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ABSTRACT

In B lymphocytes, the uracil N-glycosylase (UNG) ex-
cises genomic uracils made by activation-induced
deaminase (AID), thus underpinning antibody gene
diversification and oncogenic chromosomal translo-
cations, but also initiating faithful DNA repair. Ung—/~
mice develop B-cell ymphoma (BCL). However, since
UNG has anti- and pro-oncogenic activities, its tu-
mor suppressor relevance is unclear. Moreover, how
the constant DNA damage and repair caused by
the AID and UNG interplay affects B-cell fitness and
thereby the dynamics of cell populations in vivo is
unknown. Here, we show that UNG specifically pro-
tects the fithess of germinal center B cells, which
express AID, and not of any other B-cell subset, coin-
cident with AlD-induced telomere damage activating
p53-dependent checkpoints. Consistent with AID ex-
pression being detrimental in UNG-deficient B cells,
Ung~/~ mice develop BCL originating from activated
B cells but lose AID expression in the established tu-
mor. Accordingly, we find that UNG is rarely lost in

human BCL. The fitness preservation activity of UNG
contingent to AID expression was confirmed in a B-
cell leukemia model. Hence, UNG, typically consid-
ered a tumor suppressor, acquires tumor-enabling
activity in cancer cell populations that express AID
by protecting cell fitness.
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INTRODUCTION

Activation-induced deaminase (AID, encoded by Aicda)
transforms cytosine DNA bases into uracil at the im-
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munoglobulin (Ig) genes, thereby initiating somatic hyper-
mutation (SHM) to modify the antibody affinity in germi-
nal center (GC) B cells (1). Mutagenic processing of these
uracils by DNA repair enzymes expands the spectrum of
SHM (1), while at the Ig heavy chain gene (Igh) it triggers
antibody class switch recombination (CSR) by producing
DNA breaks (2). The same AID-initiated mechanisms can
produce collateral DNA damage at other loci, causing mu-
tations and chromosomal translocations (3). Accordingly,
AID is oncogenic in GC-derived and other murine mod-
els of B-cell neoplasm (4-12). Human B-cell lymphomas
(BCLs) are mostly GC experienced (13) and many express
AID, especially diffuse large BCL (DLBCL) and Burkitt’s
lymphoma (14-18). The oncogenic potential of AID is mit-
igated by several layers of regulation. First, AID expression
and activity are regulated by multiple mechanisms (2,3).
Second, DNA repair pathways can counter AID-induced
off-target DNA lesions (19,20). A third line of defense is
provided by tumor suppressors that allow time for DNA re-
pair or eliminate B cells displaying genomic instability, with
p53 playing a prominent role against AID-induced trans-
formation (8,11,21).

AID-born uracils are recognized by only two pathways
(22). The major pathway starts with the uracil-DNA gly-
cosylase UNG, which excises uracil to produce an aba-
sic site. Abasic sites expand the SHM spectrum by forc-
ing mutations when replicated over, or are converted to
DNA double-strand breaks by abasic site-specific nucleases
at the Igh (2). Alternatively, the MSH2/6 heterodimer of
the mismatch repair (MMR) pathway recognizes U:G mi-
spairs and initiates mutagenic noncanonical MMR, which
expands SHM to A:T pairs and contributes to Igh DNA
breaks (23). AID is most highly expressed in activated and
GC B cells, which proliferate rapidly (24). Off-target DNA
breaks caused by the consecutive action of AID and UNG
or MSH2/6 are repaired by homologous recombination to
prevent cell cycle arrest in GC B cells (20). Despite their
mutagenic roles in SHM and CSR, the canonical function
of UNG and MSH2/6 is to initiate error-free base excision
repair (BER) and MMR, respectively (2,23), whereby they
also prevent a proportion of AID-induced lesions at the Ig
and genome-wide (19,22,25,26). Since the constant repair
of AID-induced lesions would exact an energy cost and can
generate toxic intermediates, AID activity reduces cell fit-
ness, understood as the potential to thrive in a given con-
dition. Fitness is most important in vivo, where cell pop-
ulations are subjected to a stringent or competitive envi-
ronment. Accordingly, Aicda=/~ mice show GC hyperpla-
sia and Aicda=/~ GC B cells display a fitness advantage over
wild type (WT) in mixed bone marrow (BM) chimera exper-
iments, partly due to reduced apoptosis (27,28). One would
expect that the uracil sensors UNG and MSH2/6 would
also impact fitness in AID+ cells. Ung~/~ Msh2~/~ GC B
cells are at a disadvantage in BM chimeras and display more
apoptosis than WT (28), but this could be attributed to the
MSH?2 deficiency. Indeed, Msh2~/~ mice show reduced GC
expansion and increased GC B-cell apoptosis (29), and ab-
lating MMR in a B-cell line causes severe proliferation de-
fects independently of AID (30). The effect of UNG on B-
cell fitness in vivo has not been addressed. A similar logic
would apply to AID+ BCL. However, while MMR defi-

ciency is associated with cancer predisposition (26,31-33)
and BCL (34), the links between UNG and B-cell transfor-
mation or population dynamics of cells expressing AID are
unclear.

The main function of UNG in vertebrate cells is to repair
uracil that DNA polymerases can misincorporate oppo-
site adenine during DNA replication, which is not directly
mutagenic (35,36). This specialization, and partial redun-
dancy with the uracil-DNA glycosylase SMUGT/, explains
why UNG-deficient tissues show only a modest mutation
increase in vertebrates (35,36). Nonetheless, UNG could be
considered a tumor suppressor by contributing to canonical
uracil BER. Accordingly, Ung™/~ mice spontaneously de-
velop BCL (37,38). A causal role for AID in BCL in Ung~/~
mice has been suggested but never tested. On the other
hand, UNG can be oncogenic. UNG mediates the chromo-
somal translocations initiated by AID (21,39). Moreover,
UNG deficiency impaired the development of DLBCL in
the InHABcI6 transgenic mice, and of plasmacytoma in
Bcl-xL transgenic mice (39,40). In both mouse models, neo-
plasia is also prevented by AID deficiency (4,10), suggest-
ing that UNG is required for AID-mediated cancer initi-
ation. In addition, UNG can protect the integrity of the
telomeres from uracil misincorporation in hematopoietic
cells (41) and from AID- and MMR-mediated truncation
in cultured B cells and BCL cell lines (42), which after the
generation of oncogenic mutations could impinge on tumor
expansion. The latter has not been tested in vivo, as it re-
quires a model in which AID and UNG are expressed but
not required for oncogenesis.

Here, we have tested the relevance and net outcome of the
multiple AID-triggered molecular transactions by which
UNG can either protect or compromise genome stability, on
the dynamics of normal and neoplastic B-cell populations
in vivo. We find that, in the physiological GC setting, UNG
promotes B-cell fitness. In pathological settings, we confirm
that UNG is a BCL suppressor, but show that this activ-
ity is relatively weak and not necessarily due to opposing
AID activity, as shown by BCL predisposition in Aicda™/~
Ung~/~ mice. Nonetheless, many Ung~/~ BCLs do origi-
nate from B cells with previous AID activity, but the estab-
lished tumor loses AID expression. Finally, by ablating Ung
in a mouse B-cell leukemia model, we provide direct evi-
dence of a tumor-enabling activity of UNG contingent on
AID expression. Thus, while UNG is a tumor suppressor in
B cells, it also protects the fitness of AID+ B cells, whereby
it favors cancer promotion after cancer initiation.

MATERIALS AND METHODS
Mice

Ung~/~ mice (35), a gift from Dr H. Krokan (NUST,
Trondheim, Norway), Aicda=/~ mice (1), a gift from Dr
T. Honjo (Kyoto University, Japan), Smugl—/~ (43) and
Ung~/= Msh2=/~ (22) were in C57BL6/J background.
C57BL6/J WT, CD45.1, Tp53~/~ (44) and NOD Ragl =/~
I12rg™ Wil 1SzJ (NRG) mice were from the Jackson Labo-
ratory (Bar Harbor, MN). Mice used for experiments and
the prospective cancer cohorts were housed at the IRCM,
Montréal, Canada. We had previously analyzed the AID
status of some of the Ung™/~ BCLs in this cohort (42), but



they were reanalyzed for this work in parallel with addi-
tional mice and BCLs from the WT controls. Retrospective
survival data were compiled from historical records of mice
housed at the MRC-LMB animal facility, Cambridge, UK.
Animal work was reviewed and approved by the IRCM ani-
mal protection committee (protocols 2009-15 and 2013-15)
in accordance to the guidelines from the Canadian Council
of Animal Care or covered by UK home office project li-
censes 70/7571 and 80/2226 in accordance with guidelines
in effect at the LMB-MRC. Mice were housed in specific
pathogen-free facilities. For GC B-cell analysis, age- and
sex-matched mice, 40-120 days old, were immunized with
10° sheep red blood cells (SRBCs; Innovative Research,
I1C100-0210) in 200 wl phosphate-buffered saline (PBS) by
the tail vein. For cancer follow-up, mice were observed reg-
ularly until they spontaneously developed signs of disease
(paralysis, rapid loss of weight, ataxia, lack of cleaning,
general posture, visible masses), or reached an age of 30
months, and then sacrificed in a CO, chamber and ana-
lyzed. Bone marrow (BM) chimeras: BM cells were isolated
from WT, Ung =/~ and Adicda='~ Ung~/~ mice as described
(45) and mixed with identical numbers of BM cells from
CD45.1* WT mice. Lethally irradiated (9 Gy) C57BL6/]
(CD45.2) recipient mice were injected by the tail vein with
100 pl of PBS containing 2 x 10° mixed BM cells. All donor
and recipient mice were females. Hematological reconsti-
tution was confirmed in blood by flow cytometry 4 weeks
post-injection. Mice were immunized intraperitoneally with
50 pg of nitrophenyl-chicken gamma globulin in alum 40—
50 days after reconstitution and analyzed 11 days later. The
proportion of CD45.1 and CD45.2 cells for each B-cell sub-
set was determined by flow cytometry. The CD45.2/CD45.1
ratios of all subsets were normalized to the ratio of the BM
mix used to reconstitute the corresponding group of recipi-
ent mice. The individual GC B-cell ratios were further nor-
malized to the ratio of splenic total B220 B cells in the same
mouse. Finally, for each cell subset, the ratios in individual
mice were normalized to the average ratio of the wt:wt con-
trol chimeras, to account for biases known to occur in these
type of experiments (46).

Flow cytometry

Mononuclear cells were extracted by mashing tumors or
organs through a cell strainer with a syringe plunger. BM
cells were flushed out of decapped long bones using a sy-
ringe. Single-cell suspensions (1-2 x 10° for spleen, 5 x 10°
for BM) or whole blood (50 wl) were stained with antibody
combinations as per Supplementary Table S1. To assess pro-
liferation, 3 x 10° splenocytes purified and stained for GC
markers were treated with fixation/permeabilization solu-
tion (eBioscience, cat. #00-5523) for 1 h at 4°C in the dark,
followed by 1 h incubation with anti-Ki67-PECY?7 (eBio-
science) at 4°C. To assess apoptosis, 10° splenocytes were
incubated with FITC-conjugated CaspGLOW pan-caspase
substrate (BioVision) for 60 min at 37°C in warm culture
media followed by surface marker staining and flow cytom-
etry analysis. Data were acquired using FACS Caliber 2, BD
LSR T or BD LSR Fortessa (BD Biosciences) and analyzed
using FlowJo.
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FISH and telomere loss scoring

Resting splenic B cells were purified using anti-CD43 mag-
netic beads following the manufacturer’s instructions (Mil-
tenyi Biotec), activated with 5 wg/ml lipopolysaccharide
(LPS, Sigma-Aldrich) and 20 ng/ml IL-4 (PeproTech), and
processed for metaphase spreads 24 h later. Cells were in-
cubated with 50 ng/ml colcemide in cell culture media for
3 h, harvested, incubated for 10 min at room temperature
in 75 mM KCI and fixed in methanol/glacial acetic acid
(3:1 vol/vol). Cells were dropped onto wet slides and air
dried for metaphase spreading. Metaphases were processed
for FISH and hybridized to a Fluor 488-conjugated PNA
probe (Alexa Fluor 488-O0O-[CCCTAA];) in hybridization
solution (70% deionized formamide, 2.5% 50x Denhardt
solution, 10 mM Tris—HCI, pH 7.5, and 1.5 mM MgCl,),
followed by DAPI staining, exactly as previously described
(42). Hybridized samples were mounted in Slow-Fade Gold
mounting reagent (Thermo Fisher Scientific). Telomere
truncations were scored as unequal telomere signals from
at least 50 metaphases per sample per experiment from pic-
tures taken in a fluorescence microscope.

Histopathology

Tumors or enlarged organs were removed during necropsy,
fixed in 10% formalin at room temperature and embed-
ded in paraffin. Sections were stained with hematoxylin—
eosin and analyzed by a pathologist. Sections of paraffin-
embedded tissues (5 wm) were deparaffinized in xylene (2 x
5 min) and then rehydrated to distilled water using graded
alcohols. Antigen was retrieved by steaming the slides for
20 min and then cooling for 20 min in either l mM EDTA,
0.05% Tween 20, pH 8 (for AID and BCL6), or 10 mM acid
citric, 0.05% Tween 20, pH 6.0, for all other antigens. Block-
ings were as follows: 0.3% H,O, for 10 min for endogenous
peroxidase, avidin/biotin blocking buffer (#SP2001, Vector
Laboratories, Burlingame, CA) for 15 min and/or 3% nor-
mal goat serum and 1% bovine serum albumin for 60 min
at room temperature. Carbo-free blocking buffer (#SP5040,
Vector Laboratories) was used prior to PNA staining for
60 min at room temperature. Sections were incubated with
PNA (Vector Laboratories) or primary antibodies (Sup-
plementary Table S1) for 60 min at room temperature or
overnight at 4°C, followed by biotin-conjugated secondary
antibodies and detection with Vectastain ABC Kit (PK-
6100, Vector Laboratories). Peroxidase activity was devel-
oped using ImmPACT NovaRED HRP substrate (Vector
Laboratories).

Spectral karyotyping

Lymphoma cells (5 x 10°) recovered from enlarged organs
of moribund mice were injected via tail vein into NRG
mice. Transplanted mice were sacrificed when showing signs
of disease and lymphoma cells recovered from spleen and
mesenteric lymph nodes. Lymphoma cells were resuspended
in culture media after red blood cell lysis, incubated with
colchicine and processed for spectral karyotyping on rep-
resentative metaphases. Slide pretreatment, hybridization
with mouse chromosomes probes (SkyPaint™ DNA Kit)
and detection with the Concentrated Antibodies Detection
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Kit were performed using the protocol provided by Applied
Spectral Imaging with minor modifications. Spectral im-
ages were acquired with a GenASIs HiSKY ™ Hyperspectral
Karyotyping system mounted on an Olympus BX53 micro-
scope and analyzed using the ASI software version 7.2.6.

IgV and Sp. sequencing

Genomic DNA from fresh or frozen lymphoma cells pu-
rified from NRG mice transplanted with BCL samples
#4681 and #19-087-2016 was extracted with DirectPCR ly-
sis buffer (Viagen) or Gentra Puregene DNA isolation (QI-
AGEN), respectively. For all other BCL samples, genomic
DNA was prepared from FFPE laser capture microdis-
section samples using the Cobas® DNA Sample Prepara-
tion Kit (Roche, cat. #05985536190). The rearranged Vg DJ
junction was determined by PCR amplification with a mix-
ture of degenerate forward primers for most Vi gene fam-
ilies (V1:V5:V3:V7:V9, ratio 6:3:1:1:1) located in FR2/3
(47) and a reverse primer in Jy4. The complete IgVy was
amplified using V-specific forward primers located in FR1
and reverse primers located in or downstream of the clos-
est Jy region, according to the VDIJ rearrangement. The
S was amplified with forward primer OJ521 and reverse
0J299 or OJ354. See Supplementary Table S2 for all primer
sequences. PCR amplification was done using KOD Hot
Start DNA Polymerase (SIGMA Millipore, cat. #71086)
in 25 wl reactions using 0.02 U/wl KOD polymerase, 2
mM MgSOy, 5% DMSO, 0.3 wM each primer and 50 ng
DNA. Cycling conditions were as follows: 95°C for 2 min
+ 40 cycles of (95°C for 20 s, 56°C for 10 s and 70°C
for 10 s). DNA fragments of the right size were purified
from agarose gel electrophoresis with Monarch® DNA Gel
Extraction Kit (New England Biolabs, cat. #T1020), A-
tailed using home-made Taq polymerase, cloned in pPGEM-
T-Easy (Promega, cat. #A1360) and transformed in DHS5-
a Escherichia coli. Multiple individual clones were Sanger
sequenced. Sequences were visually inspected, and primers
trimmed off using SnapGene, and then aligned for mu-
tation analyses and phylogenetic tree building in MEGA
v7.0.14. Trees were made by the minimum evolution sta-
tistical method with 1000 bootstrap replicates. Evolution-
ary distances were computed using the number of differ-
ences method. Rate variation among site was modeled with
a gamma distribution (shape parameter = 1). All sequences
are available in Supplementary Data Set 1.

Whole genome sequencing and mutation analysis

Library preparation was performed as described (48). Se-
quencing was performed at the Kinghorn Centre of Clin-
ical Genomics at the Garvan Institute of Medical Re-
search, Sydney, Australia, to a minimum of 30x cover-
age using I[llumina HiSeq technology with 150-bp paired
end reads. Each tumor sample (Ung~/~ BCL #16836
from mouse #4689 and Ung~/~ Aicda=/— BCL #16840
from mouse #19-087-2016) was compared to a com-
mon control non-tumor (tail) sample to allow unequivo-
cal assignment of mutations. Each FASTQ file obtained
was quality checked using FastQC (S. Andrews, FastQC
version 0.11.2, http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/). Further analysis was based on the Broad
Institute best practices. Reads were aligned to the mouse
GRCm38 (mm10) reference genome sequence using BWA-
MEM 0.7.10 (arXiv:1303.3997) (49). Mates were then fixed
and results converted to bam format and sorted using sam-
tools 1.1 (50). Duplicates were marked using biobambam
markduplicates2 (51) and indexed using samtools. Realign-
ment around indels including known indels in dbSNP 138
(obtained from EnsEMBL release 74) and subsequent base
recalibration was performed using GATK 3.2.2 (52,53).
Mutations were scored as variants that appeared in the tu-
mor but were absent in non-tumor tissue. Single-nucleotide
variants were called using MuTect 1.1.7 (54). Mutations de-
tected in regions of the reference genome containing simple
repeats or low-complexity DNA identified by VSEARCH
(55) using the Dust method were ignored. Single-nucleotide
variants were classified into the six possible base pair sub-
stitutions based on the pyrimidine of the mutated base pair
(C>A, C>G, C>T, T>A, T>C and T>G) and counted.
The UCSC Genome Browser and IGV 2.3.26 were used
for visual inspection of mapped reads and mutated sites.
The Ensembl Variant Effect Predictor (56) was used to as-
sess possible functional impact of mutations. Mutational
signatures were detected by de novo extraction based on
somatic substitutions and their immediate sequence con-
text. The classification of single-base mutations into six
types was further elaborated by including both the 5" and
3’ base immediately next to the mutation, resulting in 96
possible mutation types. The mutations extracted from the
mouse data were also renormalized to the trinucleotide fre-
quency of the mouse genome. Plots of normalized muta-
tions frequencies in different trinucleotide sequence con-
texts were plotted using Galaxy and the Genomic Hyper-
browser (57). To identify mutations at C within WRCY se-
quence context, frequencies were counted by overlapping
genomic locations for the three possible mutations from C
(C>T, C>A, C>G) with occurrences of the 4-mer pattern
WRCY. Subsequently, their normalized counts were plotted
separately for all mutation types. The log-transformed dis-
tribution of distances between mutation following pattern
WRCY and the rest of mutations from the datasets was cal-
culated. Rainfall plots (58) were used to visualize the distri-
bution of mutations and mutation hotspot (kategis) regions
along the reference genome. A list of AID off-targets was
compiled from (19,59) and intersected with the list of genes
with mutations in coding regions in each BCL sample.

Acute B-cell leukemia model

A retroviral vector encoding BCR-ABL1?P?!-ires-GFP was
transfected into the ecotropic packaging cell line PLAT-E
(60) and cultured 24 h in DMEM containing 10% FBS, and
then supplemented with 0.5 M sodium butyrate (Sigma)
for additional 8§ h. The supernatant was collected 48 h
later, concentrated using Vivaspin 20 (GE Healthcare) and
used to infect purified total BM cells, and then cultured in
StemSpan medium (Stemcell Technologies) for 48 h with 2
mM glutamine, 50 ng/ml FIt3L and 10 ng/ml rIL-7 (Pe-
proTech). Pelleted BM cells were resuspended in 0.2 ml of
concentrated viral supernatant containing 8 pg/ml poly-
brene (Sigma) and incubated for 2 h in 37°C before adding
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1 ml of complete StemSpan, spinning for 30 min at 600 x g
and incubating overnight in six-well plates. Sublethally ir-
radiated (5 Gy) NRG mice were injected with 10° cells in
0.1 ml PBS by tail vein. Mice were sacrificed when reach-
ing one of the endpoints (paralysis, rapid loss of weight,
ataxia, lack of cleaning, general posture, visible masses).
Leukemia cells were isolated and analyzed by flow cytome-
try. RNA was isolated from freshly isolated tumor cells us-
ing TRIzol (Life Technologies) and cDNA synthesized us-
ing the ProtoScript™ M-MuLV Taq RT-PCR kit (New Eng-
land Biolabs). Endpoint PCR was performed on the cDNA
using Taq DNA polymerase with Aicda primers AIDfwd
and AIDrev for mouse AID (389-bp fragment), 35 cycles of
(94°C for 30 s, 55°C for 30 s and 68°C for 1 min), and OJ651
and 0J652 for Gapdh (121 bp fragment), 30 cycles of (94°C
for 30 s, 51°C for 20 s and 68°C 1 min). Oligo sequences are
provided in Supplementary Table S2.

Statistical analyses

Data were analyzed in Prism (GraphPad Soft). Tests
used are indicated in the text, using parametric or non-
parametric methods depending on the result of normality
test. P-values <0.05 were considered significant.

RESULTS
UNG protects GC B-cell fitness

To test the effect of AID-UNG interplay on GC B cells,
we first analyzed GC formation in 2-4-month-old Ung=/~,
Aicda='~ and Ung™/~ Aicda~/~ mice immunized with SR-
BCs. None of the mice showed B-cell hyperplasia at this
age (Supplementary Figure S1A). There were no significant
differences in the GC B-cell proportion or number, or in
the GC B-cell kinetics between Ung~/~ and WT mice af-
ter immunization (Figure 1A and B). Compared to WT,
Aicda/~ mice displayed up to >4-fold more GC B cells,
as previously shown (1,27), and the GC reaction persisted
for much longer after immunization. Neither of these phe-
notypes was affected by compounded UNG deficiency in
Ung~/~ Aicda='~ mice (Figure 1A and B).

GC B cells have two major populations, centroblasts in
the DZ, where most proliferation takes place, and centro-
cytes in the LZ, which undergo antibody affinity-based se-
lection and differentiation to effector cells (24,61). Ung~/~
showed a small reduction in DZ/LZ ratio (Figure 1C), but
there were no differences in Ki67 staining between Ung ™/~
and WT mice (Figure 1D). In contrast, the DZ/LZ in
Ung~/~ Aicda=/~ mice was much lower than WT, reflect-
ing the predominance of centrocytes typical of Aicda=/~
GC (1,27) (Figure 1C). Accordingly, Aicda—'~ GC consis-
tently showed a larger fraction of Ki67'°" B cells than WT,
especially at late time points, which was less noticeable in
Ung=/~ Aicda='= GC B cells (Figure 1D). Reduced B-cell
apoptosis contributes to GC hyperplasia in Aicda—/~ mice
(27), which we also verified in Ung=/~ Aicda=/~ GC B cells
(Figure 1E). Interestingly, Ung~/~ GC B cells had similarly
reduced apoptosis (Figure 1E), despite the lack of GC hy-
perplasia.

As a more sensitive assay for B-cell fitness, we set up
competitive BM chimeras by reconstituting irradiated WT
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host mice with a 1:1 mix of WT and Ung~/~ or Ung~/
Aicda=’~ BM cells distinguishable by their CD45 allele,
which were compared to WT:WT control chimeras. For the
most part, Ung~/~ and Ung~/" Aicda=/~ BM contributed
to T- and B-cell subsets similarly to WT, or even showed a
slight advantage in pre-B cells and blood B cells (Supple-
mentary Figure SIB and C). In marked contrast, Ung~/~
GC B cells were underrepresented by 3-fold relative to WT,
revealing a disadvantage (Figure 1F). This GC-specific B-
cell defect disappeared in the Ung~/~ Aicda—'— GC B cells,
which outcompeted their WT counterparts (Figure 1F),
similar to the GC phenotype of Aicda='~:WT BM chimeras
(27,28).

We conclude that, despite both UNG and AID deficien-
cies reducing apoptosis of GC B cells, their effects are not
additive but have different consequences on GC B cells, as
Ung~/~ mice do not develop the GC hyperplasia typical
of Aicda=/~. Moreover, in contrast to AID-deficient GC B
cells (27), Ung=/~ B cells have in fact a fitness disadvantage
in the GC, which is eliminated when AID is simultancously
ablated.

Activated Ung~/~ B cells undergo extensive telomere damage

The lack of GC B-cell hyperplasia in Ung~/~ mice com-
pared to Aicda™/~ and Ung™/~ Aicda=/~, despite equally
reduced GC B-cell apoptosis in all three, suggested that an-
other process offsets the benefit of less apoptosis in acti-
vated Ung~/~ B cells. We have shown that Ung=/~ B cells
activated ex vivo undergo telomere truncations that are
AID dependent and can reduce cell proliferation (42). We
hypothesized that this DNA damage, which would affect
Ung~/~ but not Ung~/~ Aicda=/~ B cells, might contribute
to the GC phenotype in Ung~/~ mice. To assess the real
extent of ongoing telomere damage, we activated Ung™/~
Trp53~/~ and control primary B cells ex vivo with LPS and
IL-4, which induces AID and proliferation. While AID-
dependent telomere losses were found in ~20% Ung™/~
B cells, these aberrations were visible in ~60% of Ung™/~
Trp53~/~ B cells (Figure 2). The difference between the
proportion of Ung™/~ and Ung™/~ Trp53~/~ B cells with
telomere loss represented cells that do not reach metaphase,
and hence cannot be scored by telomere FISH, due to p53-
dependent checkpoint activation (62). Thus, ongoing AID-
dependent telomere DNA damage in Ung™/~ B cells could
offset reduced apoptosis and explain the lack of GC hyper-
plasia in the mice, as well as the defect in GC B-cell fitness
in vivo.

AID ablation does not prevent BCL in Ung™/~ mice

Besides GC B cells, the other in vivo setting in which AID
is well expressed is in the context of BCL (14-16). To an-
alyze the interplay between AID and UNG in BCL, we
used Ung~/~ mice, which develop spontaneous BCL (37).
To test whether the accrued incidence of BCL in Ung™/~
mice was caused by AID, we followed prospective cohorts
of C57BL6/J WT, Ung™/~, Aicda™'~ and Ung™/~ Aicda='~
mice.

The median lifespan of Ung~/~ mice was 8 weeks shorter
than WT (Figures 2B and 3A), in line with the 15-week dif-
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Figure 1. Reduced fitness of UNG-deficient GC B cells. (A) Representative flow cytometry of GC B-cell (CD3~ B220" GL7" CD95%) proportions in
the spleen of mice immunized with SRBCs. Means + SEM GC B-cell proportion for two to nine mice per group per time point compiled from multiple
experiments are plotted. (B) Absolute number of GC B cells in individual mice (symbols) and mean values (bars) from two pooled experiments done as in
(A) at day 14 post-SRBC immunization. (C) Representative flow cytometry gating for dark (DZ) and light zone (LZ) GC B cells (B220" GL7" CD95")
and compiled DZ to LZ ratio for the individual mice in (B) (symbols) and mean values (bars). (D) Representative flow cytometry histogram of Ki67 (color)
and isotype control (gray) staining of GC B cells. Means & SEM proportion of Ki67'°% cells for >2 mice per group per time point are plotted from two
to three pooled independent experiments. (E) Representative flow cytometry histogram for activated caspase staining in GC B cells. Means + SD values
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differences by two-way ANOVA with Sidak’s multiple comparisons. Representative CD45.1 versus CD45.2 flow cytometry staining gated on GC B cells
(CD3~ B220" GL7" CD95"; see gating in Supplementary Figure S1C).

ference reported for a larger cohort (> 100 mice) (37). Most
mice reached endpoint due to age-related morbidities but,
as expected, there was a significant increase in lymphoma
incidence in Ung~/~ versus WT mice (Figure 3C). Ung~/~
mice with lymphoma succumbed at a median age of 782
days (Figure 3D), indicating that the Ung~/~ lymphomas
were not aggressive and/or appeared late. Accordingly, four
mice that were euthanized between 13 and 30 months of age
due to ulcerative dermatitis or final endpoint showed lym-
phoid tissue histopathology consistent with either preneo-

plastic expansion or early lymphoma (Figure 3C and Sup-
plementary Table S3).

Surprisingly, the median lifespan of Aicda=/~ and
Ung=/~ Aicda=/~ mice was significantly shorter (~575
days) than WT (Figure 3A and B). These mice did not show
any difference in hematological parameters up to 1 year of
age (Supplementary Figure S2A) and the cause of death
was not obvious during necropsy. The exceptions were a
significant proportion of Ung~/" Aicda'~ mice (9/36) dis-
playing lymphoid tissue hyperplasia secondary to the pres-
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Figure 2. Telomere loss in Ung-deficient B cells activates p53-dependent checkpoints. Pictures of FISH with a telomeric probe on metaphases of primary
B cells from the indicated mouse lines, 24 h post-stimulation with LPS and IL-4. FISH signal in green (FITC) is overlaid on DNA stain in blue (DAPI).
Numbered arrows indicate telomere loss events, identified as unequal hybridization on sister chromatids. Pictures showing telomere loss events for most
genotypes were selected and individual chromosomes with either intact telomeres or representative telomere loss events (arrows) are magnified below. The
proportions of mitoses showing at least one telomere loss, scored from two independent experiments and 50 metaphases per experiment per genotype, are

plotted.

ence of lymphoma (Figure 3C, Supplementary Figure S2B
and Supplementary Table S3). Ung~/~ Aicda~/~ mice pre-
senting lymphoma were younger than the corresponding
Ung~/~ mice (Figure 3D) but still around the median life
expectancy of the line, again indicating late incidence. In
contrast, none of the 27 Aicda=/~ mice analyzed developed
any neoplasm.

SMUGT can contribute some CSR in mice, but it mostly
initiates error-free uracil repair in B cells (48,63-65). To rule
out a putative protective role of SMUGT in the relatively
modest effect of UNG deficiency on mouse survival, we
retrospectively analyzed the lifespan of Ung™/~, Smugl—/~
and Ung~/~ Smugl~/~ mice cohorts housed in the same fa-
cility. Overall survival was identical for all groups (Figure
3E).

Since the deletion of tumor suppressors like MSH6 in
pS53-deficient mice is sufficient to change the tumor spec-
trum from T-cell lymphoma (TCL) to BCL, and accelerate
lymphoma onset (66,67), we asked whether the lymphoma
suppressor activity of UNG might have a similar effect.
However, irrespective of UNG status, all Trp53~/~ groups
developed exclusively TCL, with no obvious difference in

type, incidence or overall survival to the Trp53~/~ con-
trol mice (Supplementary Figure S3A-D). UNG and/or
AID deficiencies also failed to alter the kinetic or spec-
trum of cancer in p53-haploinsufficient mice, which develop
a broader spectrum of tumors with longer latency than
Trp53~/~ mice (44) (Supplementary Figure S3E-G).

MSH?2 deficiency drastically reduces mouse life ex-
pectancy, and Ung~/~ Msh2=/~ show the same survival
as Msh2~/~ mice (43). Interestingly, a retrospective analy-
sis showed that ablating AID significantly increased the sur-
vival of Ung=/~ Msh2~/~ mice (Figure 3F), suggesting that
MMR may limit the oncogenic activity of AID.

We conclude that UNG deficiency specifically causes
spontaneous lymphoma predisposition in mice, but this
lymphoma suppressor activity does not synergize with p53
deficiency, and produces lymphomas that develop slowly,
are incompletely penetrant and can be AID independent.

Ung=/'~ and Ung=/~ Aicda~/~ mice develop mature BCL

Since the reduced lifespan of AID-deficient mice prevented
a conclusion about the etiological role of AID in Ung™/~
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Figure 3. Survival and lymphoma incidence in Ung™/~ and Ung™/~
Aicda™/~ mice. (A) Kaplan—Meier survival plot of prospective mouse co-
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(symbols) and median values (bars) for the mouse groups in (A). (C) In-
cidence of hematological neoplasms in the mouse groups from (A). Sig-
nificant P-values by Fisher’s exact test. (D) Age at death of individual
mice (symbols) and median values for the mice diagnosed with lymphoma.
Non-B-cell neoplasms in Ung~/~ are shown in cyan. (E) Age at death of
individual mice (symbols) and median values (bars) from the indicated
mouse genotypes retrospectively compiled. (B, D, E) P-values for signif-
icant differences by one-way ANOVA are indicated. (F) Kaplan—Meier
plot compiling retrospective survival data for the indicated mouse co-
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mice BCL, we sought to gain insight by detailed BCL phe-
notyping in Ung™/~ and Ung™/~ Aicda™/~ mice.

Aged WT C57BL6/J mice rarely developed lymphoma
but the three that did showed isotype switched (w— k/\+)
mature BCL (Figure 4A, Supplementary Figure S4 and
Supplementary Table S3). Aged Ung~/~ mice developed
lymphoma but hardly any other neoplasm. Most mice
displayed BCL, as shown by B220 staining (13/18), but
there were also TCL (3/18) and B220~ CD3~ non-
BCL/TCL (2/18) (Figure 4A and B, and Supplementary

Figure S4). Ung~/~ BCLs were of large B-cell type, with
diffuse, nodular or mixed histopathology (Figure 4B and
Supplementary Table S3), consistent with previous reports
(37,38). Those Ung~/~ BCLs that could be unambiguously
typed by flow cytometry showed a mature B-cell phenotype
(IgM* IgD") (Figure 4B and Supplementary Figure S4).
Ung~/~ Aicda=/~ mice exclusively developed BCL, all but
one being mature with diffuse or nodular histopathology
(Figure 4C, Supplementary Figure S4 and Supplementary
Table S3). Ung~/~ BCLs were mostly Ki67~, but a majority
of Ung~/~ Aicda=/~ BCLs were Ki67* (Supplementary Fig-
ure S5A), suggesting they were relatively more aggressive,
which is consistent with their earlier appearance compared
to Ung~/~ BCL (Figure 3D).

We focused on the mature BCLs to define whether they
were derived from GC or activated B cells, which express
AID. BCL6 expression was rare in BCLs from this co-
hort, whether from WT (1/3), Ung~/~ (0/10) or Ung~/~
Aicda/~ (2/8) mice, yet all WT BCLs were PNAHISH and
switched (Figure 4D and Supplementary Figure S5B), con-
sistent with an activated or GC B-cell origin. The BCLs
from Ung™/~ and Ung=/~ Aicda™/~ were more hetero-
geneous, with 30% and 50%, respectively, expressing the
PNAHIGH jctivation marker (Figure 4D and Supplemen-
tary Figure S5C). We also scored CD21 and CD23 expres-
sion, as within mature B cells these markers are downregu-
lated in activated and GC versus FO B cells (Supplementary
Figure S5D). BCLs from all three genotypes often showed
low or absent CD21 and CD23 expression (Figure 4D and
Supplementary Figure S4).

We conclude that full-body UNG deficiency specifically
predisposes to lymphoma, mostly but not only mature BCL.
The lymphoma-specific tumor suppressor activity of UNG
is not prevented by AID deficiency, but rather seems to syn-
ergize with it to produce only BCL in Ung™/~ Aicda™/~ mice
and earlier than in Ung~/~. Mature BCLs in both mice are
heterogeneous but express markers of B-cell activation (Fig-
ure 4D).

Ung=/~ BCLs show transient AID activity

To obtain more conclusive indications of an activated or
GC origin for Ung~/~ BCL, we analyzed AID expression
and activity. We first stained by IHC all the cohort’s ma-
ture BCLs in parallel, together with normal GCs to com-
pare their AID protein expression. The three WT BCLs
expressed AID at levels comparable to that of GC B cells
(Figure 5A). In contrast, only 1 out of 10 Ung~/~ BCLs
analyzed was positive for AID (Figure 5A). We analyzed
more in detail Ung~/~ mouse #4681, diagnosed with a
relatively aggressive (496 days old at endpoint) mature
PNAHIGH BCL, which we were able to amplify by trans-
plantation into recipient mice that developed disease (Sup-
plementary Figure S6A). Western blot of Ung™/~ #4681
BCL cells confirmed the lack of AID expression, even af-
ter LPS stimulation (Figure 5A). Despite not expressing
AID, the monoclonal VDJ rearrangement of this BCL
showed SHM, as confirmed by the typical G:C to A:T
pattern and the lack of mutations in a similarly analyzed
Ung~/~ Aicda='~ BCL (Supplementary Figure S6B and
Figure 5B). Isotype switching was not expected in the ab-
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sence of UNG, but this does not prevent AID from mu-
tating the Igh switch (S)w region (22), which was indeed
the case in this tumor (Figure 5C). We analyzed mutations
at the Sp of additional Ung~/~ BCL cells obtained from
paraffin-embedded samples by laser capture microdissec-
tion. We were able to amplify the Sp. from three BCL sam-
ples, two of which showed mutations above the background
determined from three samples of Ung~/~ Aicda=/~ BCL
Sw regions similarly obtained (Figure 5C). The two Ung~/~
BCL Sp regions with high mutation frequency also showed
signs of intraclonal diversification (Figure 5D), suggesting
AID was active for some time in the tumors before being
downregulated.

We analyzed the presence of genomic instability in the
Ung~/~ #4681 BCL. Spectral karyotyping revealed the
clonal aberrations Chrl5 trisomy and T(1;6) translocation,
but a Ung™/~ Aicda=/~ BCL (#19-087-2016) showed simi-
lar levels of clonal aberrations with a Der(4)T(X;4) translo-
cation, large Chrl0 deletion and tetraploid ChrX (Sup-
plementary Figure S6C). The mutation spectra of these
Ung~/~ and Ung~/~ Aicda—/~ BCL, determined by whole
genome sequencing, were dominated by C to T transitions
(Supplementary Figure S6D). While TCL from Ung/~

Smugl—/~ mice show a predominance of mutations at CpG
(48), this was not the case in either UNG-deficient tu-
mor, as shown by trinucleotide frequency plots (Supplemen-
tary Figure S6E). The mutations in Ung~/~ and Ung™/~
Aicda=/~ BCLs differed in three aspects. First, kataegis
events were apparent only in the Ung~/~ BCL (Supplemen-
tary Figure S6F). Second, the fraction of mutations at C
within the preferred AID context (WRCY) in the Ung~/~
BCL was twice as high, and these mutations were more
closely spaced than in the Ung~/~ Aicda=/~ BCL (Figure SE
and F). Third, the two tumors showed a non-overlapping set
of coding gene mutations with distinct predicted functional
effects (Supplementary Table S4), with mutations in coding
regions in the Ung~/~ BCL overlapping significantly more
with AID off-target genes identified in mouse B cells (19,59)
(Figure 5G).

We conclude that spontaneous BCL in either Ung~/~ and
Ung~/~ Aicda™/~ can accumulate complex genomic alter-
ations and abundant mutations. In addition, and even ac-
knowledging the caveat of a limited number of tumors an-
alyzed, the presence of SHM in three out of four randomly
chosen Ung=/~ BCLs, one of them additionally showing a
WRCY mutation signature, allows us to conclude that a
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Figure 5. AID expression and activity in Ung-deficient BCL. (A) Representative IHC for AID in BCL tissue sections from WT or Ung~/~ mice. A splenic
GC from an immunized WT mouse serves as a positive control. Bars = 20 pm. The pie charts compile the proportion of AID+ BCL out of the mice
analyzed (total n at the center). All samples were stained simultaneously, imaged and processed identically for comparison. AID western blot for one
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good proportion of mature BCLs in Ung™/~ mice originates we asked whether UNG loss might be prevalent in BCL
from activated B cells that expressed AID. patients. However, UNG mutations were very rare in hu-
man cancer. Among 36 157 cancer samples, encompass-
ing human cancers of any tissue origin in the COSMIC
database (GRCh38 v87), there were only 61 coding muta-
Given the lymphoma suppressor activity for UNG in mice tions, none of them in the 4226 hematopoietic neoplasms
and that it could protect from AID-induced mutagenesis, available (Supplementary Table S5). Similarly, there was

Intact UNG expression in human BCL



a single UNG mutation (R269Q) among 3225 lymphoid
neoplasms (1170 DLBCL) in the cBioPortal database and
none in 38 cases of resistant/relapsed DLBCL we had se-
quenced (68) (Figure 6A). In contrast, mutations in MMR
genes (MSH2, MSHG6, PMS2, MLH]I) were more common
in DLBCL (0.3-3%), consistent with a report that found
MMR genes mutated in 9/27 BCL samples but a single
UNG mutation (34). UNG was not downregulated either in
BCL. UNG transcript levels largely correlated with the pro-
liferative characteristics of the neoplasm, being the highest
in DLBCL, Burkitt’s and follicular lymphomas (Figure 6B).
Burkitt’s lymphoma and DLBCL most frequently express
AID (16). However, RNA-seq data of 48 DLBCL samples
from TCGA showed consistent UNG expression and vari-
able 41CDA expression (Figure 6C). Nonetheless, UNG ex-
pression was significantly higher in activated B-cell-like DL-
BCL type, which express higher AID levels than the GC B-
cell-like type (Figure 6D). We conclude that UNG is seldom
mutated and typically well expressed in human BCL.

Ung enables AID+ B-cell neoplasm

The paucity of UNG mutations in human BCL patients
and the protective effect of UNG in normal GC B cells
suggested that a potential tumor-enabling role of UNG
might supersede its tumor suppressor role in AID+ cells.
We therefore tested the effect of UNG in vivo in a mouse
model of B-cell neoplasm cells that express AID. To dis-
sociate AID from cancer initiation, we used an acute B-
cell leukemia model that is driven by the expression of the
BCR-ABL oncogene (69). In this model, AID is expressed
at 5-10% levels compared to activated B cells but causes
off-target mutations and acts as a disease progression factor
(69,70). Indeed, Aicda—'— BM cells transduced with BCR-
ABL caused a less aggressive leukemia than BCR-ABL WT
BM in recipient mice (Figure 7A). In this setting, if the
role of UNG in counteracting AID activity prevailed, we
would have expected a more aggressive leukemia when us-
ing Ung~/~ BM cells. Instead, mice transplanted with BCR-
ABL Ung~/~ BM cells showed significantly less aggressive
leukemia than the WT (Figure 7A). AID transcript was
detectable in 13/15 (86.7%) of the WT and 11/17 (64%)
of the Ung~/~ leukemia obtained from moribund animals
that were tested by RT-PCR (Figure 7B). Importantly, ab-
lation of Ung did not improve the survival of AID-deficient
leukemia (Figure 7A). These results provide good evidence
of a tumor-enabling effect of Ung for B-cell leukemia in vivo,
which is specific to AID sufficiency.

DISCUSSION

The role of UNG has been especially scrutinized in B
cells because of its function in CSR and SHM. UNG also
mediates some of AID oncogenic effects by enabling off-
target DNA breaks that lead to chromosomal transloca-
tions (2,21,22,39). On the other hand, UNG funnels a pro-
portion of the AID-catalyzed uracils into error-free BER,
which prevents mutations, genomic rearrangements and
telomere truncations (19,25,39,42,71). After cancer initia-
tion, the ongoing DNA damage and repair transactions
arising from AID and UNG could still affect cell fitness and
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thereby cancer progression. We show that UNG protects B-
cell fitness from AID, which has an impact on the popula-
tion dynamics of GC and cancer B cells. UNG could protect
B cells from transformation, as evidenced by the predomi-
nance of AID-experienced BCL in Ung~/~ mice, but after
cancer initiation UNG becomes an enabler of tumor growth
by protecting the cells from the detrimental effect of AID
activity, as suggested by the loss of AID in Ung~/~ BCL
and shown by the slower growth of Ung~/~ B-ALL.

Our conclusion that UNG promotes B-cell fitness in vivo,
and that this effect is linked to the expression of AID, is
supported by three lines of evidence. First, UNG has a pos-
itive effect on fitness specifically in GC but not any other
B-cell subset, as shown in competitive BM chimeras. Oth-
ers had shown that AID has the opposite effect on GC B-
cell fitness, with dicda—/~ GC B cells outcompeting WT in
BM chimeras (27,28). Since Ung~/~ Aicda='~ GC B cells
also outcompeted the WT, AID most likely causes the fit-
ness defect of Ung™/~ GC B cells. Ung~/~ mice show nor-
mal GC B-cell numbers (further discussed below). In con-
trast, Ung~/~ mice that overexpress AID by ~3-fold gen-
erated 2-3-fold less GC B cells than the UNG-proficient
controls after immunization (42). We posit that B-cell fit-
ness is sensitive to the cellular AID:UNG ratio, to mini-
mize the risk of genomic instability in GC B cells with high
AID:UNG ratio (42). Second, and consistent with the lat-
ter, the spontaneous BCLs arising in Ung™/~ mice lack AID
expression despite showing signs of AID activity (SHM and
genome-wide WRCY signature). Even acknowledging that
we analyzed a modest number of samples, these were ran-
domly chosen (based on success to amplify the IgVH or
Sw), yet most showed SHM. In contrast, all three BCLs
found in WT mice showed high AID expression. These data
allow us to conclude that AID was lost in the Ung~/~ BCL,
rather than never expressed, further suggesting that, in the
absence of UNG, AID expression becomes a liability and
is counterselected. In one BCL sample we could analyze
further, Aicda could not be induced with LPS and IL-4,
which induce AID expression in normal B cells. This sug-
gests that Aicda might be silenced epigenetically, which re-
mains to be confirmed. Third, ablating UNG in B-ALL cells
results in a population disadvantage in vivo, as judged by
the slower disease kinetics, specifically when the leukemia
cells were AID proficient. This is the first experimental
demonstration of a tumor-enabling activity of UNG. Two
reports have shown that UNG is essential for AID-initiated
oncogenesis in mouse models. Crossing Ung~/~ mice with
the InHABcl6 transgenic model of DLBCL, or the Bel-xL
transgenic model of plasmacytoma, greatly reduces the in-
cidence of the neoplasms (39,40). Neither model allows to
test the effect of UNG on cancer progression as a function
of AID expression because either enzyme is required for
oncogenesis (4,10). Collectively, our results provide good
evidence that UNG protects normal and cancer B-cell fit-
ness from AID activity, thereby revealing a tumor-enabling
activity of UNG that is at play during cancer progression.
This activity is distinct from the roles AID and UNG might
have during cancer initiation.

The tumor-enabling function of UNG does not rule out
that UNG acts as a tumor suppressor by reducing the mu-
tation load caused by AID off-target activity, as shown in
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Figure 6. UNG is expressed and unmutated in human BCL. (A) Summary of alterations in the indicated genes found by exome sequencing of B-cell
neoplasms. Data from cBioPortal and from (68) for rrDLBCL (resistant/relapsed DLBCL). (B) UNG transcript levels by microarray in normal human
B-cell subpopulations and B-cell neoplasm (GSE2350). (C) AICDA and UNG transcript levels by RNA-seq for a TCGA dataset of 48 cases (GSE2350).
HPRTI, a well-expressed gene, and CDA, a low to not expressed gene, were included as references. (D) Comparative expression of UNG and 4ICDA by
microarray in activated B-cell (ABC) versus germinal center B-cell (GCB) DLBCL (GSE22470). P-values by an unpaired two-tailed 7-test.

normal B cells (37,38,72). The reduced lifespan of AID-
deficient mice (see below) hampered our effort to directly
test this. Interestingly, AID deficiency significantly reduced
the mortality of Ung~/~ Msh2~/~ mice in retrospective
analyses. Together with the report that MSH2 deficiency in-
creases lymphoma incidence in the IwHABcl6 transgenic
mouse model (40), our observation suggests that MMR
might more robustly mitigate the oncogenic effect of AID,
which remains to be investigated. Surprisingly, we also find
evidence of an AID-independent lymphoma suppressor ac-
tivity for UNG. First, we find some lymphomas originat-
ing from cells that are not expected to express AID in our
Ung~/~ cohort. Second, Ung™/~ Aicda™'~ mice developed
mature BCL, often displaying activation markers, albeit not
Bcl6. Combined with the fact that AID deficiency should
affect the tissue where the enzyme is normally expressed,
BCL in Ung~/~ Aicda=/~ is likely derived from activated
B cells. The lack of lymphoma in Aicda=/~ mice and ear-
lier incidence of BCL in Ung™/~ Aicda™/~ than in Ung™/~
mice suggest the two deficiencies synergize. The underly-
ing mechanism is unknown but must be independent of
the function of UNG in antibody diversification, in which
both enzymes are epistatic. Perhaps the mild mutagenic ef-
fect of compromised uracil BER caused by UNG deficiency
(35,36) compounds with reduced apoptosis and protracted
GC caused by AID deficiency to increase the probability
of B-cell transformation in Ung~/~ Aicda mice. We did not
analyze this further because this double deficiency has no
correlate in human patients. On the other hand, our find-
ings could have implications for AID- or UNG-deficient pa-
tients. First, we find that AID deficiency can shorten lifes-
pan. The reason for this was not apparent but we ruled out
the previously reported mutation in Lag3 acquired during
backcrossing Aicda=/~ to Balb/c (73,74), which is absent in

our C57BL6/J mice (not shown). Immunodeficiency is also
an unlikely cause, as the mice were kept in clean facilities
and showed no signs of infection. However, AID-deficient
mice fail to control the gut flora (75), and show autoim-
mune traits due to defects in B-cell tolerance (76,77), both
of which could contribute to reduce lifespan. In any case,
our observation calls for closer follow-up of AID-deficient
patients. Second, our data emphasize that UNG is a weak
tumor suppressor in mice and suggest it is not at all in hu-
mans. Thus, Ung~/~ BCLs are not aggressive (i.e. incom-
plete penetrance, long latency, Ki67-negative, no synergy
with p53 deficiency), consistent with the modest effect on
overall mouse survival (37). Human BCLs invariably show
intact UNG expression, in contrast to MMR genes that
are frequently mutated, suggesting that cancer cells prefer
to retain UNG expression. None of the five reported pa-
tients with congenital UNG deficiency, some of which are
>40 years old, has developed cancer yet (78). These patients
should be monitored, but it is possible that the oncogenic
activity UNG (39,40), and/or the tumor-enabling activity
described here, predominates over its tumor suppressor ac-
tivity in humans.

We show that UNG protects the fitness of normal GC
B cells, yet Ung~/~ mice show normal GC B-cell numbers.
Two AID-related functions of UNG likely underlie this ap-
parent discrepancy. First, AID-dependent DNA damage
induces apoptosis, which explains the GC hyperplasia in
Aicda™/~ mice (27,28). UNG mediates most or the apop-
togenic intrachromosomal DNA breaks downstream from
AID, for both Igh CSR and off-target (21,22,79). The simi-
lar decrease in GC B-cell apoptosis that we find in Ung~/~,
Aicda='~ and Ung~/~ Aicda/~ mice is consistent with AID
and UNG being epistatic for intrachromosomal DNA dam-
age (21,22,79). The lack of GC hyperplasia in Ung~/~ mice
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Figure 7. Tumor-enabling effect of UNG on AID+ B-cell leukemia. (A)
Overall survival of NRG mice transplanted with BM from the indicated
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compared to Aicda™'~ and Ung™/~ Aicda™/~ is likely ex-
plained by a second mechanism, in which AID and UNG
are not epistatic. We posit that the fitness defect in Ung ™/~
B cells is caused by AID-induced telomere damage. AID
can target the telomere C-rich strand, but UNG prevents
any DNA damage (42). Instead, in UNG-deficient B cells
and BCL cell lines, MMR transforms the U:G mismatches
into single-stranded DNA gaps, leading to telomere trunca-
tion upon replication (42). We now show that AID-induced
telomere loss is very frequent and activates p53-dependent
checkpoints, which likely compromises cell fitness. We can-
not measure telomere loss in GC B cells because they do not
replicate in vitro, but it is fair to assume it happens based on
the ex vivo evidence. Importantly, while intrachromosomal
DNA breaks typically induce apoptosis, DNA breaks at the
telomeres induce autophagy (80). Thus, the normal GC B-
cell numbers in Ung™/~ mice likely reflect the net result of
reduced apoptosis from less intrachromosomal breaks, off-
set by increased telomere damage that hampers population
expansion. The latter becomes apparent in competitive BM
chimera system and in the B-ALL model.

In summary, we have identified and suggest the mecha-
nism of a new UNG function, whereby it protects cell fit-
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ness to favor the expansion of normal and neoplastic B-cell
populations expressing AID. This activity reveals a novel
cancer-promoting aspect of UNG, which so far has been
considered a tumor suppressor. AID is commonly expressed
in certain human BCL types, and is linked to clonal evo-
lution, accelerated disease and poor outcome (1217,18,81).
Our findings suggest that inhibiting UNG could eliminate
AID+ cells and thereby aggressive lymphoma clones.
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