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Genome-wide mutational signatures revealed
distinct developmental paths for human B cell
lymphomas

Xiaofei Yel23*@®, Weicheng Rent3*®, Dongbing Liu>*®, Xiaobo Li**®, Wei Li'®, Xianhuo Wang'®, Fei-Long Meng®®, Leng-Siew Yeap®®,
Yong Hou?®, Shida Zhu?@®, Rafael Casellas”®*®, Huilai Zhang'®, Kui Wu?*®, and Qiang Pan-Hammarstrom®>@®

Both somatic hypermutation (SHM) and class switch recombination (CSR) are initiated by activation-induced cytidine
deaminase (AID). Dysregulation of these processes has been linked to B cell lymphomagenesis. Here we performed an in-depth
analysis of diffuse large B cell lymphoma (DLBCL) and follicular lymphoma (FL) genomes. We characterized seven genomic
mutational signatures, including two B cell tumor-specific signatures, one of which is novel and associated with aberrant
SHM. We further identified two major mutational signatures (K1 and K2) of clustered mutations (kataegis) resulting from the
activities of AID or error-prone DNA polymerase n, respectively. K1 was associated with the immunoglobulin (Ig) switch
region mutations/translocations and the ABC subtype of DLBCL, whereas K2 was related to the Ig variable region mutations
and the GCB subtype of DLBCL and FL. Similar patterns were also observed in chronic lymphocytic leukemia subtypes. Thus,

alterations associated with aberrant CSR and SHM activities can be linked to distinct developmental paths for different

subtypes of B cell lymphomas.

Introduction

Two somatic DNA modification processes are required for Ig
gene diversification and the production of functional antibodies:
somatic hypermutation (SHM) and class switch recombination
(CSR). SHM occurs in the dark zone of the germinal center (GC),
where mutations are introduced in the Ig variable (V) regions at
a high rate and may lead to increased affinity of the antibody
produced (Victora and Nussenzweig, 2012). CSR was thought to
take place in the light zone of the GC, which allows a previously
rearranged Ig heavy-chain V domain to be expressed in associ-
ation with a constant (C) region downstream of Cp, leading to
the production of different antibody classes, i.e., IgG, IgA, or IgE
(Stavnezer et al., 2008). A recent study challenged this dogma
and showed that CSR occurs during the initial T-B cell interac-
tion before the formation of GC and SHM (Roco et al., 2019).
Both SHM and CSR are initiated by activation-induced cytidine
deaminase (AID; encoded by AICDA; Muramatsu et al., 2000),

which deaminates cytosines into uracils upon recruitment to the
V and switch (S) region sequences (Di Noia and Neuberger,
2007). The resulting uracils engage the activity of either the
base-excision repair (BER) or the mismatch repair (MMR)
pathway, creating nicks or double-strand breaks in the V or
S regions to initiate SHM or CSR, respectively (Di Noia and
Neuberger, 2007).

Diffuse large B cell lymphoma (DLBCL) and follicular lym-
phoma (FL) are the most common types of non-Hodgkin lym-
phomas, accounting for 30-40% and 22-25% of newly diagnosed
cases, respectively (Rosenquist et al., 2017). DLBCL is a hetero-
geneous disease with two major subtypes as defined by gene
expression profiling: the GC B cell-like (GCB) and activated
B cell-like (ABC) subtypes (Alizadeh et al., 2000). FL is consid-
ered an indolent disease, but transformation to more aggressive
malignancies, most commonly DLBCL, may occur in a subset of

1Department of Lymphoma, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center of Cancer, Key Laboratory of Cancer Prevention and
Therapy, Tianjin, China; 2BGI-Shenzhen, Shenzhen, China; 3Department of Biosciences and Nutrition, Karolinska Institutet, Huddinge, Sweden; “#Guangdong Provincial
Key Laboratory of Human Disease Genomics, Shenzhen Key Laboratory of Genomics, Shenzhen, China; °State Key Laboratory of Molecular Biology, Shanghai Institute of
Biochemistry and Cell Biology, Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, Shanghai, China; ®Shanghai Institute of Immunology, State
Key Laboratory of Oncogenes and Related Genes, Department of Immunology and Microbiology, Shanghai Jiao Tong University School of Medicine, Shanghai, China;
’Genomics and Immunity, National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda, MD; 8Center of Cancer Research,
National Cancer Institute, National Institutes of Health, Bethesda, MD.

*X. Ye and W. Ren contributed equally to this paper; Correspondence to Qiang Pan-Hammarstrom: Qiang.Pan-Hammarstrom@ki.se; Kui Wu: wukui@genomics.cn; Huilai
Zhang: zhlwgq@126.com.

© 2020 Ye et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Exp. Med. 2020 Vol. 218 No. 2 €20200573

https://doi.org/10.1084/jem.20200573

W) Check for updates

1of15


https://orcid.org/0000-0002-7678-1152
https://orcid.org/0000-0002-7874-825X
https://orcid.org/0000-0003-2870-5187
https://orcid.org/0000-0003-1040-2022
https://orcid.org/0000-0002-4476-8885
https://orcid.org/0000-0002-7663-2923
https://orcid.org/0000-0003-0333-6872
https://orcid.org/0000-0003-4914-7428
https://orcid.org/0000-0002-0420-0726
https://orcid.org/0000-0002-8352-2175
https://orcid.org/0000-0001-9282-2287
https://orcid.org/0000-0002-8558-3131
https://orcid.org/0000-0002-6857-7231
https://orcid.org/0000-0003-1990-8804
mailto:Qiang.Pan-Hammarstrom@ki.se
mailto:wukui@genomics.cn
mailto:zhlwgq@126.com
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20200573
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20200573&domain=pdf

high-grade FLs (Lossos and Gascoyne, 2011). Both DLBCL and FL
are believed to be derived from GC B cells (Kiippers et al., 1999;
Stevenson et al., 2001): GCB DLBCL and FL resemble B cells from
the light zone of GC, whereas ABC DLBCL likely derives from
B cells arrested during the early stage of plasma cell differenti-
ation (Basso and Dalla-Favera, 2015).

AID expression has been detected in both DLBCL and FL
(Hardianti et al., 2004; Lossos et al., 2004) and is highly corre-
lated with the accumulation of genomic deoxyuridines in B cell
lymphoma lines (Pettersen et al., 2015). Both DLBCL and FL have
shown SHM-like mutations in a small set of non-Ig genes tested,
including a number of proto-oncogenes and tumor suppressor
genes (Halldérsdéttir et al., 2008; Pasqualucci et al., 2001). AID
is also required for the generation of translocations to the Ig
heavy chain (Igh) locus in mice, including Igh-Myc translocations
in IL-6-induced mouse plasmacytomas (Ramiro et al., 2004) and
Igh locus-specific translocations in mice with H2AX deficiency
(Franco et al., 2006). Additionally, the expression of AID pro-
motes chromosome translocations in normal mouse B cells, such
as translocation between Myc and the Ig S regions (Ramiro et al.,
2006). AID activity is furthermore shown to be required for the
development of GC-related B cell lymphomas in mice (Pasqualucci
et al., 2008).

In the last decade, high-throughput technologies have made it
possible to study AID-targeted genes on a genome-wide scale.
Based on the mutational pattern and the distance to the tran-
scription start sites (TSS), potential AID-targeted genes were
identified in DLBCL by whole-genome sequencing (WGS;
Khodabakhshi et al., 2012). A further analysis of somatic (tu-
mor-specific) mutations in 10 DLBCL genomes suggested that
kataegis, which refers to localized clustered mutations (Nik-
Zainal et al., 2012), are largely due to AID activity and are
associated with B cell super enhancers (Qian et al., 2014). Ad-
ditionally, a machine-learning algorithm, which was trained
based on a deep-sequencing dataset, has been used to predict
AID-targeted genes in nontransformed mouse B cells (Alvarez-
Prado et al., 2018). Approximately 7% of those targets were
found to be mutated in DLBCL. To further explore the mecha-
nism underlying the mutagenesis of human B cell lymphomas,
we performed a comprehensive analysis of mutational sig-
natures and translocation patterns in DLBCL and FL based on
whole-genome and transcriptome sequencing of a large number
of tumor samples. Published datasets from DLBCL and chronic
lymphocytic leukemia (CLL) genomes were also reanalyzed to
validate our findings.

Results

Mutational landscapes and signatures in DLBCL and

FL genomes

WGS data from 60 DLBCL and 22 FL tumor samples and their
corresponding peripheral blood lymphocytes were analyzed,
focusing on signatures of somatic mutations. In total, 778,301
somatic single base substitutions (SBSs) were identified in all
samples, and on average, 3.82 (range, 0.10-10.12) and 1.37
(range, 0.10-3.10) somatic SBSs were detected per megabase
pair (Mb) in the DLBCL and FL genomes, respectively.
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Additionally, 0.65 (range, 0.01-3.74) and 0.23 (range, 0.11-0.47)
somatic insertions and deletions (indels) were detected per Mb
in DLBCL and FL genomes, respectively. Microsatellite insta-
bility was estimated by using MSIseq (Huang et al., 2015), and
13 DLBCLs were identified as microsatellite instable (MSI),
whereas the remaining DLBCLs and all FLs were characterized
as microsatellite stable (MSS).

The total number of somatic SBSs (referred to henceforward
as mutations) per genome and the corresponding clinical char-
acteristics and mutation status in major DNA repair genes are
summarized in Fig. 1 A based on the details presented in Table
S1. Based on Mann-Whitney U tests, in DLBCL genomes, a sig-
nificantly higher mutational load was associated with an older
age at diagnosis (P = 0.0099), the GCB subtype (P = 0.0027), or
MSI status (P = 0.0001). In addition, a higher number of mu-
tations was observed in DLBCL samples with somatic mutations
in key MMR or BER genes (P = 0.0036). In FL genomes, signif-
icantly higher mutation loads were associated with male sex in
patients (P = 0.0364).

Somatic mutations in the cancer genome may be a conse-
quence of mutational processes of both endogenous and exoge-
nous origin that operate in cancer cells and their precursors.
Each mutational process, which involves different types of DNA
damage and repair, may result in a characteristic mutational
signature with unique combinations of substitution types
(Helleday et al., 2014). The mutations in a given cancer genome
may have been generated by several different mutational
mechanisms, and mathematical methods have been developed to
decipher mutational signatures based on mutational catalogs. To
identify the mutational processes associated with DLBCL and FL,
somatic mutations identified in the lymphoma genomes were
first cataloged into 96 classes (see Materials and methods).
Seven genomic signatures, referred to as G1-G7, were subse-
quently deciphered using a previously described method, Sig-
Profiler (Fig. 1 B; Alexandrov et al., 2013b). G1 was characterized
by dominant C>T transitions at NCG trinucleotides, which was
similar to a previously described age-related signature, signa-
ture 1B (Fig. S1 A; Alexandrov et al., 2013a). As expected, a
positive correlation between the exposure (the number of mu-
tations attributed to the signature) of Gl and age at diagnosis was
observed in our cohort (r = 0.3441, Pearson correlation coeffi-
cient; PCC). G2 was characterized by C>T transitions at TCN
trinucleotides, resembling signature 2 in the database of Cata-
logue of Somatic Mutations in Cancer (COSMIC), which has been
suggested to be associated with apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-like (APOBEC) family members
(Nik-Zainal et al., 2012). Consistent with previous reports on
other types of cancers (Burns et al., 2013; Roberts et al., 2013),
the exposure of G2 was correlated with the expression of APO-
BEC3B in our lymphoma samples (r = 0.5437, PCC). G3, G5, and
G6 were highly similar to COSMIC signatures 5, 17, and 18, which
have unknown etiologies (Fig. S1 A).

G4 was characterized by T>S mutations (S = C/G, 72%) with
enrichment at TW motifs (W = A/T, 54%). G7 was characterized
by T>V mutations (V = A/C/G, 71%), likewise with enrichment at
TW motifs (52%). Both signatures were highly similar to a B
cell tumor-restricted signature, COSMIC signature 9 (COSMIC 9;
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Figure 1. Genomic mutational signatures in DLBCL and FL. (A) The somatic mutation prevalence (bar chart), the clinical traits (color heat map), and the
number of somatic mutations in IGHV regions (gray heat map) for each sample. (B) Genomic mutational signatures from 60 DLBCL and 22 FL genomes. Each
signature is displayed according to the 96 substitution classification defined by the substitution class (shown in different colors) and sequence context im-
mediately 3" and 5’ to the mutated base. The 96 possible mutated trinucleotides are on the x axis, and the frequency of the mutation type is shown on the y
axis. (C€) The correlation (PCC) with the spectrum of human POLH-induced mutations. (D) The correlation (PCC) of the mutation load in IGHV regions and the
exposure of G4 or G7. HBsAg, hepatitis B virus surface antigen; mut, mutation; Sig, signature; UC, unclassified; NA, RNA not available.

Alexandrov et al., 2013a). However, G4 and G7 presented re-
markable differences in both signature pattern (cosine similarity,
cos(0) = 0.6622) and sample exposure (r = 0.2677, PCC).
COSMIC 9 was inferred to be associated with error-prone
DNA polymerase 1) (POLH) activity and SHM because of its
mutation pattern (preference of T mutations at TW motifs) and
B cell specificity (detected only in B cell lymphoma and CLL
samples), and furthermore, POLH has been shown to be the
main contributor to A/T mutations during SHM using mouse
knockout models (Delbos et al., 2005). To investigate whether
G4 and G7 are associated with POLH activity, we first directly
compared them with the known human POLH-related muta-
tional signatures. G7, but not G4, was highly correlated with the
spectrum of POLH-induced mutations (Fig. 1 C; Matsuda et al.,
2001) as well as the empirical estimates of the SHM spectrum
from analysis of synonymous mutations in human Ig genes (Fig.
S1 B; Yaari et al.,, 2013). Indeed, the correlation of G7 with the
POLH-related signatures was stronger than that of COSMIC 9
(Fig. S1 B). We next asked whether G4 and G7 were associated
with the mutation frequency in the V region genes of IGH
(IGHV), one of the physiological SHM-targeted regions. The
exposure of G7, but not G4, was highly correlated with the
number of somatic mutations in IGHV genes (r = 0.7049 versus
0.2606, PCC; Fig. 1 D). The mutations in the IGHV genes only
contributed to a very small proportion of G7 mutations (990/
13,1327 = 0.7%). Furthermore, when considering the mutations
outside the Ig loci, the correlation between the exposure of G7
and the number of mutations in IGHV genes remained strong (r =
0.6976, PCC). Taken together, in our DLBCL and FL cohort, we
identified two genomic signatures that show similarity to the
previously described B cell tumor-specific COSMIC 9, and we
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furthermore showed that G7, but not G4, is strongly associated
with the POLH-induced mutation spectrum as well as the rate of
mutations in the IGHV genes.

Mutational signatures of kataegis in DLBCL and FL

To further understand the mechanism underlying mutagenesis
in B cell lymphoma, we next analyzed the mutational pattern of
kataegis in the DLBCL and FL genomes. Kataegis was first de-
scribed in breast cancer genome, which refers to those regional
clustered C>T and C>G substitutions. These mutations often
occur on the same DNA strand and are usually colocalized with
somatic rearrangements. They have been linked to the activity
of the APOBEC family of cytidine deaminases (Nik-Zainal et al.,
2012). Further analysis of clustered mutations in tumor genomes
from different types of cancers suggested that compared with
nonclustered mutations, they may provide a more precise fin-
gerprint of the mutagenic process (Supek and Lehner, 2017). In
our DLBCL and FL dataset, 504 kataegis (Table S2) containing
10,223 mutations, accounting for ~1.3% of the total somatic
mutations, were identified. On average, 7.4 and 2.7 kataegis
were identified for each DLBCL and FL genome, respectively.
Kataegis identified from two represented DLBCL cases are il-
lustrated in rainfall plots in Fig. 2 A.

As APOBEC deamination is one of the contributors to
genome-wide mutations in our cohort (G2), we first tested
whether some of the C mutations in the kataegis identified could
potentially be due to APOBEC activities. A small number of
APOBEC-related kataegis (n = 8, 2% of total) from two samples
were indeed identified in our cohort based on their preference
for C mutations at TCN motifs (Fig. S1 C and Table S2; Nik-Zainal
etal., 2016). Accordingly, these two samples also had the highest
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Figure 2. Mutational signatures of kataegis in DLBCL and FL. (A) Rainfall plots of somatic mutations from two representative samples. Each dot represents
a somatic mutation, and they are ordered on the x axis based on their genomic locations, from chromosome 1 to Y. The intermutation distance is plotted on the
y axis (log10 transformed). Kataegis are colored based on their assignment of specific signatures: red (K1), blue (K2), or black (could not be assigned). Mutations
in nonkataegis regions are colored in gray. Selected genes targeted by kataegis are highlighted. Int, intergenic region. (B) Three mutational signatures of
kataegis were identified in the DLBCL and FL genomes. The x or y axis represents 96 mutation types and the percentage of mutations attributed to a specific
mutation type, respectively. (C) Preference of sequence motifs for mutations assigned to K1 and K2. Each motif contains the mutation and two 5" and two 3’
residues. For each residue, if a base type is significantly enriched or depleted (t test, P < 0.05) as compared with randomly selected control sequences, a symbol
of this base type is shown. The heights of symbols represent the degree of either enrichment (positive y axis) or depletion (negative y axis) for each base type.
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(D) The distribution of distances between mutations and their nearest TSS. (E) The correlation (PCC) between K2 and the spectrum of human POLH-induced
mutations. (F) The main matrix shows the distribution of kataegis in DLBCL and FL genomes. Only the samples with at least one kataegis are shown. Each row
represents a sample, and each column represents a genomic region with kataegis. Each brick in the matrix represents a kataegis and is colored based on the
contribution of K1 (see the color bar), or Kapogec (green); no kataegis (gray). The rows of the matrix were first grouped by DLBCL and FL and then sorted by K1
contribution, which is calculated as the average contribution of K1 for all kataegis in each sample. The DLBCLs were further divided into two groups based on K1
contribution. The columns of the matrix were grouped by kataegis in Ig loci, non-Ig (TSS proximal) and non-Ig locus (TSS distal) loci, and the APOBEC kataegis.
Regions in the Ig loci were sorted from the V to the C regions. The targets in non-Ig loci are sorted by their distance to TSS. The status of subtypes, HBV
infection, and MSI for each sample are shown on the left. For each targeted region, the overlaps with B cell super enhancers, reported AID off-targets, and
human chromosome fragile sites are indicated at the bottom. Bars on the top show the number of samples in each kataegis targeted region and the distance to

TSS for each target. E, enhancer; HBsAg, hepatitis B virus surface antigen; SE, super enhancer; Sig, signature.

exposure of G2 among all samples. The signature accumulated
from these eight kataegis (as Kapopec) is highly similar to the
APOBEC signature described previously (Alexandrov et al.,
2013a; cos(6) = 0.9403). After removal of the mutations belong-
ing to these APOBEC-related kataegis, the SigProfiler pipeline
was applied, and two main mutational signatures (referred to as
Kl and K2) were extracted from the remaining 496 kataegis
(Fig. 2 B).

To identify the etiologies of K1 and K2, we first assigned the
mutations that are highly likely to belong to either of the sig-
natures. In total, 9,149 (90.8%) of the mutations in the kataegis
regions were assigned, including 4,598 (45.6%) mutations to K1
and 4,551 (45.2%) mutations to K2. The K1 mutations were
dominated by C>T and C>G substitutions and were highly en-
riched in the motif WRCY (W = A/T, R = A/G, Y = C/T), a well-
known hotspot for SHM (Rogozin and Kolchanov, 1992), or
WRC, the preferred AID motif (P < 1074, t test; Fig. 2 C; Pham
et al., 2003). Compared with the Kapopec mutations, mutations
assigned to K1 were highly enriched within 2 kb from the TSS
(P < 107'5, Mann-Whitney U test; Fig. 2 D), which indicates the
involvement of AID off-target activities (Pasqualucci et al.,
2001). On the other hand, the mutations assigned to K2 were
highly enriched in the POLH motif (TW; P < 1074, t test; Fig. 2 C;
Rogozin et al., 2001). Furthermore, K2 was more similar to G7
than to G4 (cos(0) = 0.8780 versus 0.6219), and its exposure was
also highly correlated with G7 but not to G4 (r = 0.6677 versus
0.2100, PCC). Finally, K2 showed even higher similarity than G7
to the POLH-related signatures (Fig. 2 E and Fig. S1 B). Thus,
although the mutations assigned to K2 account for only a small
fraction of somatic mutations in the lymphoma genomes (0.6%),
they represent POLH activity more closely than those belonging
to G7. Moreover, there were two peaks of K2 mutations, one
major peak (n = 2,799) proximal to TSS and one minor peak (n =
1,752) distal to the TSS (Fig. 2 D). The number of mutations in the
major peak, but not the minor peak, is highly correlated with the
number of somatic mutations in the IGHV loci (r = 0.5790 versus
0.2101, PCC).

Taken together, mutations assigned to the K1 are clearly as-
sociated with AID deamination and resemble phase I SHM: di-
rect replication over AID-induced U:G lesions, resulting in “AID
fingerprints,” i.e., C>T transitions in the WRCY motifs, or re-
moval of the uracil by BER enzyme UNG (uracil DNA glyco-
sylase) followed by replication, generating C to T/G transitions/
transversions. Most of K2 mutations (the major peak) are likely
to result from additional repair by POLH after the initial AID-
induced lesions and thus resemble phase II SHM: the MMR
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pathway recruits error-prone POLH to generate T mutations at
TW motifs. The remaining K2 mutations (the minor peak) are
also contributed by POLH but seem to be independent of AID
deamination and the SHM process.

K1- or K2-dominant kataegis in the Ig S or V regions,
respectively

We next estimated the relative contribution of K1 and K2 mu-
tations to each kataegis identified in DLBCLs and FLs: for a given
kataegis, if the contribution of K1is greater than 67%, i.e., at least
twofold higher compared with K2, it was referred to as Ki-
dominant kataegis; K2-dominant kataegis were assigned simi-
larly. In total, 242 (48%) kataegis were identified at the Ig loci.
Within the IGH locus, in addition to several IGHV and IGHD
genes, the sequences from IGHJ to upstream of the Su region,
including the intronic enhancer (Eu; IGHJ-Ep) and several S re-
gions (Su, Syl, Sy2, and Sy3), were frequent sites of kataegis
(Fig. 2 F and Fig. 3 A). The vast majority of kataegis in the S
regions were Kl-dominant, whereas kataegis in IGHV regions
were more related to K2 mutations (Fig. 3 B). Kataegis identified
in the sequences across the IGHJ and Sy were initially counted
together due to their closely adjacent positions in the genome.
However, when these regions were dissected more closely, ka-
taegis in the Sy region were mainly contributed by K1 mutations,
whereas kataegis in the IGHJ-Eu regions as well as IGHD regions
were contributed by K1 and/or K2 mutations, with an overall
intermediate contribution of K1 (Fig. 3 B and Fig. S2 A). Within
the Ig light chain A (IGL) and « (IGK) loci, the sequences across
IGLJ1 and IGLJ3, overlapping with the locus of IGLL5, and the
region from IGK]J to IGKC were frequent sites for kataegis (Fig. 3
A). These highly targeted regions in the light chain loci, similar
to the IGHJ-Ep region, were contributed by K1 and/or K2 mu-
tations (Fig. 3 B) and overlapped with B cell superenhancers
(Fig. 2 F). The IGLV and IGKV genes were comparatively less
targeted, and kataegis in these regions were mainly contributed
by K2 mutations (Fig. 3 B).

SHM-like mutations have previously been identified in Su
regions in both mouse (Nagaoka et al., 2002) and human B cells
(Pan-Hammarstrém et al., 2003). Here, for the first time, we
characterized the pattern of a large number of somatic muta-
tions in the S donor as well as the S acceptor regions in human
B cell lymphoma samples. We showed that in contrast to those
in the V regions, clustered mutations in the S regions, presum-
ably associated with aberrant CSR activity, are K1-dominant,
i.e., contributed by AID and BER, without the influence of the addi-
tional DNA repair mechanism required in SHM, i.e,, MMR/POLH.
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Figure 3. Distribution of kataegis in Ig loci in DLBCL, FL, and CLL. (A) A higher resolution of distribution of kataegis in the Ig loci in the DLBCL and FL
genomes. The plot on the top of the main matrix proportionally shows the order of the Ig genes. The positions of kataegis in the Ig loci are indicated by black
bars. The name of each region with kataegis is shown at the bottom. (B) The contribution of K1 for the kataegis in different parts of genome. Each dot
represents a kataegis and is colored according to the K1 contribution (see the color bar). Mann-Whitney test; *, P < 0.05; ***, P < 0.0005. (C) Number of
kataegis at the IGHV and S loci in different groups. (D) Number of non-Ig kataegis in the TSS proximal and distal regions in different groups. (E) Number of ABC
and GCB samples in different groups. Statistics used in C to E, Fisher’s exact test; *, P < 0.05; **, P < 0.005; ***, P < 0.0005. (F) Two mutational signatures of
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kataegis were identified in 153 previously published CLL genomes. Legends are as described for Fig. 2 B. (G) The distribution of kataegis in the Ig loci of the CLL
genomes. Only the CLLs with at least one Ig kataegis and the subtype information are shown. Legends are as described for A. Sig, signature.

K1- or K2-dominant kataegis in non-Ig loci

Outside the Ig loci, we identified altogether 262 kataegis, a small
number of which (n = 8) displayed the Kapopec signature
(Fig. 2 F). The majority of the non-Ig kataegis (n = 254) were
contributed by K1 and/or K2, affecting 143 genomic regions.
Kataegis located in regions proximal (<2 kb) to the TSS were
mainly K1-dominant, but they could also be contributed by both
signatures or K2-dominant, whereas kataegis in the regions
distal to the TSS were mainly K2-dominant (Fig. 3 B). Further-
more, kataegis regions proximal to TSS were more frequently
associated with super enhancers (77.9% versus 3.8%, P < le-16,
Fisher’s exact test, two-tailed test unless specified), and more
often reported as AID off-targets in human or mouse studies
(83.2% versus 4.8%, P < le-16, Fisher's exact test; Fig. 2 F; Alvarez-
Prado et al.,, 2018; Hakim et al., 2012; Jiang et al., 2012;
Khodabakhshi et al., 2012; Liu et al., 2008; Pasqualucci et al.,
2001). Thus, most of the non-Ig kataegis localized in TSS proxi-
mal regions likely resulted from AID-initiated off-targeting ac-
tivity, and can be either K1- or K2-dominant, whereas those distal
of TSSs were K2-dominant and seemed to be contributed by AID-
independent POLH activity.

Altogether, 178 nonsilent mutations were detected in kataegis
in non-Ig loci, of which 97.2% (173/178) were TSS proximal re-
gions. These nonsilent mutations were detected in 25 DLBCLs
and 6 FLs, and recurrent mutations were observed in BCL2,
BTG2, CXCR4, ZFP36Ll1, BTG1, DTXI, PIMI, and SGKI. Thus, most
mutations in kataegis that may contribute to lymphomagenesis
likely result from AID off-targeting events.

K1-high DLBCL is mainly associated with kataegis in the

S regions and AID off-targets

The overall contribution of K1 for a given sample is highly cor-
related to its contribution to the different regions within the
same sample, including the most targeted IGHJ-E, IGLJI-IGLJ3,
and IGK] to IGKC regions, and the non-Ig regions (Fig. 2 F and Fig.
S2 B). This can also be visualized in the rainfall plots from two
representative DLBCL cases where kataegis mutations from case
41 and case 20 were mostly assigned to either K1 or K2, re-
spectively (Fig. 2 A). Thus, kataegis from the same lymphoma
sample often showed a dominant contribution of either K1 or K2
signature. The notable exceptions were kataegis at S regions,
which were almost always K1-dominant, and to some extent the
V regions, which were often K2-dominant. To further investi-
gate this feature, we divided DLBCL samples into K1-high (n = 28,
K1 contribution = 75.5 + 13.1%) and Kl-low (n = 28, K1 contri-
bution = 35.5 * 15.2%) groups. Fewer kataegis were observed in
FL, and the overall K1 contribution (n = 16, K1 contribution = 40.1 +
19.9%) was similar to that of the Kl1-low DLBCLs.

For the Kl-high group, a larger number of kataegis were
observed in the S regions as compared with the IGHV regions,
whereas within the K1-low group, a similar number of kataegis
were identified in these regions (Fig. 3 C). Indeed, IGHV kataegis
were mainly found in the Ki-low samples (P = 0.0007, Mann-
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Whitney U test; Fig. 3 C). For the non-Ig loci within the K1-high
group, a larger number of kataegis were identified in the TSS
proximal regions, presumably AID off-targets, while for the K1-
low group, kataegis were found both in the TSS proximal and
distal regions (Fig. 3 D). When comparing the Ki-high and
Ki1-low groups, kataegis located in TSS proximal regions were
significantly enriched in the Kil-high DLBCLs (P < 0.0001,
Mann-Whitney U test; Fig. 3 D).

We next reanalyzed the WGS data from a previously pub-
lished DLBCL cohort (n = 153; Arthur et al., 2018) and charac-
terized the pattern of kataegis using the method described in
this study. Altogether, 1,538 kataegis were identified, and two
kataegis signatures that were highly similar to K1 and K2 were
depicted (Fig. S3 A), with a largely similar distribution of K1- and
K2-dominant kataegis (Fig. S3, B-D).

In summary, DLBCL can be grouped based on K1-K2 domi-
nance. K1-high DLBCLs seem to mainly associate with clustered
mutations generated in the S regions and AID off-targeted re-
gions, whereas Kl-low DLBCLs can have cluster mutations in
both S and V regions, as well as in AID-targeted and nontargeted
non-Ig regions.

K1-high DLBCL is associated with the ABC subtype

We next compared the clinical and pathological features of Ki-
high and K1-low groups (Table 1). The MSI status and hepatitis B
virus (HBV) infection status did not affect the distribution of K1-
high or K1-low samples (Fig. 2 F). Samples with the ABC subtype
were, however, significantly enriched in the Kl-high group,
whereas samples with the GCB subtype were more likely in the
Kl-low group (Fig. 3 E; P = 0.0148, Fisher’s exact test). The as-
sociation of the K1-high group and ABC subtype was validated in the
published DLBCL cohort (Fig. S3 E; P < 0.0001; Fisher's exact test).

K1-dominant kataegis identified in the S regions of the
IGHV-unmutated group of CLL
CLL is one of the most common leukemia in adults in Western
countries, characterized by the clonal expansion of mature CD5*
B cells (Hallek et al., 2018). Two major subsets can be divided
based on the mutation status of IGHV genes, IGHV-mutated or
IGHV-unmutated, and the latter is associated with a poor disease
outcome (Damle et al., 1999). “Canonical” and “non-canonical”
AID activities have been suggested to be responsible for the
respective clustered and unclustered mutations in the CLL ge-
nomes (Kasar et al., 2015). To further dissect the mutagenesis
mechanism in B cell tumors, WGS data from 153 CLL genomes
from two previous studies (Alexandrov et al, 2013a; Puente
et al., 2015) were reanalyzed. In total, 148 kataegis were iden-
tified, including 138 in Ig loci and 10 in non-Ig regions. Two main
mutational signatures (termed CLL.K1 and CLL.K2) were ex-
tracted from these kataegis, which were highly similar with K1
(cos(0) = 0.8515) and K2 (cos(6) = 0.9252), respectively (Fig. 3 F).
Kataegis were identified in the Ig loci in 20% IGHV-
unmutated CLLs and in 94% IGHV-mutated CLLs. Kataegis in
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Table 1. Clinical characterization of Sig K1-high/low DLBCL samples

Sig K1-high Sig K1-low P value®
No. of patients 28 28
Age, yr 0.2847
>60 (%) 16 (57.1) 11(39.3)
<60 (%) 12 (42.9) 17 (60.7)
Gender 0.1707
Male (%) 14 (50.0 20 (71.4)
Female (%) 14 (50.0 8 (28.6)
Subtype® 0.0148
ABC (%) 16 (72.7) 7 (33.3)
GCB (%) 6(27.3) 14 (66.7)
Stage 1.0000
I-11 (%) 12 (42.9) 13 (46.4)
-1V (%) 16 (57.1) 15 (53.6)
Primary or relapse 0.3516
Primary (%) 24 (85.7) 27 (96.4)
Relapse (%) 4 (14.3) 1(3.6)
HBsAg status 0.7585
Positive (%) 6 (21.4) 8 (28.6)
Negative (%) 22 (78.6) 20 (71.4)
MSlseq 0.5279
MSI (%) 5(17.9) 8 (28.6)
MSS (%) 23 (82.1) 20 (71.4)
Treatment® 0.2238
CHOP (%) 5 (18.5) 9(32.1)
RCHOP (%) 22 (815) 17 (60.7)

Values are reported as n (%) of patients unless indicated otherwise. CHOP, a
chemotherapy combination of cyclophosphamide, doxorubicin hydrochloride,
vincristine (Oncovin, Vincasar PFS), and prednisolone; HBsAg, hepatitis B
virus surface antigen; RCHOP, a chemotherapy combination of rituximab
(Rituxan) and CHOP; Sig, signature.

aFisher’s exact test was used for comparison. Significant value (P < 0.05) is
highlighted in bold.

bThe calculation was based on 43 or 53 samples with available data.

the IGHV-unmutated group were almost exclusively located in
the S regions and were CLL.K1-dominant, reminiscent of the
K1-high DLBCL group. One notable difference was that the most
targeted regions in the Ig loci in DLBCL, i.e., the IGHJ-Eu,
IGLJ1-IGLJ3, and IGK] to IGKC regions, were almost not targeted
by kataegis in the IGHV-unmutated CLLs. Kataegis in the IGHV-
mutated group showed a more similar pattern to that observed
in the Ki-low DLBCL group (Fig. 3 G).

K1-high DLBCL is associated with translocations resulting from
aberrant CSR activity

Structural variations (SVs), including large deletions, amplifi-
cations, inversions, and translocations, were next characterized
in the DLBCL and FL genomes. In total, 2,475 somatic SVs,
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including 348 translocations, were identified. 91 of the 348
translocations, including all IGH translocations (n = 55), were
verified by Sanger sequencing. For DLBCL, an average of 45
(range, 6-177) somatic SVs per sample were detected, including
an average of 6 (range, 0-26) translocations. For FL, an average
of 17 (range, 3-68) somatic SVs per sample were identified, in-
cluding an average of 4 (range, 0-18) translocations.

In the DLBCL samples, 437 kataegis and 263 translocations
were identified, including 32 IGH translocations, 3 IGL trans-
locations, and 228 non-Ig translocations (Fig. 4 A). Only 20 (5%)
kataegis were colocalized with the translocation breakpoints in
the same sample, and these breakpoints were located either in
the Ig loci or in the corresponding translocation partner genes,
which were all known AID off-targets. In the FL cases, 59 ka-
taegis and 85 translocations were identified, including 23
translocations in the IGH region and 1 translocation in the IGK
region (Fig. 4 B). Of these, nine (15%) kataegis were colocalized
with translocation breakpoints, of which eight were in the IGH
region. Thus, excluding those located in the IGH or AID off-
targeted regions, the majority of the kataegis identified in
DLBCL and FL did not colocalize with the genomic rearrange-
ment events.

In DLBCL, 47% of IGH translocations involved IGHV, IGHD, or
IGHJ regions, and half of these (8/15) had BCL2 as the partner
(Fig. 4, A and C). The remaining IGH translocations involved S
regions in either the donor (Sy, n = 3) or the acceptor S regions
(n = 14). Notably, 13 of 14 translocations involved in the acceptor
S regions were from Kl-high samples, further suggesting an
association between Kl1-high DLBCLs and aberrant CSR. In FL,
most (21/23) translocations joined IGHD or IGH] to BCL2 (Fig. 4, B
and C), which have been proposed to occur during D-J or V(D)J
rearrangements in preB cells (Bakhshi et al., 1987). The other
two translocations joined Su to BCL6 or CD274. Both of them were
from relapsed FL patients, suggesting that Sy region trans-
locations might be a key driver in FL relapse or transformation.
There were no translocations in FL related to the acceptor S
regions.

Discussion

A B cell tumor-specific signature, COSMIC 9, or SBS9
(Alexandrov et al., 2020), was first identified from a mixed set of
B cell lymphoma and CLL samples (Alexandrov et al., 2013a).
Later, focusing on DLBCL (Arthur et al., 2018) or CLL (Kasar
et al., 2015), respectively, genomic mutational signatures
highly similar to COSMIC 9 were identified, referred to as V6 or
nc-AID. COSMIC 9 and related signatures were attributed to
SHM and POLH activities as they were B cell tumor-restricted
and showed a characteristic preference of T mutations in the
TW motif. However, approximately half of the T mutations in
COSMIC 9 were T>G mutations, whereas T mutations intro-
duced by human POLH (Matsuda et al., 2001), or during SHM
(Yaari et al., 2013), were dominated by T>C substitutions. A
recent study based on whole-exome sequencing (WES) of
DLBCL samples identified yet another signature, AID2, which is
similar to COSMIC 9 but has more T>C mutations (Chapuy
et al., 2018). However, the T mutations from AID2 were not
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enriched at TW motifs to the same extent as other signatures,
potentially due to the limitation of using WES data. In this
study, seven genomic signatures were identified from DLBCLs
and FLs. Among these, G4 and G7 showed a high similarity to
COSMIC 9. Upon further dissecting the mechanism underlying
these B cell tumor-specific signatures, we showed that G7,
compared with G4 and all previously described genomic sig-
natures, had higher similarity with the mutation spectrum of
human POLH and the bona fide SHM pattern. Furthermore, we
showed that G7, but not G4, correlated with the rate of muta-
tions at the IGHV locus, thus clearly linking a genome-wide
mutational signature to the aberrant SHM process.

The difference in mutational signatures identified from dif-
ferent studies is probably due to the sequencing platform used,
number and type of lymphoma samples analyzed, and analytic
methods applied. COSMIC 9 or other previously described re-
lated signatures are likely to be a mixture of G4 and G7. The
etiology of G4 remains unclear. Two additional error-prone
polymerases have been implicated in SHM: Pol ¢ (Saribasak
et al., 2012) and Revl (Jansen et al., 2006). However, neither
Pol { nor REV1 seems to be associated with the pattern of G4.
Additionally, only 23% of lymphoma samples had substantial
exposure to G4 (i.e., with >10% mutations assigned to G4). Thus,
G4 may reflect some activities of POLH or other unknown en-
zymes but seems to be independent of SHM and only contributes
to a subset of B cell lymphomas.

Focusing on kataegis, three signatures were subsequently
identified in this study, including two major signatures associ-
ated with AID (K1) and POLH (K2) activities and one minor
signature associated with APOBEC (Kapogec). Seven of the eight
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Kapopec-related kataegis were derived from one HBV-positive
sample, which may reflect fingerprints of the antiviral activity
of the APOBEC enzymes (Janahi and McGarvey, 2013). K1 was
similar to the canonical AID signature identified by WES (Fig.
S1D; Chapuy et al., 2018) and extended our previous observation
that kataegis in DLBCL are largely due to AID activity (Qian et al.,
2014), whereas K2 is novel for DLBCL and FL. The POLH-related
signature has previously been extracted from clustered muta-
tions in several types of cancers (Supek and Lehner, 2017). Here,
we dissected the mutations assigned to the K2 and discovered
that most of these K2 mutations (the major peak) were likely due
to additional repair by POLH after initial AID-induced lesions.
Theoretically, kataegis in the IGHV regions can be difficult to
distinguish from real SHM events. However, most, if not all,
kataegic mutations identified in the Ig loci represent a process
that is associated with aberrant AID/SHM/CSR activities, and
they had distinct features compared with those generated dur-
ing the physiological SHM process. First, the kataegis in Igloci in
tumor samples were often located on the same DNA strand,
which suggests that the mutations occurred in a processive
manner within a short time. During SHM, however, the muta-
tions accumulate with time and in a stepwise manner, with only
a few unlinked mutations being fixed per cell division (Casellas
et al., 2016). Second, kataegis in the S regions were clearly K1-
dominant, representing the AID fingerprints, and are distinct
from the SHM spectrum. Third, the targeted regions of kataegis
mutations in the Ig loci are different from those targeted during
the normal SHM process, as most targeted sequences for ka-
taegis overlap with super enhancers and do not fall within the
IGHV coding regions. Finally, when the analysis only included
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kataegis mutations in the non-Ig regions, we could identify two
mutational signatures that were highly similar to K1/K2, sug-
gesting that similar mechanisms underlie the clustered muta-
tions within and outside the Ig loci. It is important to point out
that we have illustrated that the kataegis identified in B cell
lymphomas have unique features compared with those observed
from non-B cell tumors, such as breast cancer. First, AID instead
of APOBEC is the major driver for kataegis in B cell lymphoma.
Second, for POLH-related K2 mutations, there are two groups,
one of which is associated with AID activity, which has not been
identified in non-B cell tumors. Third, most kataegis in B cell
lymphoma do not colocalize with somatic translocations, with
the exception of those in the IGH region and AID off-targets.

Our analyses of the mutational signatures and IGH translo-
cation profiles suggest a link between the aberrant CSR events
and the K1-high group of DLBCL (ABC subtype-enriched). This is
consistent with the previous finding that the ABC subtype of
DLBCL is associated with a higher frequency of internal dele-
tions within the Su or Sy regions as well as illegitimate CSR
(detected by Southern blot analysis; Lenz et al., 2007). As ka-
taegis in the S and V regions were mainly K1- or K2-dominant,
respectively, it is likely that the S regions preferentially recruit
AID/BER, while V regions preferentially recruit MMR/POLH-
related factors. One interesting possibility is thus that the ex-
pression levels of corresponding DNA repair genes are different
between the Kl1-high and K1-low DLBCL samples. However, we
did not find major differences in the expression of AID-encoding
gene (AICDA), key BER (UNG and APEXI) and MMR (MSH2,
MSHS6, and EXOI) genes, as well as POLH gene between the
groups (Fig. S4). Furthermore, the number of kataegis in the S
regions was similar between the two groups, and they were K1-
dominant in all samples. Thus, another possibility is that the
aberrant CSR events can occur independently from SHM and
probably at a different time point or location, which is supported
by a recent study demonstrating that CSR occurs before GC
formation and SHM (Roco et al., 2019). It is possible that at least
some of the K1-high or ABC subtype of DLBCLs originated from
activated B cells that have mainly been exposed to aberrant CSR
activity, with a relatively low level of mutations in the IGHV
regions, and are programmed to differentiate into extrafollicular
plasma cells without entering the GC reaction (Higgins et al.,
2019). In contrast, most of the GCB subtype of DLBCLs derived
from B cells that have entered a GC reaction and have been
exposed to both aberrant CSR (possibly first) and SHM activities.
FL had fewer mutations in both S and IGHV regions but generally
shared similar features with the Kl-low or GCB subtype of
DLBCL, suggesting a similar cellular origin, i.e., B cells that have
entered GC reactions.

AID positivity predicted unmutated IGHV status (Heintel
et al., 2004), and high AID expression has been shown to be
restricted to a subpopulation of CLL cells with unmutated IGHV
genes and ongoing CSR (Palacios et al., 2010). A recent WGS
study also suggested that ongoing canonical AID (c-AID) activity
is enriched in IGHV-unmutated cases (Kasar et al., 2015). The
discovery of K1-dominant kataegis in S regions in a subset (20%)
of IGHV-unmutated group of CLL further support these earlier
observations that CSR activity is associated with this group of
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CLL patients with a more aggressive disease. It may also support
an extrafollicular origin of this subgroup of CLLs, which further
suggests that aberrant CSR and SHM activities can be linked to
distinct developmental paths for different subtypes of B cell
lymphomas. Further studies with larger cohorts of samples will
be required to validate our findings.

In summary, we characterized the mutational signatures at
the genomic level for two major types of GC-related B cell
lymphomas, DLBCL and FL. We furthermore mapped the IGH-
associated translocations identified from DLBCL and FL to a base
pair resolution. Our study supports the critical role of AID
dysregulation in B cell lymphomagenesis and also provides new
insights into the molecular and cellular origins of different
subtypes of GC-derived/related B cell lymphomas.

Materials and methods

Patients and samples

Samples from patients were described previously (de Miranda
et al., 2013, 2014; Georgiou et al., 2016; Ren et al., 2018) and are
summarized in Table S1. Detection of HBV surface antigen was
performed as a routine blood test in all patients as described
previously (Ren et al., 2018). Informed consent was obtained
from all patients, and the institutional review boards at Tianjin
Medical University Cancer Hospital and the Karolinska In-
stitutet approved the study.

Genomic DNA was extracted from frozen tumor biopsies and
the respective peripheral blood lymphocyte samples derived
from patients using the DNeasy Blood & Tissue Mini Kit (Qiagen)
following the manufacturer’s instructions. Total RNA was ex-
tracted from tumor samples using TRIzol reagent (Invitrogen).

WGS

WGS was performed using Illumina’s HiSeq 2000 or HiSeq
X-Ten platform (BGI-Shenzhen) for 47 pairs of DLBCL and 22
pairs of FL samples and the Complete Genomics (CG) platform
(BGI-Shenzhen) for the remaining 13 pairs of DLBCL samples as
described previously (Ren et al., 2018). For the Illumina plat-
forms, 2-3 pg of genomic DNA from each sample was frag-
mented using a Covarias sonication system to a mean size of 500
bp. After fragmentation, libraries were constructed according to
the Ilumina Paired-End protocol and sequenced on the HiSeq
2000 or X-Ten platform using 2 x 90-bp or 2 x 150-bp paired-
end reads. Library construction and WGS of paired-end clones
performed by CG were described previously (Drmanac et al.,
2010; Lee et al., 2010; Roach et al., 2010).

Calling of single-nucleotide variants (SNVs), SBSs, and indels

For the Illumina platform, the sequencing reads containing
adaptor sequences, low-quality reads (no-call positions >10%),
and low-quality bases (>50% bases with quality <5) were
removed. The high-quality paired-end reads were then gap-
aligned to the human reference genome (hgl9) using Burrows-
Wheeler Aligner (BWA; Li and Durbin, 2009). After fixing mate
information and adding read group information, Picard (v1.54;
http://picard.sourceforge.net/) was used to mark duplicate
reads caused by PCR. Local realignment of the BWA-aligned
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reads was subsequently performed by using the Genome
Analysis Toolkit (McKenna et al., 2010). Somatic SNVs were
detected using Varscan2 (Koboldt et al., 2012). SNVs were kept
for further analysis if (1) there were at least three variant sup-
porting reads in the tumor; (2) there was at least one supporting
read for the reference allele on the plus and minus strands, as
well as for the variant allele on the plus and minus strands; (3)
the variant base quality, mapping quality, and position on read
were significantly >15 (P < 0.06), 30 (P < 0.05), and 5 (P < 0.20),
respectively (Mann-Whitney U test); (4) the distances between
the variant and indels or repeat region were >20 and >5, re-
spectively; (5) the variant frequency in tumor >10% or the
variant frequency in tumor <10% if the variant frequency in
normal tissue = 0; and (6) the variant frequency in normal tissue
<2% or variant frequency in normal tissue >2% if the variant
frequency in the tumor was 10 times higher than in the normal
tissue. Somatic indels were detected with Platypus (Rimmer
et al., 2014). CG Analysis Tools v2.0 was used to identify high-
confidence SNVs and indels (Carnevali et al., 2012). SBSs were
identified as the SNVs without any other adjacent SNVs in the
same sample. The SBSs called by both platforms showed similar
numbers and patterns. The indels called by both platforms also
showed similar patterns. The number of indels called by the
Mumina platform was significantly higher than the number
called by the CG platform, which is consistent with a previous
study (Lam et al., 2011). Thus, for the indel-related analysis (e.g.,
MSI analysis), the data from two platforms were used
separately.

Variation filtering

Before further analysis, filtering was performed to remove po-
tential residual germline mutations and technology-specific
sequencing artifacts as previously described (Alexandrov et al.,
2013a). Residual germline variations were removed by filtering
against the complete list of germline mutations from the dbSNP
(Sherry et al., 2001), the 1000 Genomes Project (Abecasis et al,,
2012), the National Heart, Lung, and Blood Institute Grand Op-
portunity Exome Sequencing Project (Fu et al., 2013), and the 69
Complete Genomics Panel (http://www.completegenomics.com/
public-data/69-Genomes/). Any variation detected in at least
two control samples from those corresponding platforms was
defined as a technology-specific sequencing artifact and was re-
moved. The remaining somatic mutations were used for further
analysis.

All nonsilent, somatic mutations in the coding genome were
manually checked using the Integrative Genomics Viewer.
Furthermore, we have previously selected 135 mutations, of
which 132 could be validated by targeted resequencing (Ren
et al., 2018). Moreover, 77 of a selected 78 mutations were val-
idated by Sanger sequencing.

Analysis of MSI status

MSlseq, which implements a decision tree classifier with a
machine-learning framework, was applied to evaluate the MSI
status of each DLBCL sample (Huang et al., 2015). The SNVs and
micro-indels were prepared as recommended. The classification
was performed using the default classifier of NGSclassifier. As
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Mumina and CG data showed different number ranges for in-
dels, the MSI statuses of these two datasets were identified
separately as modified Z scores of S.ind >1.25. 14 samples from
our previous study were used to validate this identification (de
Miranda et al., 2013). MMR somatic mutations were detected in
5 of 16 (31%) MSI samples. In comparison, MMR somatic mu-
tations were detected in only 2 of 44 (5%) MSS samples, which is
significantly lower than the value in MSI samples. No significant
difference was observed between the Illumina and CG data (P =
0.2244, Fisher’s exact test).

Mutational signature analysis

Mutational signature analysis was performed using the non-
negative matrix factorization-based method, SigProfiler (Alexandrov
et al, 2013a). Mutational signatures were extracted from the
WGS and kataegis data of 60 DLBCL and 22 FL tumors as fol-
lows: (1) somatic SBSs of each sample were classified into 96
possible mutated trinucleotides, as 6 types of substitution (C:G>A:
T, C:G>G:C, C:G>T:A, T:A>A:T, T:A>C:G and T:A>G:C) x 4 types
of 5’ base x 4 types of 3’ base, to generate a mutational catalog.
Then, the prevalence of somatic mutations in each sample was
calculated for each type of substitution; (2) signatures generated
from the mutational catalog were deciphered by the mutational
signature framework; and (3) the number of signatures extracted
(N) was determined as described previously (Alexandrov et al,,
2013b). Nonnegative matrix factorizations were performed itera-
tively 20 times for different values of N (1-15). The reproducibility
and average reconstruction error were evaluated for each N. Fi-
nally, N was determined as 7 for our cohort of samples as it re-
sulted in relatively fewer errors and high reproducibility (>90%).
Reference signatures were cited from a previous study (Alexandrov
et al., 2013a) and the COSMIC database (http://cancer.sanger.ac.uk/
cosmic/signatures). Cosine similarity, cos(8), was used to esti-
mate the similarity between signatures. PCC (r) was used to
estimate the association between signature exposure and the
proposed etiology.

Detection of clustered somatic mutations (kataegis)

Kataegis were detected as previously described (Qian et al.,
2014): (1) the abnormal distance line (ADL, one tenth the aver-
age distance of adjacent somatic mutations) was calculated for
each tumor sample; (2) for every 10 adjacent mutations located
within 10 kb of each other, the numbers of intermutation dis-
tances above and below the ADL were counted; (3) the adjacent
set of 10 mutations was considered as a kataegis if the fraction of
intermutation distances below the ADL was significantly dif-
ferent from that observed across all mutations in that sample
(P < 0.0001, Fisher’s exact test, one-tailed test); and (4) over-
lapping kataegis were further merged if the resulting P value for
the merged region was still <0.0001.

Construction of the experimental POLH-induced mutation
signature

Experimental data on synthetic errors generated by POLH were
extracted from previous studies (Matsuda et al.,, 2001; Yaari
et al., 2013). All the mutations from Matsuda et al. (2001) were
available for analysis. A mutational signature of POLH-induced
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errors was constructed by mapping all mutations into corre-
sponding trinucleotide templates. The trinucleotide template
frequency was normalized using the observed trinucleotide
frequency in the selected region on M13mp2 DNA to the human
genome. Only T mutations from Yaari et al. (2013) were avail-
able for analysis. As the original template was not available, the
signature was directly adopted from the published summary
(Supek and Lehner, 2017).

Assign single-base substitutions to specific signatures

The probability of each mutation from a given signature was
calculated as previously described (Kasar et al., 2015). Briefly,
each mutation was annotated by both signature process and
exposure matrixes. The likelihood of a mutation generated by a
specific signature was calculated by the proportion of this mu-
tation in the signature times the exposure of this signature in the
sample. If the probability that a mutation was generated by a
given signature was >0.75, which means that the possibility of
one signature was at least threefold higher than any other sig-
nature, then the mutation was annotated as generated by that
signature.

Motif analysis of kataegis mutations

A web-based application, “two sample logo,” was used to identify
the preference of motifs of kataegis mutations (Vacic et al.,
2006). Mutations assigned to a given signature were first se-
lected. Five residues, including two upstream and two down-
stream residues of each mutation, were then exacted to generate
the case set. The control set consists of 5,000 randomly selected
sequences with 5-bp length. Statistical significance was calcu-
lated for each residue at each position in the motif sequences
from case and control sets. The null hypothesis was that the
residue was generated according to the same distribution in both
sets, and the P value was calculated using the t test. The statis-
tically significant symbols were plotted using the size of the
symbol that was proportional to the difference between the two
sets. Residues were separated as enriched (positive y axis) and
depleted (negative y axis) in the case set.

Transcriptome analysis by RNA sequencing (RNA-Seq)
Transcriptome sequencing of lymphoma samples has been de-
scribed previously (Ren et al., 2018). Briefly, 2 ug of total RNA
from each sample was used for transcriptome analysis as pre-
viously described (Wu et al., 2015). Raw sequencing reads with
adaptors, with >10% unknown bases, or with >50% low-quality
bases in one read, were filtered out. Clean data were aligned to
the genome reference by BWA and to the gene reference by
Bowtie2 (Langmead and Salzberg, 2012). Fewer than five mis-
matches were allowed for each read in the alignment. The gene
expression level was calculated by using the transcripts per
million (TPM) method. The RemoveBatchEffect command from
the R package Limma was used to remove any potential batch
effect (Ritchie et al., 2015).

DLBCL subtype classification and validation
DLBCL subtypes were identified using an RNA-Seq-based
method (Reddy et al., 2017). Log2-transformed TPMs were
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z-normalized across the genes. The ABC and GCB scores were
calculated for each sample by taking the average of the z-scores
for ABC and GCB genes. The RNA-Seq subtype score was then
calculated by taking the difference between the ABC score and
the GCB score. Any sample with RNA-Seq subtype score >0.25
and GCB score <0.75 was defined as ABC. Any sample with
RNA-Seq subtype score less than -0.25 and ABC score <0.75
was defined as GCB. The remaining samples were defined as the
unclassified group. Among 55 samples with RNA-Seq data
available, 23 ABC, 23 GCB, and 9 unclassified subtypes were
identified. As a validation, the RNA-Seq subtype score was sig-
nificantly correlated with the relative expression of ABC genes
over GCB genes using the Lymph2Cx gene set (Ispearman = 0.9439,
P < 10726, Spearman’s correlation; Scott et al., 2014) and was
consistent with the Hans GCB versus non-GCB classification by
immunohistochemistry (P = 0.0767, Mann-Whitney U test; Hans
et al,, 2004).

Identification and validation of SVs

For the 69 samples sequenced by the Illumina platform, somatic
SVs were called by both manta algorithms (Chen et al., 2016) and
SeekSV (Liang et al., 2017). To validate SVs, they were first
double-checked by the Integrative Genomics Viewer, and then
were further tested by PCR and Sanger sequencing. Primers
mapping to both sides of the SVs were designed and used for
breakpoint-specific PCR amplification on both tumor and nor-
mal DNAs. The gel bands with the expected size were recovered
for Sanger sequencing. Somatic SVs were defined as validated if
target bands were amplified only in tumor samples and con-
firmed by Sanger sequencing. In total, 2,507 SVs (345 trans-
locations) and 28,543 SVs (1,271 translocations) were called by
the manta and SeekSV pipelines, respectively, from which 687
SVs were selected for validation, including 635 translocations
and 52 intrachromosomal SVs. For the 635 translocations, 23
were called by manta only, of which 21 (91%) were successfully
validated. 53 were called by both manta and SeekSV, of which 37
(70%) were successfully validated. A total of 559 were called only
by SeekSV, of which 60 (11%) were successfully validated. Thus,
the manta algorithms performed much better than SeekSV in
our cohort. However, for the 55 validated IGH translocations,
close to half (n = 23, 42%) were called only by SeekSV. Thus, by
focusing on IGH translocations, a reliable somatic SV dataset was
constructed by combining all manta results and validated IGH
translocations from the SeekSV results. All the SVs validated as
germlines were removed. If both sides of two SVs were localized
within 1,000 bp, only one was counted. Finally, 2,475 SVs re-
mained for further analysis. All the breakpoints were annotated
by ANNOVAR (Wang et al., 2010).

Data deposition

WGS and RNA-Seq data were deposited in the China National
GeneBank Sequence Archive of China National GeneBank Da-
tabase with accession nos. CNP0001228 and CNP0001220.

Reference databases
Gene coordinates, functions, and TSSs were annotated from
National Center for Biotechnology Information RefSeq (O’Leary
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et al., 2016). The super enhancers of tonsil B cells (ID:
CB5_H3K27Ac) were downloaded from SEdb (Jiang et al., 2019).
Human chromosomal fragile sites were downloaded from
HumCFS (Kumar et al., 2019). The data of 153 DLBCLs and 153
CLLs were downloaded from the supplementary tables of
Alexandrov et al. (2013a), Arthur et al. (2018), and Puente et al.
(2015). Among CLL samples, 69 were IGHV-unmutated, and 52
were IGHV-mutated. The remaining 32 samples that lacked
subtype information were also included to empower the mu-
tational signature analysis.

Online supplemental material

A comparison of genomic signatures identified in DLBCL and FL
with the previously published mutational signatures is shown in
Fig. S1 A. A comparison of POLH-related signatures is shown
in Fig. S1 B. The identification of APOBEC-related kataegis is
illustrated in Fig. S1 C. A comparison of AID-related signatures is
shown in Fig. S1 D. The mutation pattern and distribution in
kataegis regions in the Sy and IGHJ-Eu regions are shown in Fig.
S2 A. The correlation of the overall contribution of K1 for a given
sample and its contribution to different regions of the Ig and
non-Ig loci is shown in Fig. S2 B. Mutational signatures identi-
fied from kataegis in a published DLBCL cohort (Arthur et al.,
2018) are shown in Fig. S3. The expression level of a set of genes
related to AID, BER, and MMR in Kl-high and K1-low groups is
shown in Fig. S4. Clinical and sample information of the DLBCL
and FL cohort are described in Table S1. Details of all kataegis
identified in the DLBCL and FL genomes are presented in
Table S2.
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Figure S1. Comparison of genomic and kataegis mutational signatures identified in DLBCL and FL with previously published mutational signatures.
(A) Comparison of genomic signatures identified in this study with previously published mutational signatures. G1 to G7 can be assigned to the COSMIC
signatures with high similarity. Both G4 and G7 were similar to COSMIC signature 9. Additionally, COSMIC signatures 2, 5, 9, 17, and 18 were highly similar to
the recently published SBS signatures 2, 5,9, 17b, and 18, respectively (Alexandrov et al.,, 2020). The similarities between the signatures were estimated by the
cosine similarity. (B) Clustering of POLH-related signatures based on their correlations with known experimental POLH signatures. The cosine similarities to
the two known spectra of POLH-related mutations (Matsuda et al.,, 2001; Yaari et al,, 2013) were calculated, and the mutational signatures were clustered
accordingly. For the study by Matsuda et al. (2001), all mutations were available for analysis. For the study by Yaari et al. (2013), only T mutations were
available for analysis. The mutational signatures were identified on the genomic level (genome; Alexandrov et al., 2013a, Alexandrov et al., 2020; Arthur et al,,
2018; Kasar et al., 2015), exonic level (exome; Chapuy et al., 2018), or in the kataegis regions (kataegis; Alexandrov et al., 2020; Supek and Lehner, 2017). Three
signatures (G4, G7, and K2) from this study are included in the comparison. The color codes represent the cosine similarities between signatures. (C) The
percentage of C/G mutations in the TCN motifs in kataegis identified from DLBCL, FL, and breast cancer genomes. Data from the DLBCL and FL genomes in this
study and data from breast cancers from Alexandrov et al. (2013a) were analyzed and plotted. Outlier kataegis with abnormally high percentages of the TCN
mutations in B cell malignancies were identified as APOBEC kataegis and are colored in red. Three of the APOBEC kataegis identified in DLBCLs overlapped
with same percentage of TCN mutations. (D) Comparison of kataegis signature K1 identified in this study to a previously published mutational signature (cAID)
based on exome sequencing (Chapuy et al., 2018). The cosine similarity between these two signatures was 0.9787. Ref, reference; Sig., signature.
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Figure S2.  The overall contribution of K1 for a given sample is highly correlated to its contribution to the different regions within the same sample,
except S regions. (A) The mutation pattern and distribution of kataegis in the Sy and IGHJ-Ey regions. Top: For the region of interest, the gene structure and
location on the chromosome are shown. The kataegis mutations are shown together for all samples (middle) or separately by each sample (bottom). Each dot
represents a kataegis mutation. The red and blue dots represent mutations belonging to K1 and K2, respectively. The black dots represent unclassified
mutations to either K1 or K2. For the bottom panel, each row represents a sample. The samples are in the same order as in Fig. 2 F and are grouped as K1-high
DLBCL, K1-low DLBCL, and FL. Mutations are grouped in either the Sy region (left) or IGHJ-Eu region (right). The kataegis across both regions were initially
identified together due to their closely adjacent positions in the genome. To reveal the characteristics of kataegis for both parts, kataegis located in the Sy and
IGHJ-Ey. regions were divided for further analysis. For the divided kataegis, only those with at least 10 mutations were counted for further analysis. (B) The
contribution of K1 for a given sample highly correlated to its contribution to different regions, including the most targeted IGHJ-Ep, IGLJ1-IGLJ3, and IGK] to IGKC
regions, as well as the non-Ig regions. Correlation was calculated by the PCC.
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Figure S3. The features of kataegis signatures in DLBCL samples from Arthur et al. (2018). (A) Two mutational signatures of kataegis were identified in
153 DLBCL from Arthur et al. (2018). Sig.Authur.2018.K1 and Sig.Authur.2018.K2 were highly similar to K1 (cosine similarity = 0.9809) and K2 cCosine similarity =
0.9861) from our study, respectively. (B) The relative contribution of Sig.Authur.2018.K1 for the kataegis located in different parts of the Ig locus. Each dot represents
a kataegis. The color of each dot is based on the contribution of Sig.Authur.2018.K1 (from red to black to blue). Mann-Whitney U test; ***, P < 0.0005.
(C) For the Sig.Authur.2018.K1-high DLBCLs group, a larger number of kataegis was observed in the S regions compared with the IGHV regions, whereas
within the K1-low group, a similar number of kataegis was identified in these regions. A significantly lower number of kataegis in IGHV regions was observed in the
Sig.Authur.2018.K1-high versus Sig.Authur.2018.K1-low group. (D) Non-Ig kataegis were enriched in the TSS proximal regions in Sig.Authur.2018.K1-high DLBCLs.
(E) ABC samples were enriched in the Sig.Authur.2018.K1-high DLBCLs. Fisher’s exact test for C-E; **, P < 0.005; ***, P < 0.0005. Sig,, signature.
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Figure S4. The expression of a set of genes related to AID, BER, and MMR. The expression of each gene for each sample was calculated by TPM as
described in the Materials and methods. The expression levels of seven genes in K1-high and K1-low groups are shown as box plots, including AICDA, key BER
genes (UNG and APEX1), key MMR genes (MSH2, MSH6, EXO1), and POLH. Each box is from the first quartile to the third quartile of the dataset, with a horizontal
line extending through the box at the median. Values out of 1.5 times of interquartile range from each quartile were counted as outliers, which were labeled as
separated dots in the plot. The P value obtained using the Mann-Whitney U test for each gene between two groups is shown in the figure. #, 0.05 < P < 0.1.

Tables S1and S2 are provided online as separate Excel files. Table S1 describes the clinical and sample information of the DLBCL and
FL cohort. Table S2 presents details of all kataegis identified in the DLBCL and FL genomes.
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