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INT​ROD​UCT​ION
The first exposure of mature naive B cells to cognate antigen 
within secondary lymphoid organs prompts the formation of 
germinal centers (GCs). Therein, antigen-stimulated B cells 
proliferate while modifying their Ig genes. The mechanisms 
of somatic hypermutation (SHM) and class switch recombi-
nation (CSR) increase the affinity for the antigen and endow 
the antibody with new biological properties, respectively. 
SHM introduces point mutations within the exon encoding 
the V region of each Ig gene. CSR is a deletional recombina-
tion event within the Ig heavy chain (Igh) locus of B cells that 
involves the replacement of the IgM-constant region (Cμ) 
with a downstream CH exon set (γ, α, or ε), determining the 
IgG, IgA, or IgE isotypes, respectively (Stavnezer et al., 2008).

Both SHM and CSR are initiated by enzyme activa-
tion-induced deaminase (AID), which is only expressed at 
high levels in GC B cells (Crouch et al., 2007). AID initiates 
CSR by deaminating cytosines into uracils over large repeti-
tive cytosine-rich (C-rich) switch-region (S region) sequences 
located upstream of each CH region (Fig. 1 A). AID-generated 
uracils are recognized by either the uracil-DNA glycosylase 

(UNG) or the mismatch repair heterodimer MSH2/MSH6 
(Rada et al., 2004). Subsequent processing of uracils in op-
posite DNA strands by DNA repair enzymes produces dou-
ble-strand breaks, which are the substrates of the end-joining 
mechanisms that complete CSR by joining two separate  
S regions (Stavnezer et al., 2008).

As a side effect of antibody gene diversification, AID 
produces off-target deaminations and DNA damage, which 
unless faithfully repaired can be oncogenic (Liu et al., 2008; 
Pasqualucci et al., 2008; Robbiani and Nussenzweig, 2013; 
Meng et al., 2014; Qian et al., 2014) or cytotoxic (Hasham 
et al., 2010; Zahn et al., 2014). UNG and MSH2/MSH6 
modulate the mutagenic capacity of AID either by initiating 
error-free base excision repair (BER) and mismatch DNA 
repair (MMR), respectively, or by triggering mutagenic re-
pair (Rada et al., 2004; Liu et al., 2008). The full extent of 
off-target AID activity and the repair mechanisms that con-
trol it are not yet known.

Telomeres, the natural ends of linear chromosomes, 
consist of kilobases of a hexanucleotide repeat (5′-TTA​GGG-3′ 
in vertebrates) that protects the chromosome ends from being 
recognized as a DNA lesion (Arnoult and Karlseder, 2015). 
Telomeres that fail to hide their ends trigger a DNA damage 
response that leads to cell cycle arrest or cell death (d’Adda di 
Fagagna et al., 2003; Arnoult and Karlseder, 2015). Telomeres 
and S regions share many similarities: both are located 
downstream of an RNA polymerase II (RPII) promoter 
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producing sterile transcripts (Schoeftner and Blasco, 2008; 
Storb, 2014) and have C-rich template DNA strands enriched 
in AID hotspot sequences (Fig. 1 A). Further, both regions 
form R-loops (RNA​:DNA hybrid regions; Balk et al., 2013; 
Pfeiffer et al., 2013) and produce noncoding transcripts 
capable of forming G-quartets, which help recruiting AID 

to S regions (Zheng et al., 2015). Based on these similarities 
and the relevance of telomeres for genomic stability, we asked 
whether telomeres might be targeted by AID in activated B 
cells. We found this to be the case. We further uncovered a 
critical role of UNG in protecting the telomeres and the GC 
reaction. In the absence of UNG, a mismatch repair-mediated 

Figure 1.  AID interacts with telomeres in B cells during CSR. (A) Schematic depiction of similarities between telomeres and S regions and location 
of AID’s preferred target sequences (WRCY). Note that WRCY motifs are present in both S-region strands but exclusively in the C-rich strand in telomeres. 
Sub-tel, subtelomeric. RPA, replication protein A; V, variable region. (B) Western blot analysis of AID expression in CH12F3 cells after cytokine stimulation 
for CSR. (C) Representative dot blot analysis of ChIP assays using anti-AID and IgG control in stimulated CH12F3 B cells. Dot blots with 5% of the input or 
the immunoprecipitates were analyzed via Southern blot with telomeric or Alu repeat probes. (D) Quantification of AID accumulation at telomeres (Telo) 
and Alu repeats by dot blot, as in C, as well as Sμ and Cμ regions of the Igh locus (by quantitative PCR [Q-PCR]) in CH12F3 cells stimulated for CSR, from 
at least three independent experiments. post-stim., post-stimulation. Error bars represent SD. (E, left) Western blot analysis of AID expression in CH12F3 
cells expressing the indicated shRNAs. (Right) Representative ChIPs in CH12F3 B cells with the indicated antibodies out of three independent experiments. 
Coimmunoprecipitated telomeric DNA was detected via Southern blot with a telomeric (tel.) probe in dot blots. (F) One representative of three independent 
ChIP assays, as in C but in splenic B cells purified from Aicda+/+ or Aicda−/− mice, and stimulated with LPS and IL-4 for 72 h. ChIP for the telomeric (Tel) 
protein TRF1 was included as a positive control. (G) ChIPs in CH12F3 B cells with the indicated antibodies. (Right) Quantification of the dot blot signals after 
hybridization with a telomeric probe. (H) Northern blot with a telomeric probe showing the level of telomeric transcripts in wild-type splenic B cells before 
and after stimulation for CSR. EtBr, ethidium bromide. (Right) Quantification of Northern signals. (G and H) Data show mean + SD values obtained at each 
time point from three independent experiments.
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mechanism makes gaps in the C-rich strand of the telomeres 
deaminated by AID and leads to their sudden shortening, 
resulting in greatly reduced B cell proliferation. Indeed, we 
show that during an immune response, B cell clonal expansion 
and formation of the GC depend on the presence of UNG. 
Therefore, we propose that B cells use a novel mechanism for 
telomere homeostasis to control the impact of AID off-target 
activity. We finally show that this is an actionable mechanism 
to target tumor cells expressing AID.

RES​ULTS
AID at the telomeres in activated B cells
To test whether AID localizes to telomeres, we used chro-
matin immunoprecipitation (ChIP) on chromatin extracts 
of the CH12F3 B cell lymphoma line and mouse splenic 
B cells. CH12F3 cells showed increasing expression of AID 
starting from 8 h until 24 h after cytokine stimulation, as 
evaluated by Western blotting (Fig. 1 B). We found that AID 
associated to telomeres and Sμ after CSR stimulation with 
the same kinetics (Fig. 1, C and D). The association was spe-
cific: first, no AID signal was observed at Alu repeats or the 
Cμ (Fig. 1, C and D). Second, depleting AID in CH12F3 
cells by shRNA (Fig. 1 E) or using AID-null splenic B cells 
(Fig. 1 F) eliminated the AID ChIP signal from the telo-
meres. Telomere occupancy by RPII and the transcription 
factor Spt5, which are necessary for recruiting AID to the 
DNA (Pavri et al., 2010; Storb, 2014), and steady-state levels 
of telomeric transcripts (Schoeftner and Blasco, 2008) did 
not change upon inducing CSR (Fig. 1, G and H), suggest-
ing unaltered telomeric transcription. We conclude that AID 
interacts with and might deaminate telomeric DNA in B 
cells concomitantly with CSR.

UNG protects B cells from AID-dependent telomere loss
Although AID-catalyzed deamination of telomeres could 
cause DNA damage, telomeres were normal in activated 
CH12F3 and splenic B cells, as judged by fluorescent in situ 
hybridization (FISH) of metaphase chromosomes (see para-
graph below). This could mean that AID is recruited to telo-
meres but does not act on them or that the deaminations are 
repaired by error-free mechanisms.

Although the repetitive nature of telomeres prevents 
their sequencing to detect point mutations, AID activity can 
be ascertained by interfering with cellular uracil-sensing fac-
tors. The major factor recognizing uracil at S regions is UNG, 
which can start either error-free BER or mutagenic process-
ing (Fig. 2 A). To test the potential role of BER in repair-
ing AID-induced damage at telomeres, we ablated UNG in 
stimulated B cells. Inhibiting UNG activity in CH12F3 cells 
through the expression of the specific inhibitor Ugi led to 
a fourfold increase in chromosomes with unequal telomere 
signals compared with control cells (Fig. 2 B). The majority 
of abnormal telomeres lacked a single chromatid, a phenotype 
known as sister telomere loss (STL, Fig. 2 B) that reflects a rep-
lication defect at the chromosome ends (Crabbe et al., 2004). 

Stimulated splenic B cells from Ung−/− mice also showed an 
eightfold increase in metaphases with STL-like phenotype 
over wild-type B cells (Fig. 2 C). Depleting AID by shRNAs 
in CH12F3 Ugi cells, as well as using mouse Ung−/− Aicda−/− 
splenic B cells, demonstrated that telomeric DNA loss in 
UNG-deficient B cells was AID dependent (Fig. 2, B and C). 
Finally, constitutive overexpression of AID in unstimulated 
CH12F3 Ugi cells was sufficient to increase the frequency of 
metaphases with STL-like phenotype, whereas the catalytic 
mutant AIDE58A did not cause that phenotype, despite being 
similarly expressed (Fig. 2 D). No increase in intrachromatid 
breaks was observed in CH12F3 Ugi or Ung−/− B cells (not 
depicted). No difference in single- or double-stranded telo-
meric repeats was observed by terminal restriction fragment 
analysis between activated Ung−/− and wild-type splenic  
B cells (not depicted), indicating that AID induces a sudden 
loss rather than an accelerated shortening of the telomeres. 
These results are consistent with the preference of AID to de-
aminate close to transcription initiation sites (Peters and Storb, 
1996; Rada and Milstein, 2001; Ramiro et al., 2003; Taylor et 
al., 2014), which in telomeres is at the subtelomeric region 
(Fig. 1 A; Azzalin et al., 2007; Schoeftner and Blasco, 2008).

Because STL is usually related to dysfunction in telo-
mere replication and AID exclusively deaminates deoxycy-
tosine, we used two-color chromosome orientation FISH 
(CO-FISH) to identify whether the loss of telomeric DNA 
reflected a defect in leading (C-rich) or lagging (G-rich) 
strand synthesis. Loss of signal in UNG-deficient B cells was 
restricted to the leading strand (Fig. 2 E), demonstrating that 
the AID-induced telomeric loss resulted from defects in rep-
licating the C-rich telomeric strand.

Our data are consistent with a model where, in activated 
B cells, AID deaminates the telomeres, but these are efficiently 
protected by UNG from further DNA damage.

Mismatch repair mediates telomere loss 
in Ung-deficient B cells
We then asked whether MSH2/MSH6, which can also de-
tect AID-catalyzed uracil and initiate faithful or mutagenic 
DNA repair (Fig. 3 A; Rada et al., 2004; Liu et al., 2008), 
played any role at the telomeres of activated B cells. Contrary 
to its role in telomere maintenance observed in mouse em-
bryonic fibroblasts (Campbell et al., 2006), depleting MSH2 
did not affect telomere stability in stimulated CH12F3 cells. 
However, MSH2 knockdown prevented the increase in STL 
observed in CH12F3 Ugi cells (Fig. 3, B and C). Accordingly, 
ChIP assays demonstrated AID-dependent accumulation of 
the MMR factors MSH2 and exonuclease 1 at the telomeres 
only in stimulated Ung−/− primary B cells (Fig.  3 D) and 
stimulated CH12F3 Ugi cells (not depicted). UNG inhibi-
tion in CH12F3 Ugi cell lines was confirmed by activity as-
says (Fig. 3 E). These results indicate that UNG outcompetes 
MSH2/MSH6 in recognizing the uracils, which only accumu-
late and can be detected as mismatches in the absence of UNG 
activity. Terminal restriction fragment analysis showed that 
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CH12F3 Ugi cells had a normal telomere G-rich 3′ overhang 
signal (Fig. 3 F). However, performing the same assay after 
treating the DNA with exonuclease to degrade this overhang 
revealed an increase in intratelomeric G-rich single-stranded 
DNA (ssDNA), indicative of ssDNA gaps, only in MSH2- 
depleted cells (Fig. 3 G). We conclude that, in the absence 
of UNG, MMR-dependent processing of AID lesions creates 
gaps in the telomeric C-rich strand, thereby mediating STL 
in replicating B cells.

Short telomeres in Ung-deficient B cells 
trigger a DNA damage response
Excessive loss of telomeric DNA induces a DNA damage 
response at the chromosome ends (d’Adda di Fagagna et al., 
2003; Arnoult and Karlseder, 2015). Indeed, we detected AID- 
dependent accumulation of phospho-ser139-H2AX (a 
marker of DNA damage often found at dysfunctional telo-
meres; d’Adda di Fagagna et al., 2003) at telomeres in stimu-
lated Ung−/− B cells (Fig. 3 D). By suppressing the p53- and 
p16INK4a/pRb-dependent pathways via the expression of 
papillomavirus proteins E6 and E7 to prevent B cell death, 
we found that CH12F3 Ugi cells significantly accumulated 
anaphase bridges compared with CH12F3 Ugi express-

ing an shRNA against AID (shAID) and control GFP cells 
(Fig. 4 A). Thus, AID expression causes telomere dysfunction 
in UNG-deficient B cells.

A DNA damage response caused by telomere dys-
function usually causes cell division defects (d’Adda di 
Fagagna et al., 2003; Arnoult and Karlseder, 2015). Ac-
cordingly, cell cycle profiling revealed that stimulated 
UNG-deficient B cells had an approximately sixfold in-
crease in cells arrested in synthesis phase (S phase), which 
was AID dependent (Fig.  4  B). These results predicted 
that UNG-deficient B cells expressing AID should have 
reduced proliferation capacity. Indeed, CH12F3 Ugi cells 
stimulated for CSR proliferated less than the control, as 
evaluated by total cell number or CFSE dilution assay, 
which was prevented by AID knockdown (Fig.  4  C). In 
addition, consistent with the role of telomerase in protect-
ing against cell proliferation defects caused by excessive 
telomere shortening (Verdun and Karlseder, 2007), knock-
down of the catalytic subunit of telomerase in CH12F3 
Ugi cells further decreased their proliferation (Fig.  4 C). 
We conclude that in the absence of Ung, AID induces 
telomere dysfunction and a DNA damage response that 
compromises B cell proliferation.

Figure 2.  AID induces telomere loss in UNG-deficient B cells. (A) Possible outcomes after AID-dependent DNA deaminations are processed by UNG in 
B cells. (B, left) Illustration of typical FISH staining with a telomere-specific probe in metaphase chromosomes from normal cells and cells with STL. (Right) 
Effect of UNG inhibition via Ugi expression on the proportion of metaphases with STL in different CH12F3 lines expressing scrambled (scr) control or two 
different shRNAs that deplete AID, before and after stimulating for CSR to IgA. Post-stim., post-simulation. (C, left) Representative pictures of FISH on 
metaphase chromosomes in wild-type, Ung−/−, and Ung−/− Aicda−/− mouse splenic B cells stimulated for CSR to IgG1. Telomeres were hybridized with an 
Alexa Fluor 488–[TTA​GGG]4 probe (in green); total DNA was stained with DAPI (in blue). Arrowheads indicate missing telomere staining from single sister 
chromatids. Bars, 2 µm. (Right) Quantification of STL per metaphase after FISH analysis. Error bars represent mean + SD from at least three independent 
experiments. (D, left) Western analysis of wild-type AID or AIDE58A levels in CH12F3 Ugi cells. (Right) Quantification of metaphases with STL from CH12F3 
Ugi cells expressing GFP, AID, or AIDE58A. (E, left) Illustration of CO-FISH staining. Leading-strand telomeres are shown in red, and lagging-strand telomeres 
are in green. (Middle) Representative pictures of CO-FISH in B cells at 4 d after stimulation with LPS and IL-4. Arrowheads indicate missing telomere staining 
from leading-strand telomeres. Bars, 2 µm. (Right) Quantification of STL per metaphase after CO-FISH analysis. (B, D, and E) Data show the mean + SD of 
three independent experiments, in which 50 metaphases per cell line were analyzed in each experiment.
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Figure 3.  Mismatch repair factors mediate AID-induced STL in Ung-deficient B cells. (A) Possible outcomes of MSH2/MSH6-initiated repair of 
AID-induced DNA deaminations in B cells. (B) Western blot analysis of MSH2 in CH12F3 cells expressing the indicated shRNAs. scr, scrambled. (C) Quantifi-
cation of the proportion of STL per 50 metaphases in each of the different CH12F3 lines expressing or not expressing Ugi and scrambled control or two dif-
ferent shRNAs that deplete MSH2, before and after stimulation of CSR to IgA. Error bars represent mean + SD from at least three independent experiments. 
(D, left) Representative ChIP performed with the indicated antibodies in wild-type, Ung−/−, and Ung−/− Aicda−/− splenic B cells stimulated for CSR to IgG1 
and analyzed by dot blotting using telomeric or Alu probes. (Right) Plot of the mean + SD dot blot signals for the telomeric probe from three independent 
experiments. (E) UNG activity assay using a fluorescein-labeled oligonucleotide containing a single dU, incubated with cell extracts (10 µg protein) from the 
indicated CH12F3 lines used in C. Substrate and product, indicated on the left, were resolved on 15% TBE-urea polyacrylamide gels. Western blot of γ-tubu-
lin level was used as a loading control. (F) Terminal restriction fragment analysis of TTA​GGG repeats in stimulated CH12F3 and CH12F3-Ugi cells expressing 
the indicated shRNAs via Southern blotting in native or denatured conditions. sub-tel., subtelomeric. (G, left) Diagram showing the expected outcomes after 
treatment of genomic DNA with exonuclease I before the TRF analyses of TTA​GGG repeats. The 3′ to 5′ single-strand exonuclease activity of ExoI will remove 
the telomeric 3′ G-rich overhang. Therefore, the signal for single-stranded TTA​GGG repeats will be lost in a TRF analysis in native conditions. However, in 
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Compromised GC B cell expansion in Ung−/− mice
B cells must expand clonally while expressing AID during 
the GC reaction (Victora and Nussenzweig, 2012). To eval-
uate whether AID expression affected the clonal prolifera-
tion of UNG-deficient GC B cells in vivo, we enumerated 
AID+ GC B cells after acute antigenic challenge using an 
AID-GFP transgenic (AID-GFPtg) reporter (Crouch et al., 
2007; Zahn et al., 2013). Despite wild-type and Ung−/− mice 
having similar quiescent splenic B cell populations (Zahn et 
al., 2013), 8 d after immunization, the spleen of Ung−/− AID-
GFPtg mice showed ∼50% less AID+ B cells than AID-GFPtg 
controls (Fig.  5  A). Splenic AID-GFP cells are largely GC  
B cells (Crouch et al., 2007) and were confirmed by the co-
localization of AID-GFP with peanut agglutininhigh (PNAhigh) 
IgD− cells inside B cell follicles (Fig. 5 B). This reduction in 
AID+ GC B cells was explained by an approximately three-
fold smaller average GC size in Ung−/− versus Ung+/+ AID-
GFPtg mice, rather than any difference in the number of GCs 
(Fig. 5, C–E). Thus, UNG deficiency impairs the proliferation 
of B cells expressing AID, which surely contributes to the 
severe defect in antibody responses of Ung-null mice and hu-
mans (Imai et al., 2003; Zahn et al., 2013). We conclude that 
UNG plays a critical role in the GC reaction by protecting 
AID-expressing B cells during clonal expansion.

UNG deficiency leads to proliferation defects  
in AID+ B cell lymphoma cells
Our results suggested that the proliferation of lymphoma cells 
expressing high levels of AID might depend on UNG. Old 
Ung−/− mice are prone to develop B cell lymphomas (Nilsen 
et al., 2003; Andersen et al., 2005). Although it has been spec-
ulated that AID might be etiological in those tumors, the 
AID status of the actual lymphomas has not been studied. We 
therefore analyzed lymphomas that developed spontaneously 
in wild-type and Ung−/− mice. Similar to previous studies 
(Nilsen et al., 2003; Andersen et al., 2005), 13 out of 30 (43%) 
Ung−/− mice but only 3 out of 18 (17%) control mice de-
veloped lymphoma (Fig.  6  A), which in most cases had a 
histopathology consistent with mature B cell lymphoma (not 
depicted). However, the majority (67%) of Ung−/− lympho-
mas were mostly negative for AID by immunohistochem-
istry (IHC; Fig.  6  B). Although these data do not exclude 
the possibility that AID plays a role in the origin of these 
lymphomas, the low or negative expression of AID in Ung−/−  
B cell lymphomas is consistent with the notion that high AID 
expression is not well tolerated by UNG-deficient B cells 
during clonal expansion.

In contrast to GC B cells in which AID is acutely in-
duced, human non–Hodgkin’s lymphoma (NHL) cells such 
as diffuse large B cell lymphoma (DLB​CL) can steadily  

express AID to various levels (Lossos et al., 2004; Pasqualucci 
et al., 2004). We therefore stratified human DLB​CL cell lines 
on the basis of their AID protein levels into high (DLB​CL 
AID+)- or low (DLB​CL AID−)-expressing lines (Fig.  6 C) 
and established derivatives expressing Ugi for each one. DLB​
CL AID+ cells showed a lower rate of cell proliferation when 
compared with DLB​CL AID− cells (Fig. 6 E). Expressing Ugi 
only impaired the growth of DLB​CL AID+ cells (Fig. 6 E). 
The poor growth and sensitivity to Ugi of DLB​CL AID+ cells 
was both AID- and MMR-dependent, as knockdown of AID 
or MSH2 allowed their proliferation at levels comparable with 
DLB​CL AID− cells (Fig. 6 E). Furthermore, DLB​CL AID− 
cells became sensitive to UNG inhibition after transfection 
with AID (Fig. 6 E). Importantly, we observed a significant 
increase in the number of metaphases with STL only when 
DLB​CL cells expressed AID and Ugi but not with Ugi alone 
(Fig. 6 F), despite having a similar level of UNG inhibition 
(Fig. 6 D). We conclude that human DLB​CL cells expressing 
high levels of AID and active MMR depend on UNG activity 
for maintenance of telomeres and their proliferation capacity.

DIS​CUS​SION
We identify telomeres as novel off targets of AID in normal 
and cancer B cells. We also describe an ensuing mechanism 
that involves error-free and DNA-damaging actions of UNG 
and MMR, respectively, at the telomeres (Fig. 7). UNG nor-
mally protects B cells expressing AID from telomere dysfunc-
tion and proliferation defects, thereby permitting a normal 
GC reaction and antibody response. The fundamentally pro-
tective role of UNG at telomeres contrasts with the primary 
role it plays in generating DNA breaks for CSR and chromo-
somal translocations (Rada et al., 2004; Ramiro et al., 2006), 
uncovering an example of locus-specific repair that has criti-
cal relevance for cell viability.

The proposed molecular model for telomere main-
tenance after AID activation (Fig.  7) raises new interesting 
questions. First, why are uracils at the telomeres not detected 
by MMR in UNG-sufficient cells? One possibility is that 
UNG efficiently outcompetes MMR. Another one is that this 
is determined by the cell cycle stage when deamination and/
or repair occurs. For instance, late-replicating DNA can accu-
mulate more mutations because of reduced MMR activity in 
the late S phase (Supek and Lehner, 2015). Differential MMR 
activity could underlie the preferential access of UNG to 
late-replicating, deaminated telomeres (Arnoult et al., 2010). 
Additionally, AID could facilitate UNG recruitment (Ranjit 
et al., 2011; Zahn et al., 2014). Second, could other BER gly-
cosylases act as backup for UNG at the telomeres? SMUG1, 
which can faithfully repair AID-catalyzed uracils (Di Noia et 
al., 2006), could partly explain the moderate impact of UNG 

telomeres with short gaps or nicks in the C-rich strand, ExoI activity will expose G-rich single-stranded gaps that can be detected in a TRF analysis in native 
conditions. (Right) Representative Southern blots of TRF after ExoI treatment in native and denatured conditions and quantification of telomeric ssDNA/
dsDNA ratio in ExoI-treated genomic DNA. Error bars represent mean + SD from at least three independent experiments. *, P < 0.003 (Student’s t test).
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deficiency on the size of GCs in immunized mice. However, 
in human cells, SMUG1 might not be enough to act as a 
backup to UNG, as its activity constitutes only 1% of uracil 
excision activity (Doseth et al., 2012). In support of a dom-

inant role of UNG for processing uracil at the telomeres, it 
was recently shown that, in mouse hematopoietic cells, UNG 
is important for long-term maintenance of telomeres by pro-
tecting them from uracylation (Vallabhaneni et al., 2015). 
Yet, in that case, uracils originate from 2′-deoxyuridine 
5′-triphosphate (dUTP) misincorporation during replica-
tion, which do not produce mismatches. SMUG1 can func-
tion upstream of MMR during CSR (Dingler et al., 2014). 
Thus, SMUG1 could actually induce the nicks needed for 
MMR-dependent deletion of deaminated telomeres. Finally, 
the reason why MMR fails to faithfully repair AID-damaged 
telomeres is unclear. Recently described noncanonical MMR 
pathways, which can produce genomic instability and create 
DNA breaks when processing uracils, are attractive possibili-
ties (Peña-Diaz et al., 2012; Bregenhorn et al., 2016).

Our results are likely to explain one or more B cell phe-
notypes that lack mechanistic observation. UNG deficiency 
causes immunodeficiency in mice and humans, which has so 
far been exclusively attributed to reduced isotype switching 
(Imai et al., 2003; Zahn et al., 2013). The key role of UNG in 
CSR surely contributes to the hyper-IgM phenotype in the 
UNG-deficient background. We now uncover a mechanism 
by which UNG protects the GC reaction. Previously, we had 
shown that Ung−/− mice have normal B cell populations in 
the spleen and form GCs with a normal overall architecture 
(Zahn et al., 2013) but had not quantitatively analyzed GCs in 
these mice. We now find that although the number of splenic 
GCs in Ung−/− mice are similar to wild type, those GCs are 
smaller. The reduced number of AID+ cells in Ung−/− GCs 
is most likely explained by the telomere dysfunction we de-
scribe in activated Ung−/− B cells. This mechanism by which 
AID can eliminate B cells may contribute to constraining the 
size of GCs (Robbiani et al., 2009; Zaheen et al., 2009). It 
might also underpin the mechanism by which AID contrib-
utes to self-tolerance (Kelsoe, 2014). Although the handful 
of UNG-deficient patients available do not display defects 
in tolerance (Cantaert et al., 2015), Ung−/− mice do show 
autoantibodies (Zahn et al., 2013). Species-specific differ-
ences or clinical bias in the detection of UNG patients may 
explain this result. Our data also suggest an explanation for 
the much more profound immunodeficiency seen in UNG- 
deficient humans relative to mice (Imai et al., 2003; Zahn et 
al., 2013). Indeed, telomeres in humans are about five-times 
shorter than in inbred mice (Kipling and Cooke, 1990) and 
may be more susceptible to AID-induced STL. Finally, our 
results also provide another plausible explanation to the ob-
servation that GC B cells express high levels of telomerase 
compared with other B cell subsets (Norrback et al., 1996; 
Hu et al., 1997). Indeed, we show that telomerase helps to 
moderate telomere dysfunction in UNG-deficient B cells 
(Fig. 4 C), which probably contributes to moderating the ef-
fect of UNG deficiency on GC size.

The off-target mutagenic activity of AID and its 
ability to initiate chromosomal translocations can be 
oncogenic (Pasqualucci et al., 2008; Robbiani and Nus-

Figure 4.  Compromised proliferation of Ung-deficient B cells ex-
pressing AID. (A, left) Representative microscopy pictures of anaphases 
from CH12F3 cells expressing the HPV16 E6 and E7 oncoproteins and GFP 
control, Ugi, or Ugi shAID. Total DNA was stained with DAPI (shown in 
green). Bars, 2 µm. (Right) Mean + SD proportion of anaphases showing 
chromosome bridges in CH12F3 GFP and CH12F3 Ugi cells from at least 
three independent experiments. 50 anaphases were analyzed for each cell 
line per experiment. (B) Cell cycle profile analysis by BrdU incorporation 
and propidium iodide (PI) staining in the indicated CH12F3 cells 24 h after 
stimulating CSR. (C) Cell number (left) and CFSE staining (right) were used 
to evaluate cellular proliferation of dCH12F3 and CH12F3 Ugi cells express-
ing the indicated shRNAs after stimulation for CSR. Error bars represent 
mean + SD from at least three independent experiments. shTERT, shRNA 
against the telomerase reverse transcriptase (TERT).
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senzweig, 2013; Meng et al., 2014; Qian et al., 2014). We 
demonstrate that AID off-target activity can also induce 
telomere loss and a DNA damage response at the chromo-
somes ends. Because short or dysfunctional telomeres are 
tumor suppressors (Deng et al., 2008), the loss of telomeres 
induced by AID in UNG-deficient B cells or after UNG 
inhibition can act as a de facto tumor suppressor mecha-
nism. The lack of AID expression in the B cell lymphomas 
that grow in UNG-deficient mice does not prove but is 
consistent with this view. We speculate that AID-mediated 
telomere loss may act as a fail-safe mechanism to eliminate 
GC B cells that have too much AID activity and/or are 
unable to repair their off-target activity and would thereby 
be at higher oncogenic risk. Thus, our results predict that 
UNG deficiency could in fact protect from GC-derived 
B cell lymphoma. Indeed, a recent study found that UNG 
deficiency protected Iμ-HABcl6 mice from DLB​CL (Gu 
et al., 2016), which was previously shown to be AID de-
pendent in that mouse model (Pasqualucci et al., 2008). 
In contrast, Iμ-HABcl6 Ung−/− Msh2−/− and Iμσ-HABcl6 
Msh2−/− mice developed DLB​CL faster than Iμ-HABcl6 

mice (Gu et al., 2016). Our results provide the molecular 
explanation to those observations by indicating that UNG 
can contribute to lymphomagenesis by protecting the 
telomeres from AID- and MMR-induced dysfunction in 
B cell lymphoma cells. This mechanism can be harnessed 
to kill AID+ cancer cells. We show that cancerous human  
B cells expressing AID require UNG for proliferation. 
Many NHL, including a large proportion of DLB​CL, the 
most common aggressive subtype of NHL, express AID 
(Lossos et al., 2004; Pasqualucci et al., 2004). DLB​CL cells 
rarely lose and sometimes overexpress UNG, whereas 
MMR factors are frequently mutated in DLB​CL (Cou-
ronné et al., 2013; de Miranda et al., 2013). Both these 
characteristics would help transformed cells cope with 
AID-induced telomere damage. Measuring UNG and 
MMR integrity would thus be useful for the stratification 
of B cell lymphomas and other cancers expressing AID. 
In conclusion, our data delineates a new mechanism pro-
tecting the GC reaction from the antibody diversification 
machinery and provide a rationale for targeting UNG as a 
means to delay the growth of AID+ cancers.

Figure 5.  Compromised clonal expansion of Ung−/− GC B cells in vivo. (A) Absolute number (left) and proportion (right) of AID-GFP+ cells in the spleen 
of AID-GFPtg and Ung−/− AID-GFPtg mice 8 d after immunization, as calculated from flow cytometry analyses of three independent experiments. (B) Rep-
resentative confocal images of GCs in the spleen of AID-GFPtg and Ung−/− AID-GFPtg mice stained for IgD and PNA. Bars, 20 µm. (C) Quantification of GC 
size. Each symbol represents the median area in square inches (sq in) of all GCs observed in splenic sections from four wild-type and five Ung−/− AID-GFPtg 
mice coming from two of the experiments represented in A. Data are derived from three independent experiments. (D) The number of GCs per splenic section 
were counted in the same mice as in C. (A, C, and D) The p-values from unpaired two-tailed Student’s t tests are shown, and horizontal bars indicate me-
dian values. (E) Representative images used to measure AID-GFP+ GC number and area. Partial composite sections of immunized spleens made of multiple 
overlapping images obtained by spinning disk confocal microscopy are shown for each genotype. Bars, 0.25 mm.
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Figure 6.  The proliferation of malignant B cells expressing AID depends on UNG. (A) Incidence of spontaneous lymphoma, lymphoid hyperplasia, or 
any other tumor in wild-type and Ung−/− mice. The total number of mice analyzed is shown at the center of each pie. (B, top) Representative IHC pictures 
of AID staining in B cell lymphomas found in Ung−/− mice. Positive and negative staining controls are shown using spleen from immunized wild-type and 
Aicda−/− mice, respectively. (Bottom) AID status of the lymphoma cells, as judged from IHC, for each of the mice diagnosed with B cell lymphoma. Bars, 50 
µm. (C) Western blot analysis of AID levels in human DLB​CL cell lines and control fibroblasts (IMR90). (D) UNG activity assay in cell extracts (10 µg protein) 
of the indicated DLB​CL cell lines using a fluorescein-labeled oligonucleotide with a single dU residue as the substrate. The reaction products resolved by 
TBE-urea PAGE are indicated on the left. A Western blot of γ-tubulin was used as the loading control. (E) The proliferation of the indicated human DLB​CL 
cell lines expressing GFP control, AID, or Ugi and the indicated shRNAs was measured by growth curves. (F) Quantification of metaphases with STL in the 
same cell lines analyzed in E. (E and F) Data are mean + SD from three independent experiments.
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MAT​ERI​ALS AND MET​HODS
Mice, mouse cohorts, and immunization
C57BL6/J mice were from The Jackson Laboratory. AID-
GFPtg mice (Crouch et al., 2007), a gift from R. Casellas (Na-
tional Cancer Institute, Bethesda, MD), Aicda−/− mice, a gift 
from T. Honjo (Kyoto University, Kyoto, Japan), and Ung−/− 
mice (Nilsen et al., 2000), a gift from H. Krokan (Norwegian 
University of Science and Technology, Trondheim, Norway), 
were all in C57BL6/J background. Aicda−/− Ung−/− mice 
were bred at the IRCM (Institut de Recherches Cliniques 
de Montréal) animal facility. Experimental cohorts for lym-
phoma follow up were observed daily for spontaneous signs 
of malaise or visible tumors and sacrificed when reaching 
one of the predefined endpoints or at 30 mo old. Spleens, 
enlarged lymph nodes, and/or any other tumors were har-
vested at necropsy and prepared for histology or analyzed 
by flow cytometry. Where indicated, mice were immunized 
with 50 µg NP18-CGG (LGC Biosearch Technologies) in 
Imject Alum adjuvant (Thermo Fisher Scientific) intraperi-
toneally and analyzed by flow cytometry 8 d later. All exper-

iments were approved by the animal protection committee 
at the IRCM, according to the guidelines of the Canadian 
Council on Animal Care.

Antibodies sources and Western blotting
Western blotting for the different proteins was performed 
as previously described (Verdun et al., 2005). The following 
antibodies were used in this study: actin and γ-tubulin (Sig-
ma-Aldrich), AID (Active Motif), EXO1 (Novus Biologicals), 
γH2AX (EMD Millipore), MSH2 and SPT5 (Santa Cruz 
Biotechnology, Inc.), and TRF1, a gift from J. Karlseder (Salk 
Institute, La Jolla, CA). The antibodies used for flow cytome-
try are indicated in the Flow cytometry and cell cycle analysis 
section, and the antibodies used for IHC are indicated in the 
Histological analysis section.

Cell lines and CSR analysis
DLB​CL cell lines, a gift from I. Lossos (University of Miami, 
Miami, Florida), were cultured in IMDM medium supple-
mented with 20% of human plasma. CH12F3-2 cells were 
cultured in RPMI medium supplemented with 10% FBS, 
0.05% 2-mercaptoethanol, and 5% NCTC 109 (Sigma- 
Aldrich). CH12F3-2 cells stably expressing Ugi were ob-
tained by retroviral delivery using a pMIG vector as previously 
described (Cortizas et al., 2013). Class switching induction 
to IgA in CH12F3-2 cells was performed as previously de-
scribed (Cortizas et al., 2013). CSR to IgA in CH12F3-2 
cells was determined with a flow cytometer (Accuri C6; 
BD). Mouse B cells were purified from freshly isolated sple-
nocytes using anti-CD43 magnetic beads as previously de-
scribed (Zahn et al., 2014). CSR was induced using 5 µg/ml 
LPS (Sigma-Aldrich) and 20 ng/ml IL-4 (PeproTech). Cells 
were harvested for ChIP or metaphase spreads and FISH at 
24 h after stimulation.

ChIP assays
ChIPs to evaluate interaction with the telomeric chro-
matin or the Ig locus were performed as described previ-
ously (Cortizas et al., 2013). In brief, cells were cross-linked 
with 1% formaldehyde for 20 min at room temperature, 
and the reaction was stopped by the addition of glycine to 
125 mM final concentration. Cells were washed twice with 
cold PBS, harvested, and kept at −80°C overnight (ON). 
Samples were resuspended in radioimmunoprecipitation 
assay (RIPA) buffer (150  mM NaCl, 1% [vol/vol] Igepal 
CA-630, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/
vol] SDS, 50  mM Tris-HCl, pH 8, 5  mM EDTA, pH 8, 
and protease and phosphatase inhibitors) and sonicated to 
generate DNA fragments <500 bp using a Bioruptor Next 
Gen sonication device (Diagenode).

To increase the sensitivity of the ChIP assays and eval-
uate the presence of AID at the telomeres, we performed the 
immunoprecipitations with fractions enriched in cross-linked 
chromatin. For this goal, B cells fixed with 1% formaldehyde 
as described in the previous paragraph were resuspended in 

Figure 7.  Proposed molecular mechanism of the alternative process-
ing of AID-induced telomeric damage in B cells. AID is induced in 
activated B cells and stochastically targets some telomeres, likely through 
association with the RPII at the subtelomeric (sub-tel.) promoter. UNG ini-
tiates error-free BER of the C-rich telomeres deaminated by AID, thereby 
preventing any telomeric damage and protecting cell proliferation. In 
UNG-deficient B cells, the uracils made by AID at telomeres are recognized 
instead as dG:dU mismatches by MMR and processed into a nick or short 
gap. This nick or short gap could stall leading strand synthesis and produce 
a very short telomere in one sister chromatid after replication, hampering 
cell proliferation potential.
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RIPA buffer and sonicated for 90 s using the Bioruptor Next 
Gen sonication device, and the lysates were then spun down 
briefly (2,000 g for 5 min at 4°C) to remove debris. Then, 
sucrose was added to the extract (5% final concentration) and 
layered onto 20% sucrose in RIPA buffer for ultracentrifuga-
tion at 40,000 rpm for 1.5 h using a rotor (TLA-100; Beck-
man Coulter). The chromatin-enriched pellets were then 
sonicated with the Bioruptor Next Gen sonication device to 
generate DNA fragments <500 bp and used for the immu-
noprecipitation step. Samples were then clarified by centrifu-
gation at 20,000 rpm and 4°C, and their protein content was 
measured using a DC protein assay (Bio-Rad Laboratories).

For immunoprecipitation, 0.5 mg (2 mg/ml) of protein 
extract or 0.2 mg (1 mg/ml) of chromatin-enriched extract 
was precleared for 2 h with 30 µl of 50% G protein–Sephar-
ose slurry before addition of the indicated antibodies. Be-
tween 2 and 5 µg of each antibody was added to the samples 
and incubated ON at 4°C. Immunocomplexes were eluted 
from agarose A/G plus (Santa Cruz Biotechnology, Inc.) for 
10 min at 65°C with 100 µl of elution buffer (1% [wt/vol] 
SDS), and cross-linking was reversed by adjusting to 200 mM 
NaCl, 1 mM EDTA, and 1 mM dithiothreitol and incubating 
ON at 65°C in the presence of 5 µg proteinase K. DNA was 
purified using a QIAquick PCR purification kit (QIA​GEN), 
and DNA resuspended in 60 µl of 10 mM Tris-HCl, pH 8, was 
used as a template in real-time PCR reactions to evaluate co-
immunoprecipitation of Igh DNA or Southern blotting with 
a telomeric probe or ALU repeat probe as described previously 
(Verdun et al., 2005). IgG and input DNA values were used to 
subtract/normalize the values from ChIP samples. All primer 
sequences used for the ChIP analyses are available upon request.

FISH
For metaphase analysis, cells were incubated with 50 ng/ml 
colcemide in cell culture media for 3 h, harvested by tryp-
sinization, incubated for 10 min at room temperature in 
75 mM KCl, and fixed in freshly prepared methanol/glacial 
acetic acid (3:1 vol/vol). Cells were stored at 4°C and, when 
needed, dropped onto wet slides and air dried. For FISH analysis 
of the metaphases, the cells were pretreated with 0.05% wt/
vol pepsin in 10 mM HCl for 10 min at 37°C. After washes 
with 1× PBS, cells were fixed with 1% formaldehyde in 1× 
PBS for 10 min at room temperature, washed again with 1× 
PBS, and dehydrated with an ethanol series (70-90-100%; 2 
min each at room temperature), and air dried ON. Then, cells 
were denatured with hybridization solution (70% deionized 
formamide, 2.5% 50× Denhardt solution, 10 mM Tris, pH 
7.5, and 1.5 mM MgCl2) containing Alexa Fluor 488–con-
jugated PNA probe (Alexa Fluor 488–OO-[CCC​TAA]3) for 
2 min at 80°C on a heat block. After 4-h incubation at room 
temperature in the dark, the samples were washed twice with 
wash solution (70% deionized formamide and 10 mM Tris-
HCl, pH 7.2) at room temperature and then twice with PBS. 
For DAPI staining of DNA, slides with metaphase spreads 
were incubated 10 min in 0.5 µg/ml DAPI (Sigma-Aldrich) 

in PBS, washed with PBS for 2 min, and mounted in Slow-
Fade Gold antifade mounting reagent (Thermo Fisher Sci-
entific). Finally, the samples were analyzed as described in 
Results. Where indicated, metaphases were spread as previ-
ously described (Verdun et al., 2005).

Anaphase cells were visualized by DAPI staining of cells 
fixed with 2% paraformaldehyde in 1× PBS, attached to slides 
pretreated with polylysine, and analyzed as described previ-
ously (Crabbe et al., 2004). A total of 50 anaphases were ana-
lyzed in each cell line per experiment.

CO-FISH
CO-FISH was performed as previously described (Crabbe 
et al., 2004), with the variation that cells were incubated 
with BrdU and BrdC simultaneously for 16 h, and hybrid-
ization was performed with CY5-OO-(TTA​GGG)3 and 
Alexa Fluor 488–OO-(CCC​TAA)3 probes (Panagene). In 
brief, BrdU and BrdC were incorporated into chromosomes 
throughout one S phase, metaphases were spread on slides, 
the BrdU-substituted DNA strands were degraded with 
exonuclease III, and the remaining strands were hybridized 
with fluorescence-labeled DNA probes of different colors, 
specific either for the G-rich telomere strand ([TTA​GGG]n, 
polymerized by lagging strand synthesis) or the C-rich telo-
mere strand ([CCC​TAA]n, polymerized by leading strand 
synthesis). Hybridization with PNA probes and DAPI stain-
ing were performed as described in the FISH section. The 
resulting chromosomes show dual staining and allow dis-
tinction between leading and lagging strands. Chromosomes 
were visualized using a microscope (DMI6000B; Leica Bio-
systems). A total of 50 metaphases were analyzed in each 
cell line per experiment.

Flow cytometry and cell cycle analysis
Mononuclear cells from mouse spleens or other organs 
were extracted using a cell strainer and stained with anti- 
B220–APC and anti-CD3–PE (BD). Propidium iodide 
was used to gate out dead cells. Results were acquired 
using an LSR I flow cytometer (BD) and analyzed in 
FlowJo software (Tree Star).

For BrdU incorporation analysis, CH12F3 cells  
(2 × 105/ml) were incubated for 30 min in culture medium 
containing 10 µM BrdU. Then, cells were harvested, washed 
twice with PBS, and fixed in cold 70% ethanol ON at 4°C. 
After removal of ethanol, DNA was denatured with 2 N 
HCl/0.5% Triton X-100 for 30 min at room temperature, 
neutralized with two washes of 0.1 M sodium tetraborate, pH 
9, and resuspended in 70% ethanol. Cells were recovered by 
centrifugation, washed once with PBS, resuspended in 100 µl 
of blocking buffer (0.5% Tween 20 and 1% BSA in PBS) con-
taining 10 µl mouse anti-BrdU antibody (BD), and incubated 
at room temperature for 30 min. After a wash with PBS, cells 
were incubated for 15 min at room temperature with goat 
anti–mouse Alexa Fluor 647 antibody diluted in blocking 
buffer. Finally, cells were washed with PBS once, resuspended 
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in PBS containing 5 µg/ml propidium iodide, and analyzed 
using an Accuri flow cytometer.

Histological analysis
Tissues were fixed with 4% formaldehyde ON at room tem-
perature and embedded in paraffin. Sections were stained 
with hematoxylin and eosin. IHC was performed on 5-µm 
sections of paraffin-embedded tissues, deparaffinized, rehy-
drated, and subjected to antigen retrieval. After blocking en-
dogenous peroxidase activity with 3% hydrogen peroxide, 
sections were incubated ON at 4°C with rat anti–mouse 
CD45R (1:50; BD) or AID (1:100; eBioscience) followed 
by goat bio–anti–rat IgG or goat bio–anti–rabbit IgG (1:200; 
Vector Laboratories) or directly with 20 µg/ml biotinylated 
PNA (Vector Laboratories) for 60 min at room temperature 
and developed using avidin, bio-HRP, and HRP substrate 
included in the ImmPACT NovaRED HRP kit (Vector 
Laboratories). Formalin-fixed and paraffin-embedded tissues 
were analyzed by a pathologist after hematoxylin and eosin 
and IHC staining. Lymphoma was defined by the presence 
of nodular and/or diffuse lymphoid aggregates composed 
by a relatively monomorphic population of intermediate to 
large lymphoid cells with cytological atypia and increased 
number of mitoses. Features of cytological atypia included 
a combination of the following: increased size of the lym-
phoid cells, presence of irregular nuclear contours, and one 
or more enlarged nucleoli. Nodular lymphoid hyperplasia 
was defined by the presence of expanded lymphoid folli-
cles, with or without GCs that were composed by lymphoid 
cells predominantly small in size and without cytologi-
cal atypia. For visualization of AID-GFP in the spleen of 
AID-GFPtg mice, organs were embedded in CryoMatrix 
(Thermo Fisher Scientific) and snap frozen before section-
ing. Sections were fixed in 3.7% (wt/vol) paraformaldehyde 
for 10 min, permeabilized with 0.5% Triton X-100 for 10 
min, washed, and incubated for 15 min with DAPI before 
mounting in Aqua Mount (Thermo Fisher Scientific). Some 
cryosections were stained with anti-IgD–PE (1/200; Bio-
Legend) and/or biotinylated PNA (1:200; Vector Laborato-
ries) + streptavidin-APC (1:100; BD). Images of GCs were 
taken with a confocal microscope (LSM700; ZEI​SS) fitted 
with 555-nm, 488-nm, and 639-nm lasers. Images of whole 
tissue sections were composed from multiple fields imaged 
using a spinning disk confocal microscope (LSM700) with a 
Cell Observer SD and a CSU-X1 Yokogawa head (ZEI​SS). 
The GFP+ areas inside B cell follicles were scored in ImageJ 
(National Institutes of Health).

shRNA knockdowns and Ugi expression
We generated stable shRNA-mediated knockdowns in 
CH12F3 cells following protocols from the RNAi Consor-
tium. Transfected cells were selected with puromycin at 1 µg/
ml final concentration. For double knockdowns, CH12F3 
cells were first transfected with a pLKO.1 neomycin ver-
sion of the shRNA (shAID or shGFP), selected and then 

transduced with the second shRNA, and selected again with 
puromycin before analysis. The shRNAs used in this study 
are available upon request. CH12F3 Ugi cells transduced 
with pMIG-Ugi-IRES (internal ribosomal entry site)–GFP 
were generated as described previously (Cortizas et al., 2013), 
human lymphoma Ugi cells were generated by retroviral de-
livery using a pLPC-PURO system (pLPC-Ugi-PURO), and 
transduced cells were selected with 1 µg/ml of puromycin. 
The Ugi protein from bacteriophage PBS2 and its ability to 
inhibit eukaryotic UNG have been described previously (Di 
Noia and Neuberger, 2002).

Ung activity assay
The UNG activity assay was performed as previously 
described (Di Noia and Neuberger, 2002) with minor 
modifications. In brief, exponentially growing cells were 
washed in 1× PBS buffer, resuspended in HED buf-
fer (25  mM Hepes, 5  mM EDTA, 1  mM dithiothreitol, 
and 10% glycerol, pH 7.8) with complete protease in-
hibitors (Roche), and lysed by sonication (five pulses of 
30  s) in a Bioruptor (Diagenode). After centrifugation at 
14,000 rcf for 20 min at 4°C, the supernatant was fro-
zen in aliquots into liquid nitrogen and stored at 80°C. 
UNG assays were performed in HED buffer by mix-
ing 10 µg of cell extract with 1 pmol of fluorescein- 
labeled oligonucleotide substrate in a final volume of 10 µl 
for 3  h at 37°C. The double-stranded oligonucleotide 
with a single deoxyuridine/deoxyguanosine mismatch was 
made by annealing 5′-ATT​ATT​ATT​ATT​CCG​UGG​ATT​
TAT​TTA​TTT​ATT​TAT​TTA​TTT-fluorescein to the com-
plementary oligonucleotide, 5′-AAA​TAA​ATA​AAT​AAA​
TAA​ATA​AAT​CCG​CGG​AAT​AAT​AAT​AAT-3′. The reac-
tion was terminated by the addition of 10 µl of formamide 
loading dye, and the products were resolved on 15% Tris/
borate/EDTA (TBE)-urea polyacrylamide gels. The apy-
rimidinic endonuclease activity present in the extracts was 
sufficient to cleave all the abasic substrate generated by 
UNG during the reaction. The fluorescein signal of the 
reaction products was visualized using a Typhoon Phos-
phorImager (GE Healthcare).
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