainly
initiated by the uracil-DNA glycosylase encoded by the UNG gene in human cells (Kavli et
al., 2002). We have previously shown that UNG deficiency in human and mouse cells results
in a several-fold increase in genomic uracil (Galashevskaya et al., 2013). The other uracil-
DNA glycosylases, i.e. SMUG1, TDG, and MBD4, are thought to be quantitatively less
important contributors, at least in proliferating cells (Kavli et al., 2002; Krokan and Bjoras,
2013; Pettersen et al., 2007). Furthermore, the DNA repair machinery has been shown to
protect against AID-induced mutagenesis (Hasham et al., 2010; Liu et al., 2008; Yamane et
al., 2011). Therefore, we measured uracil excision activity of cell free extracts prepared form

all cell lines against oligodeoxyribonucleotides with uracil in a U:G context. In addition, we



measured [*H]-uracil release from calf thymus DNA having uracil in a U:A context. The two
different assays gave similar activity profiles (Figure 4A). Regression analysis of uracil-
excision activity (relative to protein content in the cell extracts) against genomic uracil
content in the cells demonstrated a negative correlation (Figure 4B), although the correlation
was weak. We also calculated relative uracil excision activity per cell since the glycosylases
are predominantly nuclear enzymes and the cells tested vary in size and nucleus-to-cytoplasm
ratios (Figure 4C). Using these activity values, a stronger correlation with genomic uracil
level was observed (Figure 4D).

The UNG gene encodes both nuclear UNG2 and mitochondrial UNG1, having identical
catalytic domains but specific N-terminal domains. These isoforms are differently regulated
from two promoters (Nilsen et al., 1997; Nilsen et al., 2000). Since activity assays measure
total activity, we analyzed the isoforms by western blots. Nuclear UNG2, which is the isoform
relevant for repair of genomic uracil, was expressed in all cell lines and accounted for
approximately half of total UNG in most cell lines (Figure 4E). UNG enzymes are the most
active of the glycosylases, at least in vitro. However, each glycosylase with its specific or
complementary role may exert a significant impact on the total level of genomic uracil in
vivo. We therefore quantified all the uracil-DNA glycosylases at protein level by MS. The
relative abundance of quantified UNG protein (UNG1 and UNG2) (Figure 4F) correlated
strongly with total uracil excision activity (Figure 4G), in accordance with its presumed major
role in uracil repair. Similar to the uracil excision activity, UNG protein per cell also
correlated inversely with genomic uracil level when all cell lines were included in the
regression analysis (Table 2). Furthermore, quantified SMUGT protein (Figure 4H) correlated
negatively with genomic uracil, although more weakly. Surprisingly, however, SMUG1 was
the only glycosylase that correlated with genomic uracil when only the B-cell lymphoma

group was analyzed (Table 2). In addition, the AID/SMUGI protein ratio displayed



significantly higher correlation with genomic uracil in the B-cell lymphoma group (R*= 0.65)
compared to AID alone (R2 = 0.42). No significant correlations were found for TDG or
MBD4 proteins and genomic uracil (Figure 4H) when analyzed separately (Table 2) or in

combination with AID or other glycosylases.

Cell doubling time, genomic uracil content and repair capacity in cell cycle phases

In cells that do not express AID, one would predict that genomic uracil from misincorporation
of dUMP during replication should result in increased genomic uracil in cells with short
doubling time, as suggested previously (Andersen et al., 2005b). Indeed, we observed a
significant inverse relationship between genomic uracil and doubling time in non-lymphoma
cancer cells (R2= 0.57; p = 0.048; Figure 4I). Furthermore, since AID has been shown to act
in the G; phase of the cell cycle (Ordinario et al., 2009; Schrader et al., 2007; Sharbeen et al.,
2012), one would expect that the lymphoma cell lines with long doubling times might have
higher genomic uracil levels than those with shorter doubling time. However, we did not find
a significant positive correlation with doubling time (R*= 0.27; p = 0.12), although the curve
was apparently different from that of the non-lymphoma cell lines (Figure 41).

As mentioned above, we found an inverse correlation between genomic uracil and both total
uracil excision capacity, and with SMUGI] and UNG protein levels. Nuclear UNG2
expression peaks during G;/S-phase transition and during S-phase and is expressed at a lower
level in late S-phase, G, and early G, (Hagen et al., 2008; Hardeland et al., 2007). In contrast,
TDG is mainly expressed in the G; phase of the cell cycle (Hagen et al., 2008; Hardeland et
al., 2007). Thus, TDG might have a role in counteracting untargeted generation of U:G
mismatches by AID in G, although correlation studies did not give indications of this.
SMUGT is not cell cycle regulated (Pena-Diaz et al., 2013) and may contribute in all cell

cycle phases, but is a rather slow acting enzyme (Kavli et al., 2002). To explore the relative



contribution of the uracil-DNA glycosylases in in vifro complete BER of uracil in different
parts of the cell cycle, we synchronized HeLa cells by double thymidine block (Hagen et al.,
2008), prepared nuclear extracts from the different cell cycle phases (monitored by flow
cytometry) and applied an assay for complete BER of U:G mismatches in DNA (Akbari et al.,
2004; Akbari et al., 2009; Visnes et al.,, 2008). To examine UNG, SMUG1 and TDG
separately, we used a combination of neutralizing antibodies against UNG, SMUGI1 and
TDG. UNG was found to be a major contributor to initiate BER in all phases of the cell cycle,
but SMUG1, and particularly TDG, contributed significantly in G; and G, (Figure 4J). Thus, a
role of TDG and SMUGT! in BER of U:G mismatches in the G; phase, and a smaller role in

the S-phase would seem likely from our in vitro data.

Lymphomas and CLL carry a distinct AID-hotspot mutational signature in kataegis
regions

Large scale genome sequencing of cancers has produced the novel observation that several
cancers carry localized hypermutation, named kataegis, in small regions that are also
associated with genomic rearrangements. The mutational signatures observed in most cancer
types with kataegis (acute lymphoblastic leukemia (ALL), lung adenocarcinomas, breast,
pancreas, and liver cancer) suggest an association with APOBEC3 enzymes, with a strong
enrichment of C to T transitions and C to G transversions at TpCpN sequence contexts
(Alexandrov et al., 2013). As mentioned, these kataegis patterns might be different from those
found in lymphomas and CLL (Alexandrov et al., 2013), though this was not explored in
detail in their comprehensive paper. We therefore reanalyzed these exome sequencing data
from kataegis regions of lymphomas and CLL and compared them to kataegis regions in
cancers with typical APOBEC signatures (Figure 5). The preferred sequence for C to T

mutation in kataegis regions of B-cell lymphomas and CLL revealed a target sequence that

10



overlap with the known AID hotspot motif (WRCY W=A/T, R=purine, Y=pyrimidine). The
general mutational pattern for C to T transitions in lymphomas and CLL was AGCT, rather
than TCA/T for the other cancer types with kataegis (Figure 5B). This strongly implicates
AlD-induced genomic uracil formation in the development of localized hypermutation in B-
cell malignancies, in accordance with our genomic uracil measurements and the published
associations between AID and lymphomas (Bodor et al., 2005; Deutsch et al., 2007; Greeve et
al., 2003; Hardianti et al., 2004; Lossos et al., 2004; Pasqualucci et al., 2004; Smit et al.,

2003) and CLL (McCarthy et al., 2003; Palacios et al., 2010).

DISCUSSION

A major finding in our study is that AID expression is apparently a predominant source of
genomic uracil in B-cell lymphoma cell lines. In general agreement with other studies
(Greeve et al., 2003; Lossos et al., 2004; Pasqualucci et al., 2004; Smit et al., 2003) we find
that AID is expressed in a large fraction of the lymphoma cell lines. AID is normally only
expressed in activated germinal center B-cells (Crouch et al., 2007, Muramatsu et al., 1999)
and at low but detectable levels in early developing B-cells in the bone marrow (Han et al.,
2007). This is apparently a risky process because AID strongly promotes the generation of
germinal center-derived lymphomas (Kotani et al., 2007; Pasqualucci et al., 2008; Smit et al.,
2003), in which off-target activity of AID may contribute to point mutations and
translocations during lymphomagenesis (Hakim et al., 2012; Klein et al., 2011; Liu et al.,
2008). Recently, high-throughput sequencing of complete human cancer genomes and exomes
revealed distinct mutational signatures compatible with mutagenesis by APOBEC-family
enzymes in several common human cancers. This suggests that enzymatic off-target
deamination of DNA-cytosine to uracil might be a major cause of mutation in human cancers

(Alexandrov et al., 2013; Greenman et al., 2007; Zhang et al., 2013). However, direct
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evidence from measurements of uracil in the cancer genomes is largely missing. There is also
a lack of information on the modulating effects of uracil repair proteins, as well as other
proteins that may influence genomic uracil levels.

Importantly, we found that endogenous AID-induction in CH12F3 mouse B-cells increases
genomic uracil four-fold, from approximately 750 to 3000 uracils per genome already after 48
hours. It is unlikely that this substantial increase can be confined to target regions in the Ig
genes. Therefore, the increase in genomic uracil levels following endogenous AID expression
indicates that even transiently induced AID expression during CSR causes widespread
cytosine deamination. We also found that recombinant AID overexpression further increases
genomic uracil, whereas AID knockdown decreases it. It therefore appears to be rather clear
that AID expression is the cause of genomic uracil accumulation, presumably as U:G
mismatches, in B-cell lymphomas. In contrast, expression of other APOBEC-family members
did not clearly correlate with genomic uracil levels. This does not rule out these as DNA
mutators in cancer cells, particularly since we only examined seven non-lymphoma cell lines.
Low levels of enzymatic cytosine deamination may be overshadowed by dUMP
misincorporation and spontaneous cytosine deamination. In addition, the strong effect of AID
in B-cell lymphomas may obscure contribution of other APOBEC enzymes. A contribution
from APOBECs may become significant over time and help drive transformation from normal
cell to cancer cell, as indicated by mutational signatures (Alexandrov et al., 2013; Burns et al.,
2013).

Although AID expression levels correlated with variation in genomic uracil in the cells we
tested, our results indicate that additonal factors may modulate genomic uracil levels. The
most obvious factor would be uracil repair capacity, which varies considerably between cell
lines, and dUMP incorporation. We have previously shown that UNG is a rate-limiting factor

in complete in vitro BER of genomic uracil (Visnes et al., 2008) although UNG and SMUGI
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may have complementary roles in uracil repair (Kavli et al., 2002; Nilsen et al., 2001;
Pettersen et al., 2007) and in the prevention of mutagenesis (An et al., 2005). Studies on UNG
" cells have documented an important function for UNG in keeping genomic uracil levels low
(Galashevskaya et al., 2013). However, the complete absence of any BER factor is a dramatic
and rare event, whereas several-fold variation is rather common, at least in transformed cells.
Earlier work demonstrated that AID-induced mutagenesis was counteracted by UNG, which
initiates U:G DNA repair (Liu et al., 2008). Our data showed that UNG and SMUG1 protein
levels both correlated inversely with genomic uracil, with UNG showing the strongest
correlation across all cells, while only SMUGI correlates significantly in the lymphoma cell
lines. Consequently, these results indicate that BER protein levels do affect genomic uracil.
These results do not in themselves, however, necessarily reveal the relative importance of
individual glycosylases for in vivo BER. We therefore made an effort to analyze the role of
the glycosylases independently, using an assay for complete BER based on nuclear extracts
from synchronized HeLa cells and a plasmid containing a single uracil. The results indicated
that overall, UNG is the main contributor in initiating BER of uracil, at least in HeLa cells.
However, SMUG1 and TDG may contribute significantly in G, (and G;), which is also the
time when AID is most active.

It is thought that U:G mismatches arising from AID in Ig genes and U:G from spontaneous
deamination are processed by different mechanisms. Indeed, in order for SHM and CSR to be
successfully carried out, canonical uracil DNA repair may be locally suppressed. One factor
contributing to this may be transcription factor E2A, which induces AID (Hauser et al., 2008;
Wallenius et al., 2014), but represses both UNG-expression and its binding to relevant regions
in the Ig genes (Wallenius et al., 2014). Furthermore, p53 is actively reduced in germinal
center B cells, presumably to allow mutagenic processing required for antibody maturation

(Phan and Dalla-Favera, 2004). Although complex, the evidence that AID may drive
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carcinogenesis is well supported. In mice, AID expression was shown to be required for
translocations between Ig loci and proto-oncogenes, a hallmark of several human B-cell
lymphomas (Kuppers and Dalla-Favera, 2001). In contrast, AID knockout mice have fewer
translocations (Dorsett et al., 2007) and accumulate fewer mutations in genes linked to B cell
tumorigenesis (Liu et al., 2008). AID expression has also been shown to confer a mutator
phenotype in established lymphomas (Bodor et al., 2005; Deutsch et al., 2007; Hardianti et
al., 2004), but the role of AID in cancer progression remains unsettled (Leuenberger et al.,
2010; Lossos et al., 2004; Willenbrock et al., 2009). Interestingly, AID expression has been
reported in numerous cancers of non-B-cell origin, including breast, prostate, stomach, liver,
and lung (Orthwein and Di Noia, 2012). It would be interesting to investigate whether
aberrant AID expression also confers high genomic uracil levels in these cancers.
Interestingly, Ung'/' mice have roughly a 20-fold higher frequency of B-cell lymphoma
compared with wild-type mice, but no apparent increase in other cancer types (Andersen et
al., 2005a; Nilsen et al., 2003). A straightforward explanation for this observation would be
that SMUG1 and TDG together with MMR may compensate for UNG-deficiency in most
tissues, but not in B-cells expressing AID, due to their increased genomic uracil levels.

A central role for AID-induced mutagenesis in lymphomas is also indicated by the AID-
hotspot signature in the kataegis regions of a random selection of all lymphomas and CLLs
(Figure 5). We find that the kataegis AID-hotspot signature is not limited to lymphomas, but
is also present in CLL, which overlaps with the category small lymphocytic lymphoma.
Indeed, AID expression as cause of an ongoing mutator phenotype has been suggested for
both lymphomas (Bodor et al., 2005; Deutsch et al., 2007; Hardianti et al., 2004) and CLL
(McCarthy et al., 2003; Palacios et al., 2010). Interestingly, progression of established cancers
through expression of AID was also demonstrated in other blood cell cancers, such as ALL

(Gruber et al., 2010) and chronic myelogenous leukemia (CML), in which AID expression
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may lead to fatal lymphoblastoid crisis (Klemm et al., 2009). Thus, AID may be involved in
development and progression of B-cell malignancies, and possibly only in late stage
progression of other blood cell malignancies. This would be in agreement with the lack of an
overall AID signature in ALL, as observed in our study.

In conclusion, we found that the level of genomic uracil is increased several-fold in B-cell
lymphoma cell lines, correlating highly significantly with AID expression. Furthermore, the
function of AID as a cytosine deaminase was demonstrated by increased genomic uracil levels
after induction of AID, as well as after AID overexpression. Other factors, including
expression levels for uracil-DNA glycosylases and cell doubling time may modulate genomic

uracil levels, but AID levels remain the strongest predictor.

Upon preparation for submission of our manuscript, a paper in press that in part overlaps with
our results became available. Using a different method that indirectly measures relative
genomic uracil levels the authors reported increased uracil in DNA from AID expressing B-

cell lymphoma and CLL cells (Shalhout et al., 2014).
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Materials and methods

Cell lines, cultivation, and reagents

Human cell lines HeLaS3 (ATCC CCL-2.2™), HEK293T (ATCC CRL-11268™), and U20S
(ATCC HTB-96™) were from ATCC. L428 (DSMZ ACC 197), DU145 (DSMZ ACC 261),
KARPAS422 (DSMZ ACC 32), T24 (DSMZ ACC 376), DOHH2 (DSMZ ACC 47),
SUDHL4 (DSMZ ACC 4956), JIN3 (DSMZ ACC 541), SUDHL5 (DSMZ ACC 571),
SUDHL6 (DSMZ ACC 572 6), RAMOS (DSMZ ACC 603), RL (DSMZ ACC 613), DAUDI
(DSMZ ACC 78 5), A431 (DSMZ ACC 91) were from DSMZ. OCILY3 was a gift from Dr.
L.M. Staudt, Metabolism Branch, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA. “Buffy” 1-3 lymphocytes were purified
from buffy coats from healthy blood donors using the Lymphoprep™™ (Progen) kit according
to the manufacturer’s protocol. HeLaS3, HEK293T, T24, A431, DU145, and U20S cells
were cultured in DMEM (4500 mg/I glucose) with 10% FCS, 0.03% L-glutamine, 0.1 mg/ml
gentamicin and 2.3 pg/ml fungizone at 37 °C and 5% CO,. DAUDI, DOHH-2, KARPAS,
RAMOS, SU-DHL-4, SU-DHL-6, OCILY-3, L-428, RL, SU-DHL-5, and JIN3 cells were
cultured in RPMI-1640 with 4500 mg/1 glucose, 0.03% L-glutamine, Pen-Strep (1x final), 0.1
mg/ml gentamicin, and 2.3 pg/ml fungizone, and 20% heat inactivated (56 °C, 20 min) FCS at
37 °C and 5% CO,. For quantitative rtPCR and uracil measurements cells were harvested at
densities between 750 000 - 2 million cells/ml.

Cell doubling times for suspension cells were measured using a Countess” cell counter
(Invitrogen) by two parallel daily measurements for three to five day periods from cell
densities of 50 000 - 200 000 cells/ml to one to three million cells/ml. For adherent cells,
doubling time was measured in 96 well plates (3-6 parallel wells; starting density 50 000

cells/ml) for a three day period by daily fluorescent measurement of resazurin (Sigma)
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metabolism according to the manufacturer’s protocol. Doubling times were calculated by
exponential regression.

SUDHLS AID knockdown and control cells were made using Open Biosystem TransLenti
Viral Packaging Mix, pTRIPZ AICDA shRNA (RHS4741-EG57379; vectors V2THS 58282,
58283, and 58319) or pTRIPZ Non-Silencing Control vector according to the manufacturer's
protocol. Briefly, lentiviruses were produced in HEK293T cells, then supernatant from three
consecutive days 48 h after HEK293T transfection were used to infect SUDHLS cells.
Infected SUDHLS cells were amplified for another 48 h and then selected with 2 pg/mL
puromycin for 30 days. Expression was induced with 1 pg/mL doxycycline. CHI12F3 AID-
EYFP and EYFP stable transfectants, confocal microscopy, and stimulation experiments were
described previously (Hu et al., 2013). CH12F3 cells (2)(106 cells/ml) were cultured in RPMI
medium, with 10% heat-inactivated fetal calf serum, 0.03% I-glutamine, 50 pM -
mercaptoethanol, 1 mM Na-pyruvate, 0.1 mg/ml penicillin/streptomycin, 2.3 pg/ml
fungizone, and 1.0 mg/ml G418. CHI12F3 cells were stimulated to undergo class switch
recombination by adding 10 ng/ml mouse recombinant IL-4 (Peprotech), 2 ng/ml anti-mouse
CD40 monoclonal antibody (BD Biosciences) and 1 ng/ml human TGF-B1 (Peprotech) and
harvested 48 h post stimulation for DNA and protein isolation. Western analysis of AID
protein expression was performed using mouse anti-AID monoclonal antibody #39-2500,
clone ZA001, 500 ng/ml (Invitrogen). Nuclear extracts from synchronized HeLa cells were

prepared essentially as described (Hagen et al., 2008; Visnes et al., 2008).

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA for mRNA analysis was prepared using the mirVana miRNA isolation kit
(Ambion) according to the manufacturer's instructions. RNA concentration and quality was

measured on a NanoDrop ND-1000 UV-Vis spectrophotometer. Total RNA (770 ng) was
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reverse transcribed for gene expression analysis using TagMan reverse transcription reagents
(Applied Biosystems). The following TagMan gene expression assays (Applied Biosystems)
were used: AID (Hs00757808 ml), UNG (Hs00422172_m1l), SMUGI (Hs04274951 ml),
TDG (Hs00702322 s1), MBD4 (Hs00187498 ml), APOBEC1 (Hs00242340 ml),
APOBEC2 (Hs00199012_m1), APOBEC3A (Hs00377444 ml), APOBEC3B
(Hs00358981_m1), APOBEC3C (Hs00819353 ml), APOBEC3D (Hs00537163_ml),
APOBEC3G  (Hs00222415 ml), APOBEC3F  (Hs01665324 ml), @ APOBEC3H
(Hs00419665_m1), APOBEC4 (Hs00378929 ml), and GAPDH (Hs99999905 ml).
Quantitative PCR was carried out on a Chromo4 (BioRad) real-time PCR detection system.
Relative expression of mRNA was calculated by the ACt method using GAPDH as
endogenous control. Regression analyses were done using GraphPad Prism where data were

fitted by linear regression (log/linear(X) vs. log/linear(Y)) as indicated.

Quantification of uracil in DNA by LC/MS/MS

Genomic uracil was quantified as previously described (Galashevskaya et al., 2013). Briefly,
DNA was isolated by phenol:chloroform:isoamyl extraction, treated with alkaline
phosphatase to remove free deoxyribonucleosides, and then enzymatically hydrolyzed to
deoxyribonucleosides. Deoxyuridine (dU) was then separated from deoxycytidine (dC) by
HPLC fractionation using a reverse-phase column with embedded weak acidic ion-pairing
groups (2.1 mm x 150 mm, 5 pm, Primesep 200, SIELC technologies), using a
water/acetonitrile gradient containing 0.1% formic acid. The dU fraction was finally analyzed
by ESI-LC/MS/MS using a reverse phase column (2.1 mm x 150 mm, 3.5 pm, Zorbax SB-
C18, Agilent Technologies), using a water/methanol gradient containing 0.1% formic acid on

an API5000 triple quadrupole mass spectrometer (Applied Biosystems) in positive ionization
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mode. A small fraction of the hydrolyzed deoxyribonucleosides were quantified by

LC/MS/MS in parallel and used to determine the amount of dU per 10 deoxyribonucleosides.

In vitro uracil DNA excision activity and complete BER assays

Standard UDG activity assay was performed as described (Kavli et al., 2002). Briefly, 20 pl
reaction mixtures containing (final) 1.8 pM nick translated [3H]-dUMP-labe1ed calf thymus
DNA (U:A substrate), 1x UDG buffer (20 mM Tris-HCI, pH 7.5, 60 mM NaCl, 1 mM DTT, 1
mM EDTA, 0.5 mg/ml BSA) and 1 pg whole cell extract were incubated at 30°C for 10 min.
Acid-soluble [*H] uracil was quantified by scintillation counting. Whole cell extracts was
prepared as described (Akbari et al, 2004). Oligodeoxynucleotidle UDG assays were
performed as described (Kavli et al., 2002). Briefly, double-stranded DNA substrates were
generated by annealing 6-FAM-labeled oligonucleotides containing a centrally positioned
uracil in an AID-hotspot (5’-CATAAAGAGUTAAGCCTGG-3’; Eurogentec) to
complementary strands containing G opposite U. Activity was measured in 10 pl assay
mixtures containing (final) 20 nM substrate, 1x UDG buffer and 0.4 pg cell extract, and
incubated at 37°C for 10 min. Reactions were stopped and AP-sites were cleaved by addition
of 50 ul 10% piperidine followed by incubation at 90°C for 20 min. Product and substrate
were separated on PAGE, scanned on Typhoon Trio imager and quantified using ImageQuant
TL software (GE healthcare).

BER assays were carried out essentially as described (Akbari et al., 2004; Visnes et al., 2008).
Briefly, 10 pg nuclear extract was incubated with 250 ng cccDNA (covalently closed circular
DNA) substrates in final concentrations of 40 mM HEPES-KOH, 70 mM KCl, 5 mM MgCl,,
0.5 mM DTT, 2 mM ATP, 20 uM dATP, 20 uM dGTP, 20 uM dTTP, 8 uM dCTP, 4.4 mM
phosphocreatine, 62.5 ng/ul creatine kinase and 50 nCi/pl [a->*P]dCTP in a final volume of

40 pl. Reactions were incubated for 25 min at 37°C and stopped by addition of EDTA (18
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mM final) and 6 ng RNaseA and incubated at 37°C for 10 min followed by the addition of
SDS (0.5% final) and 12 pg proteinase K. DNA was extracted by phenol/chloroform and
precipitated in ammonium acetate/ethanol and digested with Xbal and HincIl (New England
Biolabs). Following 12% PAGE, bands were visualized and quantified using ImageQuant
software (Fujifilm). We investigated relative contribution of SMUG1, TDG and UNG?2 to the
initiation of uracil repair by pre-incubating extracts with neutralizing antibodies to SMUGI
(0.11 pg/pl final concentration), UNG (0.3 pg/ul final concentration), and/or neutralizing anti-

serum towards TDG (1:50 dilution) on ice for 30 min prior to the reaction.

Flow cytometric analysis of cell cycle

Cells were fixed in 70% methanol, washed twice with PBS, and then treated with 50 pl
RNaseA (100 pg/ml in PBS) at 37 °C for 30 min prior to DNA staining with 200 pl propidium
iodide (50 pg/ml in PBS) at 37 °C for 30 min. Cell cycle analyses were performed using a

FACS Canto flow cytometer (BD-Life Science).

Sample preparation and targeted mass spectrometry

Cell pellets were resuspended in 1x packed cell volume in buffer I: 10 mM Tris-HCl pH 8.0,
200 mM KCl, 1x complete protease inhibitor, and 5x phosphatase-inhibitor cocktails I and 1T
(Sigma-Aldrich), 10 uM Suberoylanilide hydroxamic acid (SAHA) (Cayman Chemicals) and
0.05 uM, Ubiquitin Aldehyde (Biomol International LP) followed by addition of an equal
final volume of buffer II: 10 mM Tris-HCI1 pH 8.0, 200 mM KCI, 10 mM EGTA, 10 mM
MgCl,, 40% glycerol, 0.5% NP40, 1 mM DTT, 1x complete protease inhibitor, and 5x
phosphatase-inhibitor cocktails I and II (Sigma-Aldrich), 10 pM suberoylanilide hydroxamic
acid (SAHA) (Cayman chemicals) and 0.05 uM, Ubiquitin Aldehyde (Biomol International

LP) containing an endonuclease cocktail of 200 U Omnicleave (Epicenter Technologies), 2 U
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DNase I (Roche Inc.), 250 U Benzonase (EMD), 100-300 U micrococcal nuclease (Sigma-
Aldrich), and 10 ng RNase A (Sigma-Aldrich) per 1 mL of buffer II. After resuspension, the
lysates were incubated for 1.5 h at 4 °C in a roller. 50 pg protein of cell lysate pools
consisting of 2-4 biological replicates from each cell line were incubated with 5 mM tris (2-
carboxyethyl) phosphine (TCEP) for 30 minutes followed by alkylation with 1 pmol/mg
protein of iodoacetamide for 45 minutes in the dark. Proteins were precipitated using a
methanol-chloroform method as described (Batth et al., 2012), including another round of
reduction and alkylation prior to overnight digestion with Trypsin (Promega) at 1:40 ratio
(w/w, enzyme:protein) at 37 °C. Tryptic digests were dried out, resuspended in 0.1% formic
acid and analyzed on a Thermo Scientific QExactive mass spectrometer operating in
Targeted-MS2 mode coupled to an Easy-nLC 1000 UHPLC system (Thermo
Scientific/Proxeon). Peptides (2 pg) were injected onto a Acclaim PepMap100 C-18 column
(75 um i.d. x 2 ecm, C18, 5 um, 100 A) (Thermo Scientific) and further separated on a
Acclaim PepMap100 C-18 analytical column (75 pm id. x 50 cm, C18, 3 um, 100 A)
(Thermo Scientific). A 120 minute method was used and consisted of a 300 nl/minute flow
rate, starting with 100% buffer A (0.1% Formic acid) with an increase to 5% buffer B (100%
Acetonitrile, 0.1% Formic acid) in 2 minutes, followed by an increase to 35% Buffer B over
98 minutes and a rapid increase to 100% buffer B in 6 minutes, where it was held for 5.5
minutes. The solvent composition was quickly ramped to 0% buffer B, where it was
subsequently held for 8 minutes to allow the column to equilibrate for the next run. The
peptides eluting from the column were ionized by using a nanospray ESI ion source (Proxeon,
Odense) and analyzed on the QExactive operating in positive-ion mode using Electrospray
voltage 1.9 kV and HCD fragmentation. Each MS/MS scan was acquired at a resolution of
35,000 FWHM, normalized collision energy (NCE) 28, automatic gain control (AGC) target

value of 2x10°, maximum injection time of 120 ms and isolation window 2 m/z.
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All Parallel Reaction Monitoring (PRM)-based targeted mass spectrometry methods were
designed, analyzed, and processed using Skyline software version 2.5 (MacLean et al., 2010).
In silico selection of proteotypic peptides was performed via Skyline using the Homo sapiens
reference proteome available at www.uniprot.org to exclude non-unique peptides. Frequently
modified peptides, such as those containing methionine, and peptides containing continuous
sequences of R and K (e.g., KR, RK, KK or RR) were avoided. However, when the inclusion
of non-ideal peptides was necessary both unmodified and M-oxidized peptides as well as
peptides containing a missed cleavage site were analyzed. Synthetic purified peptides (JPT
Peptide Technologies) and tryptic digests from recombinant proteins were analyzed in a
QExactive mass spectrometer. Information on retention time and fragmentation pattern of the
top 2-6 ionizing tryptic peptides (2+ or 3+ charge states) for each protein were used to build a
scheduled method with a retention time window of 5 minutes. The method was then used for
peptide quantification in the cell lysate pools. A minimum of 2 peptides per protein was used
for quantitative analysis except for APOBEC3F in which only one of the unique peptides
tested was detectable in the samples. The sum of the integrated peak areas of the 3-5 most
intense fragments was used for peptide quantification. Peptide areas for multiple peptides of
the same protein were summed to assign relative abundance to that protein. The error bars

represent the standard deviation of 3 technical replicates.

Bioinformatics analysis of DNA exome sequencing data

Kataegis regions and somatic mutations for CLL, B-Cell lymphoma, ALL, lung
adenocarcinoma, and breast, liver, and pancreatic cancer were downloaded from the
supplementary material of (Alexandrov et al., 2013). The kataegis regions within specific
cancer samples were provided as genomic coordinates into the human reference genome

version 19 (hgl9); the somatic mutations were provided as genomic coordinates in hgl9 and
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nucleotide alterations. We used the following procedure to create mutational signatures for the
kataegis regions for each cancer type. First, for each kataegis region, its sample ID and
genomic coordinates were used to identify the corresponding somatic mutations. Second, for
each somatic mutation, the five nucleotides centered on the mutated nucleotide were retrieved
from the genome sequence. Third, if the middle nucleotide within the retrieved sequence was
a purine, the sequence was reverse-complemented such that all the mutations were
represented by pyrimidines. Fourth, for each of the six possible single nucleotide mutations,
the relative occurrence of each nucleotide at each position within the retrieved sequences was

computed. These position-specific relative occurrences were the mutational signatures.
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TABLES

Table 1: Linear regression analysis of genomic uracil levels (linear)
versus AID and APOBEC protein expression (log) normalized to total
protein. Bold green indicates significant positive correlation.

All cell lines B-cell lymphoma Non-lymphoma
including buffy cell lines cell lines
R P-value R’ P-value R’ P-value
AID 0.65 <0.0001 0.42 0.04 0.00 0.97
APOBEC3B 0.10 0.2089 0.00 0.84 0.00 0.98
APOBEC3D 0.12 0.17 0.00 0.88 0.02 0.79
APOBEC3F 0.01 0.67 0.08 0.44 0.32 0.18
APOBEC3G 0.12 0.14 0.30 0.09 0.00 0.98

Table 2: Linear regression analysis of genomic uracil levels (linear)
versus expression of uracil-DNA repair glycosylases (linear)
normalized either to total protein or to total protein per cell. Bold red
indicates significant negative correlation.

Per total protein

All cell lines B-cell lymphoma Non-lymphoma
cell lines cell lines
R P-value R’ P-value R’ P-value
UNG 0.24 0.05 0.01 0.82 0.23 0.28
SMUGI 0.28 0.03 0.41 0.04 0.13 0.43
TDG 0.05 0.35 0.02 0.69 0.13 0.41
MBD4 0.07 0.27 0.02 0.7 0.05 0.63
Per cell
All cell lines B-cell lymphoma Non-lymphoma
cell lines cell lines
R P-value R’ P-value R’ P-value
UNG 0.42 0.005 0.05 0.52 0.20 0.31
SMUGI1 0.28 0.03 0.16 0.24 0.06 0.6
TDG 0.22 0.06 0.14 0.27 0.32 0.17
MBD4 0.00 0.94 0.05 0.55 0.00 0.88
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FIGURE LEGENDS

Figure 1. Genomic uracil levels in lymphoma-/non-lymphoma cell lines, and buffy coat
lymphocytes. (A) Quantification of genomic uracil levels (dU/10° nt) by LC-MS/MS in
lymphoma cell lines (green), non-lymphoma cell lines (yellow) and lymphocytes isolated
from buffy coats from blood donors (red). Asterisk (*) signifies measurements significantly (p
< 0.05) different from average genomic uracil levels in buffy coat lymphocytes from three
healthy blood donors (Student’s T-test). Error bars represent mean and SD of at least two
biological replicates. Cell lines within each group are ordered along the x-axis according to
increasing genomic uracil levels. (B) Overview of cell lines used in the study and their origin.
Buffy coat lymphocytes were isolated by Lymphoprep™ (Progen). B-NHL: B-cell non-

Hodgkin lymphoma.

Figure 2. Expression of AID and APOBECs, and correlation with genomic uracil.
Expression of AID and APOBEC3B, 3D, 3F, and 3G mRNAs measured by qRT-PCR (A) or
protein by mass spectrometric quantification (B). Lymphoma cell lines are shown in green,
non-lymphoma cell lines in yellow, and lymphocytes isolated from buffy coats in red. Cell
lines within each group are ordered along the x-axis according to increasing genomic uracil
levels, as in Figure 1. mRNA levels have been normalized to GAPDH mRNA, and protein
levels to MS signal counts per total injected protein. Linear regression plots of genomic uracil
(dU/10° nt) vs. AID mRNA and protein levels are presented in the lower panels in Figure 2A
and B, respectively. C. Table of correlation coefficients between mRNA and protein
expression for AID and other APOBECs. D. Western analysis of AID protein expression with

GAPDH shown as a loading control.
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Figure 3. Genomic uracil levels after stimulation of endogenous AID expression, AID-
YFP overexpression, and AID knockdown. (A) Genomic uracil levels in DNA isolated
from mouse lymphoma cells (CHI12F3) stably transfected with AID-YFP or YFP, and
confocal microscopy showing subcellular distribution of AID-YFP fusion protein or YFP. (B)
Genomic uracil levels and cell growth of CH12F3 YFP cells and CH12F3 AID-YFP cells
prior to stimulation and 48 h after being stimulated to undergo class switch recombination
using mouse recombinant [L-4, CD40 monoclonal antibody and hTGF-B (upper panel) and
western blots from one representative experiment showing AID protein expression levels and
B-actin as loading control (middle panel). The lower panel shows cell growth of stimulated
and unstimulated cells. Graphs represent mean and SD calculated from at least two biological
replicates. P-values were calculated by a two-tailed Student’s T-test. (C) Genomic uracil
levels in SUDHLS5 lymphoma cells stably transfected with AID-shRNA and control. Western

blots shows AID protein expression levels with GAPDH as a loading control.

Figure 4. Uracil excision activity, expression of uracil DNA glycosylases, and correlation
with genomic uracil levels. Note that in a// bar graphs cell lines are ordered according to
increasing genomic uracil levels in lymphoma cell lines (green) and non-lymphoma cell lines
(yellow), and Y-axes are normalized so that maximum activity or maximum protein
abundance equals 1. Bars and error bars represent mean and SD of three biological replicates.
(A) Relative uracil excision activity from an AID-hotspot sequence-oligomer containing
uracil in U:G context (cleavage assay) and from a nick-translated DNA containing uracil in
U:A context (3H—uracil release assay), as indicated by color codes. Activity was normalized to
total protein. (B) The corresponding correlation between genomic uracil and activity per total
protein. (C) Relative uracil excision activity normalized to activity per cell, and (D) the

corresponding correlation with genomic uracil with activity per cell. (E) Western blot of
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UNG?2 and UNGI in non-lymphoma and lymphoma cell lines. (F) Relative abundance of MS-
quantified UNG protein per total protein; (G) Correlation plot of average uracil excision
activity vs. relative abundance of MS quantified UNG protein. (H) Relative abundance of MS
quantified DNA glycosylases SMUG1, TDG and MBD4 and cell doubling times of cell lines;
(I) Correlation plot of genomic uracil content vs. doubling times of non-lymphoma cell lines
and lymphoma cell lines. (J) Contribution of UNG, SMUGI1 and TDG through the cell cycle
measured by an in vitro assay for complete BER of a single uracil in a defined U:G context.
HeLa cells were synchronized by double thymidine block, and harvested after 0, 3, 8, and 14
h representing G1/early S-phase, mid S-phase, G1 and G2 phase, and G1 phase, respectively,
as shown by flow cytometric confirmation of cell cycle distribution in the top row. The
contribution of each uracil DNA glycosylase was measured by using neutralizing antibodies
to UNG, SMUGI, or TDG as indicated. The data points represent mean and SD of at least

two parallel experiments.

Figure 5. Sequence context of C to T transitions in kataegis regions of lymphomas.
Sequence context of C to T transitions in kataegis regions of lymphomas (n = 21; 1102 single
mutation sites) and CLL (n = 15; 290 single mutation sites) showing an AID-hotspot
consensus sequence (|-AGCTN-), where N represent no significant difference between A, T, C
or G. Comparative analyses of cancers with known APOBEC signatures in kataegis regions
showing an APOBEC consensus signature (-NTCATN-), from ALL (n=1; 153 single
mutation sites), breast (n=67; 5021 single mutation sites), liver (n=15; 175 single mutation
sites), lung adenocarcinoma (n=20; 2024 single mutation sites), and pancreas (n=11; 439
single mutation sites). Sequence analyses are based on exome sequencing data obtained from

(Alexandrov et al., 2013).
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SUMMARY

Single-strand-selective monofunctional uracil-DNA
glycosylase 1 (SMUGH1) is a base excision repair
enzyme that removes uracil and oxidised pyrimidines
from DNA. We show that SMUGH interacts with the
pseudouridine synthase Dyskerin (DKC1) and coloc-
alizes with DKC1 in nucleoli and Cajal bodies. As
DKC1 functions in RNA processing, we tested
whether SMUG1 excised modified bases in RNA
and demonstrated that SMUG1 has activity on
single-stranded RNA containing 5-hydroxymethyl-
deoxyuridine, but not pseudouridine, the nucleoside
resulting from isomerization of uridine by DKC1.
Moreover, SMUG1 associates with the 47S rRNA
precursor processed by DKC1, and depletion of
SMUGH1 leads to a reduction in the levels of mature
rRNA accompanied by an increase in polyadenylated
rRNA. Depletion of SMUG1, and, in particular, the
combined loss of SMUG1 and DKC1, leads to accu-
mulation of 5-hydroxymethyluridine in rRNA. In
conclusion, SMUG1 is a DKC1 interaction partner
that contributes to rRNA quality control, partly by
regulating 5-hydroxymethyluridine levels.

INTRODUCTION

Single-strand-selective monofunctional uracil-DNA glycosylase
1 (SMUGH1) (Haushalter et al., 1999) initiates repair of DNA
base damage via the base excision repair (BER) pathway.
SMUGH is the main uracil-excision activity in Ung™~ mice
(Nilsen et al., 2001; Nilsen et al., 2000), and the combined loss
of UNG and SMUGH leads to a dramatic loss of cellular UDG
activity (Kemmerich et al., 2012). In addition to uracil, SMUG1 re-
moves several pyrimidine oxidation products (e.g. 5-formyluracil
[Masaoka et al., 2003] and 5-carboxyuracil [Darwanto et al.,
2009]) and has a specific function to remove the thymine oxida-
tion product 5-hydroxymethyl uracil from DNA (Boorstein et al.,
2001; Kemmerich et al., 2012; Masaoka et al., 2003). In contrast
to UNG2, which is excluded from nucleoli, SMUG1 has a broad

o

@ CrossMark

nuclear localization with some enrichment in nucleoli (Kavli et al.,
2002). Several DNA repair proteins have been observed in this
organelle (Marciniak et al., 1998; Vascotto et al., 2009). As the
nucleoli are organelles in which ribosomal RNA (rRNA) synthesis
and processing, rather than DNA metabolism, take place (Bois-
vert et al., 2007), the functional relevance of the nucleolar local-
ization of DNA repair proteins is poorly understood.

Here, we aimed to assess the functional relevance of the
SMUGHT localization pattern. We confirmed the nucleolar enrich-
ment, but also observed SMUGH localization in discrete nuclear
spots corresponding to Cajal bodies. Consistent with this local-
ization, we found that SMUG1 directly interacts with DKC1
which, when mutated, causes the severe bone marrow matura-
tion syndrome Dyskeratosis congenita (Dokal, 2011). Interest-
ingly, DKC1 is the main pseudouridine synthase in mammals,
which processes nucleolar rRNA and small nuclear RNA (snRNA)
species in Cajal bodies. DKC1 has been suggested to mediate
the degradation of damaged rRNA by the nuclear exosome
(Hoskins and Butler, 2008) and thus to participate in rRNA quality
control. As DKC1 functions in RNA processing, we asked
whether SMUG1 could excise modified bases in RNA and iden-
tified an activity of SMUG1 on 5-hydroxymethyl deoxyuridine
[5-hm(dUrd)]-containing single-stranded RNA (ssRNA). Further-
more, we demonstrate a specific in vivo function for SMUG1 in
rRNA quality control as SMUG1 associates with 47S rRNA and
depletion of SMUG1 leads to the downregulation of the mature
rBRNA species. Depletion of SMUG1, and, in particular, the
combined loss of SMUG1 and DKC1, leads to an accumulation
of 5-hm(Urd) in the mature 28S and 18S rRNA species. Hence,
we conclude that SMUG1 functions in rRNA quality control in
part by regulating 5-hm(Urd) levels in rRNA.

RESULTS

SMUGH1 Directly Interacts with DKC1

We reassessed the intracellular localization pattern of SMUGH1 in
Hela cells. SMUG1 fused to EYFP was found to localize mainly
in the nucleus and be enriched in organelles resembling nucleoli
as previously observed (Kavli et al., 2002) (Figure 1A, top panel).
SMUGH also localized in discrete nuclear spots that corre-
sponded to Cajal bodies (Figure 1A, top panel), as is evident
by costaining with an antibody specific for Dyskerin (DKC1), an
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established marker for both nucleoli and Cajal bodies. SMUG1
colocalized with DKC1 in both organelles. Colocalization of
SMUG1 and DKC1 was lost upon RNA polymerase | inhibition
by actinomycin D, which resulted in redistribution of SMUG1
and DKC1 to separate regions of the nucleolar caps (Figure 1A,
bottom panel). Thus, colocalization of SMUG1 and DKC1 de-
pended on rRNA biogenesis, which indicated a functional rele-
vance of the interaction.

To confirm that SMUG11 associates with DKC1 in vivo, we per-
formed coimmunoprecipitation (colP) experiments. IP of overex-
pressed SMUG1-EYFP significantly recovered DKC1, which was
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Figure 1. SMUG1 Directly Interacts with DKC1

(A) HeLa cells expressing SMUG1-EYFP were treated or
not with Actinomycin D, fixed, and stained with a DKC1-
specific antibody and 4’,6-diamidino-2-phenylindole
(DAPI). Confocal fluorescent images were obtained on
a Zeiss LSM510 confocal microscope. Nucleoli and Cajal
bodies are indicated by arrowheads and arrows,
respectively.

(B) Coimmunoprecipitations were performed in cells ex-
pressing EYFP (lanes 1-6) or SMUG1-EYFP (lanes 7-12).
Lysates were treated or not with DNase | or RNase A prior
to immunoprecipitation. Coimmunoprecipitated proteins
were detected by western blot analysis with EYFP- and
DKC1-specific antibodies. IN, 10% input; IP, immuno-
precipitate.

(C) Coimmunoprecipitations were performed with anti-
bodies specific for DKC1 (lanes 2 and 3) or PCNA (lanes 4
and 5), as a negative control. Coimmunoprecipitated
proteins were detected by western blot analysis with
DKC1- and SMUG1-specific antibodies. IN, 10% input;
IP, immunoprecipitate; IgG H, heavy chain of Immuno-
globulin G.

(D) DKC1 model (blue) with the SMUGH1-interacting
peptide (amino acids 103-131, magenta). Amino acids
used as restriction criteria are indicated.

(E) SMUG1 model (gold) with amino acids used as
restriction criteria indicated.

(F) DKC1-SMUG1 docking model.

(G) Three-dimensional model of the interaction between
SMUG1 and DKC1 together with the DKC1 partners
GART1 (purple), NOP-10 (yellow), and NHP2 (green).

(H) GST pull-downs were performed with recombinant
purified GST or GST-DKC1 as baits and equivalent
amounts of recombinant WT, E231R, or E29R E33R
SMUGH1 proteins. Results were analyzed by SDS-PAGE
followed by western blotting analysis with the antibodies
specific for GST and SMUG1. The bottom panel shows
5% input of each SMUG1 variant used for the GST pull-
down.

See also Figure S1.

barely detectable in the control IP from extracts
prepared from cells expressing EYFP alone
(Figure 1B). The SMUG1/DKC1 association
was not mediated by nucleic acids since it
could be detected in DNase |- and RNase
A-treated cells (Figure 1B). We confirmed the
SMUG1/DKC1 interaction as an IP of DKC1
pulled down a fraction of endogenous SMUG1
when the lysate was pretreated with DNase |
(Figure 1C). Improved association of a DNA repair protein and
RNA binding protein after DNase | treatment was previously re-
ported also for the AP-endonuclease 1 (APE1) and NPM1 asso-
ciation (Vascotto et al., 2009) and is believed to be due to the
equilibrium of APE1 (and SMUGH1) binding to different nucleic
acids, being skewed in favor of RNA binding upon treatment
with DNase I.

To map the interaction domains of SMUG1 and DKC1, we de-
signed peptide arrays. The DKC1 (1-514) sequence was synthe-
sized as 20-mer peptides and spotted on cellulose membranes
offset by 3 amino acids and analyzed for SMUG1 binding by
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overlay with purified, recombinant glutathione S-transferase
(GST)-tagged SMUG1 protein (Figure S1A available online), fol-
lowed by anti-GST immunoblotting (Figures S1C and S1D).
Five potential SMUG1-binding DKC1 peptides emerged: amino
acids 16-29, 112-122, 247-260, 400-410, and 475-491 (Fig-
ure S1D, left panel). Similarly, the SMUG1 (1-270) sequence
was spotted and analyzed for DKC1 binding (Figure S1C) by
incubation with purified GST-DKC1 protein (Figure S1B). Two
potential DKC1-binding sequences in SMUG1 were suggested:
amino acids 25-35 and 220-233 (Figure S1D, right panel).

Based on the binding studies, we created a structural model of
the DKC1/SMUG1 complex using homology models of the two
proteins in ZDOCK (Figures 1D and 1E, respectively). The
program was run with bias toward docking solutions involving
Glu29 and Glu33 in SMUG1 and the residues Arg110 and
Arg111 in DKC1. Of the 25 top-ranked models, most showed
incompatible poses with steric conflicts between SMUG1 and
the NOP-10 subunit in the Saccharomyces cerevisiae complex
corresponding to the DKC1/NOP-10/GAR1 RNP particle (Zhou
et al., 2011). The model selected from the remaining six docking
solutions (Figure 1F) involved SMUG1 Glu 231 in the interaction
surface, which was among the suggested interacting peptides in
the peptide array (Figure S1D) without being included as a restric-
tion criterion during modeling. This model suggested an interac-
tion surface that does not comprise the nucleic acid binding
domains of either protein and does not interfere with binding of
NOP-10 and GAR1. Moreover, SMUG1 does not interfere with
binding of NHP2, which is also part of the H/ACA RNP, as shown
by superposition of Pyrococcus furiosus structure of all four
proteins (Figure 1G) (Li and Ye, 2006).

Mutations expected to disrupt the interaction surface were de-
signed and two mutants, SMUG1 E29R/E33R and SMUG1
E231R, were purified (Figure S1E) and tested for their ability to
mediate direct binding to DKC1 in GST pull-down experiments.
Purified GST-DKC1 was immobilized on glutathione Sepharose
beads and incubated with the purified recombinant proteins.
The immunoprecipitated proteins were analyzed by western
blotting with GST- and SMUG1-specific antibodies (Figure 1H).
While GST-DKC1 efficiently recovered WT SMUGH1, it failed to
pull down the two SMUG1 mutants, demonstrating that
SMUG1 amino acids 29, 33, and 231 are required for binding
to DKC1. As an additional control, GST-DKC1 bound to the
beads was also detected with a DKC1-specific antibody to
confirm the identity of the double band (Figure S1F). As DKC1
is part of a bigger complex (Figure 1G), we tested whether other
subunits of the DKC1-containing H/ACA RNP were pulled down
with overexpressed SMUG1-EYFP, and we found GAR1 and
NHP2 present in the immunoprecipitated complex in the DNase
I-treated lysate (Figure S1G).

SMUG1 Has Activity on 5-hm(dUrd)-Containing ssRNA

Both localization of SMUGH1 in nucleoli and Cajal bodies and
its interaction with the pseudouridine synthase DKC1 raised
the hypothesis that SMUG1 may have activity on RNA. As
5-hm(dUrd) is a specific substrate for SMUG1 in DNA, we tested
whether SMUG1 might have activity on this modification also in
RNA substrates using standard oligonucleotide-nicking assays
on 25-mer ssRNA substrates containing a centrally placed

5-hm(dUrd). Incision activity was monitored as the appearance
of a faster migrating 12-mer fragment detected by PAGE
following incubation with APE1, which has incision activity on
AP-site containing RNA (Vascotto et al., 2009). Interestingly,
a significant proportion of the 5-hm(dUrd)-containing RNA
substrate was cleaved in the presence of recombinant SMUG1
(Figure 2A). No activity was seen on ssRNA containing Urd or
pseudo(Urd) [W(Urd)] (Figure 2A). Moreover, we found no activity
on dUrd-containing ssRNA, showing that there is no direct over-
lap between DNA and RNA substrates of SMUG1 (Figure S2A).
Thus, specific modifications of the base are required for the
ability of SMUG1 to excise a modified base from ssRNA.

To confirm that the incision depended on SMUG1 catalytic
activity, we made use of a previously characterized mutation in
the catalytic residue histidine 239 that abrogated activity on
DNA (Matsubara et al., 2004). The purified recombinant
SMUG1 H239L mutant (Figure S1E) exhibited no detectable
activity, in contrast to WT SMUGH1 (Figure 2B), which reached
21% incision activity on the same substrate (Figure 2C). There
was no activity on double-stranded RNA substrates (data
not shown). Nicking assays performed on a corresponding
5-hm(dUrd)-containing ssDNA showed that while 100 ng
SMUG1 was able to convert 21% of the RNA substrate, about
46% of the DNA substrate was cleaved (Figure S2B). This gave
an RNA/DNA activity ratio of 0.44 + 0.03 calculated from four
independent experiments. Thus, the activity of SMUG1 was
approximately 2-fold higher on ssDNA than ssRNA under our
experimental conditions.

Hence, SMUG1 has activity on ssRNA containing 5-hm(dUrd),
but not on substrates containing the functional RNA bases U
or WU.

SMUG1 Associates with rRNA In Vivo and Contributes

to RNA Quality Control

To test whether SMUG1 also associates with RNA species pro-
cessed by DKC1 in vivo, we established a native RNA coimmu-
noprecipitation assay to measure the recruitment of SMUG1 to
specific RNAs. In this assay, RNA copurified with SMUG1-
EYFP was quantified by reverse-transcription quantitative PCR.
The presence of RNA species processed by DKC1 in nucleoli
(47S, 28S, 18S, and 5.8S rRNAs) and in Cajal bodies (U2 snRNA),
as well as the abundant MRNA GAPDH, was quantified. Interest-
ingly, the 47S precursor RNA was found to copurify with
SMUG1-EYFP (Figure 3A). Hence, SMUG1 associates with the
47S precursor RNA but not with the processed mature 28S,
18S, and 5.8S rRNA species, U2snRNA, or GAPDH.

To directly explore whether SMUG1 functions in RNA metab-
olism, we depleted SMUG1 by small interfering RNAs (siRNAs)
achieving a knockdown efficiency of more than 90% (Figure S3)
and measured the levels of DKC1-associated RNA. The 47S
precursor rRNA was equally abundant in SMUG1 depleted as
in the control cells, suggesting that rRNA transcription by RNA
polymerase | in the nucleolus was unaffected (Figure 3B). Simi-
larly, the spliceosomal U2 snRNA was unchanged in SMUG1-
depleted cells, which is consistent with the fact that U2 snRNA
was not copurified with SMUG1-EYFP (Figure 3A). The 47S
rRNA precursor is subsequently processed to generate the
mature 28S, 18S, and 5.8S rRNA species. Consequently, rRNA

Molecular Cell 49, 339-345, January 24, 2013 ©2013 Elsevier Inc. 341
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Figure 2. SMUG1 Has Activity on 5-hm(dUrd)-Containing ssRNA

(A) Activity of recombinant wt SMUG1 was assayed on a 25-mer single
stranded and 5'-*?P-end-labeled oligoribonucleotide substrate containing
a centrally placed 5-hm(dUrd), Urd, or W(Urd), as indicated. The substrates
were incubated with no enzyme (-), UDG and APE1 (+), APE1 alone, or with
increasing amounts of SMUG1 (10, 100, and 200 ng) and APE1. The 12-mer
radiolabeled product was resolved by denaturing PAGE and detected by
phosphorimager. S, substrate; P, product.
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quality control defects are associated with reduced expression
of processed rRNA, which reflects degradation of damaged or
inappropriately processed rRNA. The reduced levels of all three
mature rRNAs in SMUG1-depleted cells (Figure 3B) were there-
fore consistent with an in vivo function of SMUG1 in rRNA quality
control. The main route for rRNA degradation is the nuclear exo-
some which involves addition of a poly(A)-tail to the RNA mole-
cule to be degraded (Andersen et al., 2008). Thus, the increased
accumulation of polyadenylated 28S rRNA, but not 5.8S or 18S
rRNA, in SMUG1-depleted cells is consistent with rRNA degra-
dation in the absence of SMUGH1 (Figure 3C). Hence, damaged
or inappropriately processed rRNA accumulated in the absence
of SMUGT.

SMUG1 and DKC1 Prevent Accumulation of 5-hm(Urd) in
28S and 18S rRNAs In Vivo

As some of the 47S rRNA precursor processing steps are DKC1-
dependent, we tested whether SMUG1 might be required for
some aspect of DKC1 function. Depletion of SMUG1 by siRNA
gave no indication that SMUG1 affected DKC1 stability (Fig-
ure 4A). Nor did SMUG1 depletion affect DKC1 activity, as
W(Urd) levels in 28S and 18S rRNAs were reduced only in
DKC1 knockdown cells (Figure 4B) as previously shown (Jack
etal., 2011).

However, quantification of 5-hm(Urd) in 28S and 18S rRNAs by
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
showed that the 5-hm(Urd) levels were 2.5-fold (p < 0.005) higher
in 28S and 18S rRNAs when SMUG1 was depleted (Figure 4C).
While no significant effect was seen in cells depleted for DKC1
alone (Figure 4C), 28S and 18S rRNA purified from cells depleted
for both SMUG1 and DKC1 showed a 3.9- and 4.3-fold (p < 0.05),
respectively, increased 5-hm(Urd) content. Hence, loss of DKC1
potentiates the effect of SMUG1 on 5-hm(Urd) levels in those
rRNAs.

The latter results show that DKC1 somehow facilitates SMUG1
function. As no stimulation of SMUG1 activity was achieved by
DKC1 (Figure S4), we tested whether the interaction with
DKC1 was important for SMUG1 localization by transfecting
cells with the SMUG1 E29R/E33R mutant, which is active (Fig-
ure S5) but unable to interact with DKC1 (Figure 1H). These cells
still express DKC1 (Figure 4D) but unlike SMUG1-EYFP, the
SMUG1 E29R/E33R mutant was diffusely located in the nucleo-
plasm and not enriched in nucleoli and Cajal bodies. Moreover,
cells transfected with this mutant failed to show the expected
DKC1 staining pattern in nucleoli (Figure 4D). Comparison of
two neighboring cells, one that did not express the mutated
construct and one that did, clearly showed that while DKC1
has the expected localization pattern in both nucleoli (arrow
heads) and Cajal bodies (arrows) in the untransfected control
(Figure 4E), localization of DKC1 within nucleoli was perturbed

(B) Activity of recombinant WT and mutant H239L SMUG1 was assayed on
5-hm(dUrd)-containing ssRNA. Increasing amounts (1, 5, 10, 50, and 100 ng) of
WT and mutant H239L SMUG1 were incubated with the 5'-*P-end-labeled
substrate and APE1.

(C) SMUGH1 excision activity (%) on 5-hm(dUrd)-containing ssRNA was
calculated from three independent experiments and given as the mean + SD.
See also Figure S2.

342 Molecular Cell 49, 339-345, January 24, 2013 ©2013 Elsevier Inc.



Molecular Cell
SMUGH1 Function in RNA Quality Control

O EYFP
u SMUG1-EYFP

% inpul
=]
@

o control siRNA
® SMUG1T siRNAs

Arbitrary units
[+:]
i

=) =] =l \sd
A
S 0°
3
c 35
< 30
z
Z 25
§ ?é. 20 | o control SIRNA
£ 15 = SMUG1 siRNAs
=B
= 10
-]
o 9
1]
=1 S
o & o

Figure 3. SMUG1 Contributes to rRNA Quality Control

(A) Native RNA coimmunoprecipitations were performed in cells over-
expressing SMUG1-EYFP or EYFP alone. Reverse-transcription quantitative
PCRs were performed with primers specific for the indicated RNAs. The data
shown are the mean + SEM from two independent experiments. Statistical
significance was evaluated with the Student t test. *p < 0.02.

(B) After transfection with control or SMUG1 siRNAs for 48 hr, total RNA was
purified and analyzed by reverse-transcription quantitative PCR with specific
primers, as indicated. The data shown are the mean + SEM from two inde-
pendent experiments. Statistical significance was evaluated with the Student t
test. *p < 0.005, **p < 0.05.

(C) Total and poly(A)* RNA were prepared from cells transfected with control or
SMUG1 siRNAs. Equal volumes of RNA samples were used as template in the
RT reactions containing either random hexamers or oligo d(T) primers. Equal
amounts of cDNAs were used in reverse-transcription quantitative PCR
reactions with primers specific for the indicated RNAs. The results shown are
the average of four PCRs from two independent RNA extractions. Statistical
significance was evaluated using the Student t test. **p < 0.05.

See also Figure S3.

in the presence of the SMUG1 mutant (Figure 4F). Hence, disrup-
tion of the SMUG1/DKC1-interaction surface perturbed proper
localization of both SMUG1 and DKCA1.

DISCUSSION

In the present study we show that SMUGH1 interacts directly with
DKC1 and contributes to rRNA quality control in vivo. We
demonstrate that SMUG1 has activity on 5-hm(dUrd)-containing
ssRNA which adds significantly to the increasing body of
evidence linking DNA repair proteins to different aspects of
RNA metabolism (Tell et al., 2010). Moreover, we characterized
DKC1 as a SMUG1 -interacting protein, and SMUG1 amino acids
involved in the binding to DKC1 were identified and experimen-
tally verified (Figure 1). The SMUG1 mutants E29R/E33R and
E231R were still active (Figure S5), strongly indicating correct
folding. Both mutants nevertheless failed to bind purified
recombinant DKC1 (Figure 1H), strongly arguing that the
SMUG1/DKC1 interaction is direct.

In line with the main role of SMUG1 being in DNA repair,
the in vivo data showed that a fraction of SMUG1 colocalized
with DKC1. The predicted interaction surface was compatible
with the mutual binding of SMUG1 and the GAR1, NOP-10,
and NHP2 subunits of the H/ACA RNP particle to DKC1
(Figure 1G). Consistently, SMUG1-EYFP pulled down GAR1
and NHP2 (Figure S1G). Moreover, as the interaction surface
did not comprise the substrate binding domains of either
protein, in vitro nicking assays confirmed that SMUG1 activity
was not inhibited by addition of DKC1 (Figure S4) and LC-
MS/MS data showed that SMUG1 depletion did not affect
W(Urd) levels in 28S and 18S rRNAs (Figure 4B). The available
evidence therefore suggests that the interaction with DKC1
may serve to target, or tether, SMUG1 to a select group of
RNA substrates in the nucleoli and Cajal bodies. In line with
this interpretation, we found strong association of SMUG1
only with the precursor 47S rRNA in vivo (Figure 3A) although
SMUGH associated with several RNA species after formalde-
hyde crosslinking in an RNA-IP assay (Figure S6). A specific
role of SMUGH1 in rRNA quality control was substantiated by
the demonstration of a reduced amount of mature rRNA
accompanied with increased polyadenylation of 28S rRNA in
SMUG1-depleted cells. Hence, damaged or inappropriately
processed rRNA accumulated in the absence of SMUG1. The
observation that the 5.8S and 18S levels were reduced without
being polyadenylated may be explained by the polarity of the
rRNA locus transcribed as a single pre-rRNA by RNA poly-
merase |, as previously suggested (Fang et al., 2004). The
28S rRNA is located at the 3’ side of the locus and is, thus,
the first rRNA being produced by the oligo(dT)-primed reverse
transcriptase. Therefore, the inability of the enzyme to reach
the end of the long polyadenylated rRNA template may explain
the absence of polyadenylated 18S and 5.8S rRNAs. Alterna-
tively, different mature rRNA species may be substrates for
different RNA-degradation pathways (Andersen et al., 2008),
as suggested from studies in S. cerevisiae (Hoskins and Butler,
2008).

The fact that we saw increased polyadenylation and
decreased levels of mature 28S rRNA in SMUG1-depleted cells
strongly indicated that SMUG1 has a normal function in rRNA
surveillance. The accumulation of 5-hm(Urd) in mature rRNA
upon SMUG1 knockdown showed that 5-hm(Urd) is an in vivo
substrate for SMUG1. Taken together, this suggests that
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5-hm(Urd) modified rRNA may be degraded by the exosome in
the absence of SMUG1. The source of 5-hm(Urd) in RNA is
not known. However, 5-hm(Cyt) is a natural modification in
18S and 26S rRNA in eukaryotes (Racz et al., 1978), and
5-hm(Urd) may therefore result from hydrolytic deamination of
5-hm(Cyt). Alternatively, it can result from incorporation of 5-
hm(dUrd)/5-hm(Urd) recycled from damaged DNA, as previ-
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Figure 4. SMUG1 and DKC1 Prevent Accu-
mulation of 5-hm(Urd) in 28S and 18S rRNAs
In Vivo

(A) HelLa cells were transfected with control,
SMUGH1, and/or DKC1 siRNAs for 48 hr and whole-
cell extracts were subjected to western blot anal-
ysis using DKC1-, GAPDH-, and SMUG1-specific
antibodies.

(B and C) Quantification of incorporated W¥(Urd)
and 5-hm(Urd) per nucleotide RNA. Cells were
harvested and 28S and 18S rRNA species were
isolated, hydrolyzed, and analyzed for ¥(Urd) or 5-
hm(Urd) content by LC-MS/MS. W¥(Urd) or 5-
hm(Urd) levels are normalized relative to the total
number of normal nucleosides measured. The
data shown are the mean + SD from three inde-
pendent experiments.

(D-F) Cells expressing SMUG1-EYFP or SMUGH1
E29R E33R-EYFP were fixed and stained with
a DKC1-specific antibody and DAPI (D). Close-up
of two neighboring cells from that do not (E) or do
(F) express the SMUG1 E29R E33R-EYFP
construct. Confocal fluorescent images were ob-
tained by a Zeiss LSM510 confocal microscope.
Nucleoli and Cajal bodies are indicated by arrow-
heads and arrows, respectively.

8 265 fiNA
= 185 rRNA

ously suggested (Pettersen et al., 2011).
Although 5-hm(dUrd) was not detected,
our LC-MS/MS data demonstrate that
5-hm(Urd) is present in mature rRNA
in vivo.

In summary, the BER enzyme SMUG1
is a DKC1 interaction partner. The
SMUG1/DKC1 interaction targets the
complex to nucleoli, where it contributes
to rRNA quality control, in part by regu-
lating the level of 5-hm(Urd).

EXPERIMENTAL PROCEDURES

RNA Coimmunoprecipitation Assay
Approximately 325 ng dialyzed whole-cell extract
was subjected to immunoprecipitation with an
anti-GFP antibody (Roche). After incubation with
protein G Sepharose and stringent washes (see
the Supplemental Experimental Procedures),
immune complexes were treated with 20 U DNase
|I-RNase free (Fermentas) for 30 min at 37°C in the
presence of 20 U RNaseOUT recombinant ribonu-
clease inhibitor (Invitrogen). The reaction was
stopped with 2.5 mM EDTA for 10 min at 65°C.
Then, immunoprecipitates were treated with
50 g proteinase K (QIAGEN) for 50 min at 50°C.
Coimmunoprecipitated RNA was purified by
phenol/chloroform/isoamyl alcohol extraction, precipitated with ethanol for
2 hr at —20°C and analyzed by reverse-transcription quantitative PCR.

Oligonucleotide Nicking Assay

Standard oligonucleotide nicking assays were performed essentially as previ-
ously described (Nilsen et al., 2001). In brief, 3.5 pmol end-labeled 25-mer RNA
oligonucleotide were reacted with purified wild-type or mutant hNSMUGH1 in the
reaction buffer (20 mM Tris-HCI [pH 7.5], 60 mM NaCl, 1 mM EDTA, 0.7 mg/ml
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BSA, and 1 mM DTT) for 30 min at 37°C for 30 min before addition of 5 U APE-1
at 37°C for 30 min. The products were run on an 8% denaturing polyacryl-
amide gel.

LC-MS/MS Analysis of 5-hmUrd and PseudoUrd

RNA was enzymatically hydrolyzed to nucleosides essentially as described
(Crain, 1990), with 3 volumes of methanol added, and centrifuged (16,000 g,
20 min, 4°C). The supernatants were dried and dissolved in 50 ul 5% methanol
in water (v/v) for LC-MS/MS analysis. Chromatographic separation was per-
formed on a Shimadzu Prominence HPLC system with a Zorbax SB-C18
2.1 x 150 mm internal diameter (i.d.) (3.5 pm) column equipped with an Eclipse
XDB-C8 2.1x12.5 mm i.d. (5 um) guard column (Agilent Technologies). Mass
spectrometry detection was performed with an MDS Sciex API5000 triple
quadrupole (Applied Biosystems) operating in negative electrospray ionization
mode for modified nucleosides, and positive electrospray ionization mode
for unmodified nucleosides, monitoring the mass transitions 273.1/140.1
(5-hmUrd, quantifier ion), 273.1/230.1 (5-hmUrd, qualifier ion), 243.1/183.1
(pseudoUrd, quantifier ion), 243.1/153.1 (pseudoUrd, qualifier ion), 268.1/
136.1 (Ado), 244.1/112.1 (Cyt), 284.1/152.1 (Guo), and 245.1/113.1 (Urd).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.molcel.2012.11.010.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Cell lines and treatments

HeLa cells were grown in DMEM (4.5 g/ L glucose, GlutaMAX™) containing 10% FBS, 100 U /
mL penicillin 100 pg / mL streptomycin, 0.1 mM non essential amino acids solution and 1 mM Na
pyruvate at 37 °C and 5 % CO,. Inhibition of RNA polymerase I was achieved by incubating
HeLa cells with 50 ng / mL actinomycin D (Sigma-Aldrich, A9415) for 2 h.

Transfections with DNA or siRNA

HeLa cells were transfected for 24 h with either pEYFP-N1-SMUGI1 or pEYFP-N1 (Clontech)
plasmids using the FUuGENE® 6 (Roche) transfection reagent according to the manufacturer’s
instructions. HelLa cells were transfected for 48 h with siRNAs using the Lipofectamine™
RNAIMAX (Invitrogen) transfection reagent according to the manufacturer’s instructions. For
SMUGT1 knock-down, a mix of two siRNAs (final concentration 25 mM each) was used. siRNAs
were purchased from Ambion: Silencer® Negative Control #1 siRNA (AM4611), SMUG1 siRNA
ID # 21109 and SMUGT1 siRNA ID # 21193, DKC1 siRNA ID # s4110, DKC1 siRNA ID # s
4111 and DKC1 siRNA ID # s4112.

Whole cell and nuclear extractions

Approximately 3.10° cells were harvested and washed twice with ice-cold PBS. For whole cell
extraction, cells were suspended in 200 pL lysis buffer (20 mM Tris-HCI pH 7.5, 400 mM KCl,
20 % glycerol, 1 mM DTT, 1X Complete EDTA-free protease inhibitor cocktail) and incubated on
ice for 10 min before three freeze-thaw cycles in liquid N, and ice. Cellular debris were discarded
by centrifugation at 15000 g for 15 min at 4 °C and the whole cell extract was dialysed overnight
at 4 °C against 1 L dialysis buffer (25 mM Tris-HCI pH 7.5, 5 mM MgCl,, 100 mM KCl, 10 %
glycerol, 1| mM DTT, 0.5 mM PMSF). For nuclear extraction, cells were washed with 200 pL
isotonic buffer (20 mM HEPES-NaOH pH 7.8, 1 mM MgCl,, 5 mM KCl, 250 mM sucrose, | mM
DTT). Cells were suspended in 200 pL hypotonic buffer (20 mM HEPES-NaOH pH 7.8, 1 mM
MgCl,, 5 mM KCl, 1 mM DTT, 1X Complete EDTA-free protease inhibitor cocktail) and
incubated on ice for 45 min. Cells were lysed by 15 strokes in a dounce homogenizer (B pestle)
and centrifuged at 600 g for 5 min at 4 °C. The nuclear pellet was suspended in 200 pL hypertonic
buffer (20 mM HEPES-NaOH pH 7.8, 1 mM MgCl,, 5 mM KCl, 0.5 M NaCl, 25 % glycerol, 1
mM DTT, 1X Complete EDTA-free protease inhibitor cocktail) and incubated on ice for 30 min.
Nuclear debris were discarded by centrifugation at 15000 g for 15 min at 4 °C and the nuclear
extract was dialysed overnight at 4 °C against 1 L dialysis buffer.

Immunoprecipitation and Western blotting
Approximately 250 pg cell lysate was used per immunoprecipitation. The cell lysate was
preliminary treated with 40 U DNase [-RNase free or 25 pg / mL RNase A for 30 min at 37 °C.



The cell lysate was then incubated with 10 pL anti-GFP antibody (Roche, Cat. No. 11 814 460
001) overnight at 4 °C. The following day, 20 pL Protein G Sepharose™ 4 Fast Flow (GE
Healthcare) pre-equilibrated with IP buffer (25 mM Tris-HCI pH 7.9, 5 mM MgCl,, 10 % glycerol,
0.1 % NP-40, 1 mM DTT, 1X Complete EDTA-free protease inhibitor cocktail) containing 100
mM KCl1 was added and gently mixed for 2 h at 4 °C. Immune complexes were washed three
times with IP buffer containing 150 mM KCI and two times with IP buffer containing 100 mM
KCl, each for 5 min at 4 °C. Immunoprecipitates were boiled in SDS-sample buffer (25 mM Tris-
HCI pH 6.8, 2 % SDS, 10 % glycerol, 0.05 % bromophenol blue, 5 % 2-mercaptoethanol) for 5
min, separated by SDS-polyacrylamide gel electrophoresis (PAGE) and subject to Western blot
analysis, performed as follows. Nitrocellulose membranes were blocked in PBS containing 5 %
non-fat dry milk for 1 h at room temperature and incubated with the following primary antibodies:
anti-GFP (Roche, 1:1000), anti-dyskerin (Santa Cruz Biotechnology, sc-48794, 1:1000), anti-
SMUGI1 (PSM1, kind gift from H. E. Krokan, 1:1000 or sc-26880, Santa Cruz Biotechnology,
1:200), anti-GAR1 (Proteintech, Cat No 11711-1-AP) or anti-NHP2 (CG2 rabbit polyclonal
antiserum, kind gift from U. T. Meier). Secondary antibodies were horseradish peroxidase-
conjugated anti-mouse (Santa Cruz Biotechnology, sc-2314, 1:5000) and anti-rabbit (Cell
Signaling, #7074, 1:2000) immunoglobulin Gs.

GST pull-down

Approximately 20 pL Glutathione 4B Sepharose (GE Healthcare) were incubated with 20 pmol
recombinant GST-DKCI protein or with GST for 1 h at 4 °C on a rotary shaker. After washing
with IP buffer containing 100 mM KCI, 50 pmol recombinant SMUG1 were added to the beads
and incubated for 2 h at 4 °C on a rotary shaker. The beads were then washed three times with IP
buffer containing 100 mM KClI, resuspended in 20 pL. SDS-sample buffer and subject to Western
blot analysis.

Immunofluorescence

Cells were plated onto coverslips, fixed with 4 % paraformaldehyde for 5 min at room temperature
and permeabilized with PBS containing 0.1 % Triton X-100, 0.01 % Tween-20 and 2 % BSA for
15 min. Cells were incubated with the anti-DKC1 antibody (1:50) for 5 h at room temperature,
washed three times with PBS containing 0.1 % Triton X-100, each for 5 min. Cells were incubated
with the secondary antibody, Alexa Fluor 555 goat anti-rabbit IgG (Invitrogen, 1:500) for 45 min
at room temperature. DNA was labelled with 0.25 mg / mL 4,6-diamidino-2-phenylindole (DAPI).
Confocal fluorescent images were obtained using a LSM 510 META (Carl Zeiss) microscope with
a 63x objective.

RNA purification and gPCR

Total RNA was purified with TRIzol® reagent (Invitrogen) according to manufacturer’s
instructions. Reverse transcription was performed with SuperScript™ II Reverse Transcriptase
(Invitrogen). Quantitative PCR was carried out on a MyiQ real-time PCR detection system with
iQ™ SYBR® Green (Bio-Rad). Primers used are available upon request.

SMUG1 overexpression and purification

E. coli BL21(DE3) harboring pGEX-4T1-hSMUGI1 (or empty pGEX-4T1) was grown in LB
media (2 L) containing ampicillin (100 pg / mL) at 37 °C until the ODggy reached 0.6. After
addition of isopropyl B-D-thiogalactopyranoside (final concentration 0.5 mM), the cell culture was
continued at 20 °C for 6 h. The following procedures were performed at 4 °C or on ice. Cells were
harvested by centrifugation, suspended in 20 mL buffer A (50 mM Tris-HCI pH 8.0, 300 mM
NaCl, 5 % glycerol, 1 mM DTT, 1X Complete EDTA-free protease inhibitor cocktail) and lysed
by the addition of 1 mg / mL lysozyme. Cells were incubated for 30 min at 4 °C with gentle
shaking. The cell lysate was supplemented with 0.5 % NP-40, 5 mM MgCl, and 40 pg / mL
DNase I, incubated for an additional 30 min at 4 °C with gentle shaking and centrifuged (10000 g,



30 min). To the clarified supernatant was added 0.5 ml (bed volume) of Glutathione 4B Sepharose
(GE Healthcare), pre-equilibrated in PBS. The cell lysate and glutathione resin were allowed to
mix for 1 h using a mechanical rotary platform. For purification of the h\SMUG1 protein, the resin
was washed three times with ice-cold PBS and incubated with 0.5 mL elution buffer (20 mM Tris-
HCI pH 8.0, 50 mM NacCl, 2.5 mM CaCl,, 1 mM DTT) containing 150 U thrombin (Sigma-
Aldrich, T4648) overnight at 4 °C. The eluate was collected and the resin was incubated with 0.5
mL elution buffer without thrombin for 1 h at 4 °C. The two eluates were combined, dialysed
against 1 L dialysis buffer (20 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM DTT, | mM EDTA, 0.5
mM PMSF) overnight at 4 °C. The digested sample was loaded onto a 1 ml Resource Q FPLC
column (Amersham Biosciences), washed with dialysis buffer and then eluted with a linear
gradient of NaCl (50-1000 mM) in dialysis buffer. Fractions containing hSMUG1 were collected,
combined and concentrated by ultrafiltration (Amicon Ultra-0.5 mL, 10K, Millipore). The purified
protein was stored in 50 % glycerol at -20 °C.

For purification of the GST-hSMUGI1 fusion protein, the resin was washed three times with ice-
cold PBS and incubated with 0.5 mL glutathione elution buffer (15 mM reduced glutathione, 100
mM Tris-HCI pH 8.0, 200 mM NacCl, 0.1 % Triton X-100, 1 mM DTT, 1X Complete EDTA-free
protease inhibitor cocktail) overnight at 4 °C. The eluate was collected and the resin was incubated
with 0.5 mL glutathione elution buffer for an additional 30 min at 4 °C. The two eluates were
combined, concentrated by ultrafiltration (Ultrafree®-0.5, 30K, Millipore) and dialysed against 1
L dialysis buffer overnight at 4 °C. The purified protein was stored in 50 % glycerol at -20 °C.

GST-DKC1 overexpression and purification

E. coli BL21(DE3)-RIL (Stratagene) harboring pGEX-4T1-hDKC1 (or empty pGEX-4T1) was
grown in LB media (2 L) containing 100 pg / mL ampicillin at 37 °C until the ODgg reached 0.6.
After addition of isopropyl B-D-thiogalactopyranoside (final concentration 0.5 mM), the cell
culture was continued at 20 °C for 4 h. Bacterial lysis, GST batch purification and elution with
reduced glutathione were performed as for GST-hSMUG]. The eluate was dialysed against 1 L
dialysis buffer (50 mM HEPES pH 8, 50 mM NaCl, | mM EDTA, | mM DTT, 0.5 mM PMSF)
overnight at 4 °C. The dialysed sample was loaded onto a 1 ml HiTrap SP FF FPLC column
(Amersham Biosciences), washed with dialysis buffer and then eluted with a stepwise gradient at
600 mM NaCl. Fractions containing GST-hDKC1 were collected, combined and concentrated by
ultrafiltration (Amicon Ultra-0.5 mL, 10K, Millipore). The buffer was exchanged with dialysis
buffer. The purified protein was stored in 10 % glycerol and snap-frozen at -80 °C.

Peptide arrays

Peptide arrays were synthesized on cellulose membranes using a MultiPep automated peptide
synthesizer (INTAVIS Bioanalystical Instruments AG). Peptide interactions with GST and GST
fusion proteins were determined by overlaying the cellulose membranes with 1 pg / mL protein.
Bound proteins were detected with the horseradish peroxidase-conjugated anti-GST antibody (GE
Healthcare, RPN1236) and visualized by ECL.

Structure modeling and protein-protein docking

Homology models of human SMUGI and DKC1 were built using Phyre2.0 (Kelley and Sternberg,
2009). The models, based on templates 1oe4.pdb (Wibley et al., 2003) and 2apo.pdb (Hamma et
al., 2005), respectively, were used for protein-protein docking by the ZDOCK Fast Fourier
Transform docking program (Chen et al., 2003). The ZDOCK program was run with preferences
for docking poses with residues Glu29 and Glu33 in SMUG] and residues Argl10 and Arglll in
DKCI located in the protein-protein interface. All crystal structure figures were designed using
PyMOL (DeLano Scientific).



Oligonucleotide nicking assay

3.5 pmol of each 25-mer oligonucleotide (see sequences below) was 5'-end labelled using T4
polynucleotide kinase (Sigma) and [y-32P]ATP (PerkinElmer). Unincorporated [7-32P]ATP was
removed by centrifugation on a MicroSpin G50 spin column (GE Healthcare) for DNA substrates
and on a NucAway™ spin column (Ambion) for RNA substrates. The standard assay mixture for
uracil-DNA glycosylase activity contained 5-end labelled oligonucleotide, nuclear extracts or
purified wild type or mutant hSMUGT! in the reaction buffer (20 mM Tris-HCI pH 7.5, 60 mM
NaCl, 1 mM EDTA, 0.7 mg / mL BSA, 1 mM DTT). The reaction mixture was incubated at 37°C
for 30 min followed by cleavage of abasic sites by 5 U APE-1 at 37 °C for 30 min. The products
of the reactions were supplemented with 1 volume STOP solution (80 % formamide, 7 M urea, 10
mM EDTA, 0.025 % xylene cyanol), boiled for 5 min and chilled on ice. The products were run
on an 8 % denaturing polyacrylamide gel, visualized on a Typhoon Phosphorlmager and
quantified using the ImageQuant 5.1 software (Molecular Dynamics, Sunnyvale, CA).

The  sequences of RNA  substrates are the  following:  RNA-U25, 5°-
rCrCrArCrArCrArArArGrGrGrUrArArArGrCrCrGrGrGrGrCrA-37; RNA-(dUrd)25, 5’-
rCrCrArCrArCrArArArGrGrGdUrArArArGrCrCrGrGrGrGrCrA-3°;  RNA-5-hm(dUrd)25, 5°-
rCrCrArCrArCrArArArGrGrG5-hmdUrArArArGrCrCrGrGrGrGrCrA-3’; RNA-yU25, 5’-
rCrCrArCrArCrArArArGrGrGrYUrArArArGrCrCrGrGrGrGrCrA-3°.

LC-MS/MS

RNA was enzymatically hydrolyzed to nucleosides essentially as described (Crain, 1990), added 3
volumes of methanol and centrifuged (16,000 g, 20 min, 4°C). The supernatants were dried and
dissolved in 50 ul 5% methanol in water (v/v) for LC-MS/MS analysis of 5-hmUrd, pseudoUrd,
and unmodified nucleosides. Chromatographic separation was performed on a Shimadzu
Prominence HPLC system with a Zorbax SB-C18 2.1x150 mm i.d. (3.5 pm) column equipped
with an Eclipse XDB-C8 2.1x12.5 mm i.d. (5 pm) guard column (Agilent Technologies). For
modified nucleosides, the mobile phase consisted of water and methanol, for 5-hmUrd starting
with a 4.4-min gradient of 5-60 % methanol, followed by 7-min re-equilibration with 5 %
methanol, and for pseudoUrd starting with a 2.5-min gradient of 5-35% methanol, followed by 5
min re-equilibration with 5 % methanol. For unmodified nucleosides, a mobile phase of water and
methanol added 0.1 % formic acid was maintained isocratically with 30 % methanol. Mass
spectrometry detection was performed using an MDS Sciex APIS000 triple quadrupole (Applied
Biosystems) operating in negative electrospray ionization mode for modified nucleosides, or
positive electrospray ionization mode for unmodified nucleosides, monitoring the mass transitions
273.1/ 140.1 (5-hmUrd, quantifier ion), 273.1/230.1 (5-hmUrd, qualifier ion), 243.1/183.1
(pseudoUrd, quantifier ion), 243.1/153.1 (pseudoUrd, qualifier ion), 268.1/136.1 (Ado),
244.1/112.1 (Cyt), 284.1/152.1 (Guo), and 245.1/113.1 (Urd).
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Figure S1. SMUG1 directly interacts with DKC1, Related to Figure 1

A. Purified recombinant human GST and GST-SMUGTI proteins were analysed by PAGE and
Coomassie staining. 0.5, 1 or 2 pg of each protein sample was loaded. B. Purified GST and GST-
DKCI1 proteins were analysed by PAGE and Coomassie staining. C. Peptide arrays harboring
either DKC1 (duplicates, lanes A-F and G-L) or SMUGT peptides (duplicates, lanes M-O and P-R)
were analysed for GST/GST-SMUG1 or GST/GST-DKC1 binding, respectively. D. Selected spots
from the peptide arrays presented in C. The amino acid sequences of the cognate hybridized
peptides are shown. E. Purified wild type (wt), H239L, E231R and E29R E33R SMUGI proteins
were analysed by PAGE and Coomassie staining. F. GST and GST-DKC1 proteins immobilized
on the glutathione sepharose beads used in the GST pull-down were analysed by Western blotting.
An antibody specific for DKC1 was used to confirm the identity of the double band. G. Co-
immunoprecipitations were performed from HeLa cells overexpressing EYFP (lanes 1-3) or
SMUGI1-EYFP (lanes 4-6). Lysates were preliminary treated (+) or not (-) with 50 U DNase I
prior to immunoprecipitation. Co-immunoprecipitated proteins were detected by Western blot
analysis with EYFP-, GARI- and NHP2-specific antibodies. IN, 10 % input; IP,
immunoprecipitate; [gG L, light chain of Immunoglobulin G.
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Figure S2. SMUGL1 has activity on 5-hm(dUrd)-containing ssRNA, Related to Figure 2

A. Activity of recombinant wt SMUG1 was assayed on a 25—mer single stranded and 5°-**P-end-
labeled RNA substrate containing a centrally placed (dUrd) or 5-hm(dUrd) nucleoside, as
indicated. The substrates were incubated with no enzyme, APE1 alone, UDG and APEI, or with
increasing amounts of SMUGI (4 and 8 ng) and APE1. The 12-mer radiolabeled product was
resolved by denaturing PAGE and detected by phosphorimager. S, substrate; P, product. B.
Activity of recombinant wt or H239L SMUG1 was assayed on a 25-mer single stranded and 5°-
32p_end-labeled oligoribonucleotide (RNA) or oligodeoxyribonucleotide (DNA) substrate
containing a centrally placed 5-hm(dUrd), as indicated. The substrates were incubated with no
enzyme (-), UDG and APE1 (+), APE1 alone, or with increasing amounts of SMUGI (1, 5, 10,
and 100 ng) and APEL. The 12-mer radiolabeled product was resolved by denaturing PAGE and
detected by phosphorimager. S, substrate; P, product.
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Figure S3. Knock-down efficiency of SMUGL1 siRNAs, Related to Figure 3
HeLa cells were transfected with control or SMUGT1 siRNAs for 48 h and whole cell extracts were
subjected to Western blot analysis using DKC1-, GAPDH- and SMUG 1 -specific antibodies.
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Figure S4. DKC1 does not affect in vitro SMUGL1 incision activity on 5-hm(dUrd)-containing
ssRNA, Related to the Results

A. Purified recombinant SMUG1 and GST-DKCI proteins were mixed for 10 min at 37 °C and
then incubated with the 5°-**P-end-labeled 5-hm(dUrd) ssRNA substrate. After cleavage by APEI,
RNA products were resolved by denaturing PAGE and detected by phosphorimager. B. SMUG!
incision activity (%) on 5-hm(dUrd)-containing ssRNA in the presence of GST-DKC1 or GST is
presented.
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Figure S5. Activity of SMUG1 mutants on the 5-hm(dUrd)-containing RNA substrate,
Related to the Results

Activity of recombinant wt, H239L, E29R E33R or E231R SMUGI1 was assayed on a 25-mer
single stranded and 5’-**P-end-labeled oligoribonucleotide substrate containing a centrally placed
5-hm(dUrd) base. The substrates were incubated with no enzyme (-), UDG and APE1 (+) or with
100 ng SMUGT and APE1. The 12-mer radiolabeled product was resolved by denaturing PAGE
and detected by phosphorimager. S, substrate; P, product.
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Figure S6. SMUGL1 associates with several RNA species after formaldehyde crosslinking in
an RNA-IP assay, Related to the Discussion

In vivo RNA-immunoprecipitation assays were performed in HeLa cells overexpressing SMUGI -
EYFP or EYFP alone. RT-qPCRs were performed with primers specific for the indicated RNAs.
The data shown are the mean + SEM from three independent experiments.
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