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The super-enhancers (SEs) of lineage-specific genes in B cells are
off-target sites of somatic hypermutation. However, the inability
to detect sufficient numbers of mutations in normal human B cells
has precluded the generation of a high-resolution mutational
landscape of SEs. Here we captured and sequenced 12 B cell SEs at
single-nucleotide resolution from 10 healthy individuals across
diverse ethnicities. We detected a total of approximately 9,000
subclonal mutations (allele frequencies <0.1%); of these, approximately 8,000 are present in the BCL6 SE alone. Within the BCL6 SE,
we identified 3 regions of clustered mutations in which the mutation frequency is ∼7 × 10−4. Mutational spectra show a predominance of C > T/G > A and A > G/T > C substitutions, consistent
with the activities of activation-induced-cytidine deaminase (AID)
and the A-T mutator, DNA polymerase η, respectively, in mutagenesis in normal B cells. Analyses of mutational signatures further
corroborate the participation of these factors in this process. Single base substitution signatures SBS85, SBS37, and SBS39 were
found in the BCL6 SE. While SBS85 is a denoted signature of AID
in lymphoid cells, the etiologies of SBS37 and SBS39 are unknown.
Our analysis suggests the contribution of error-prone DNA polymerases to the latter signatures. The high-resolution mutation
landscape has enabled accurate profiling of subclonal mutations
in B cell SEs in normal individuals. By virtue of the fact that subclonal SE mutations are clonally expanded in B cell lymphomas, our
studies also offer the potential for early detection of neoplastic
alterations.
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clustered mutations (8). The first of these targets to be identified
was the promoter/SE region of the BCL6 gene (8, 9). The BCL6
gene encodes a transcription corepressor protein, whose expression is tightly coordinated with entry and exit from germinal
centers (10, 11). Germinal center B cells have high levels of the
BCL6 protein, which regulates the expression of many genes
involved in B cell differentiation. On the other hand, antibodysecreting plasma cells and memory B cells that exit the germinal
center turn off BCL6 expression to facilitate the switch between
differentiation and stable cell state maintenance. It has been
hypothesized that mutations within the BCL6 SE dysregulate
BCL6 expression to promote lymphomagenesis (12, 13). Indeed,
Sanger sequencing of PCR amplicons from diffuse large B cell
lymphomas has identified clonal mutations in the BCL6 SE locus
(12). Furthermore, reporter assays in cultured cells showed that
some of these mutations interfere with the binding of transcriptional repressor factors to up-regulate BCL6 expression
(14). More recently, next-generation whole-genome sequencing
studies of diffuse large B cell lymphomas reported the presence
of mutation clusters within the BCL6 SE locus (7); however, only
approximately 30 clonal mutations were observed in a total of 10
lymphoma samples, an inadequate number for characterizing the
types and distributions of mutations.
A high-resolution landscape of SE mutations in B cells from
healthy individuals will aid in unravelling the process of aSHM
and enable early detection of preexisting SE mutations that
might signal lymphomagenesis. We reasoned that DNA mutated
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n response to antigen stimulation, naïve B cells congregate in
germinal centers, where they undergo multiple rounds of cell
division and antigenic selection ultimately maturing into
antibody-producing plasma cells and memory B cells (1–3). In
the germinal center, somatic hypermutation (SHM) occurs, targeting the variable domain of the Ig receptor and resulting in
nonfunctional, low-affinity, or high-affinity antibodies. This
process involves the creation of multiple single-base substitutions
in Ig genes by the mutagenic SHM machinery (4). SHM includes
2 stages of mutagenesis: cytidine deamination by activationinduced cytidine deaminase (AID) to generate a G:U mispair
and subsequent error-prone repair synthesis by an error-prone
DNA polymerase.
Although SHM is a tightly regulated process, it can act aberrantly, even in normal cells, to somatically mutate other (offtarget) sites. Aberrant SHM (aSHM) sites are frequently found
in noncoding DNA regions containing cis-regulatory elements,
such as intragenic super-enhancers (SEs)—binding sites for
multiple factors that increase transcription (5–7). These regions
are proximal to the transcription start site (TSS) of actively
transcribed genes and are in an “open” chromatin conformation
(p300- and H3K27ac-positive).
aSHM targets were delineated by low-resolution single-cell–
based polymerase chain reaction (PCR) sequencing of sites with

www.pnas.org/cgi/doi/10.1073/pnas.1914163116

We used duplex sequencing to detect low-frequency mutations
in the BCL6 super-enhancer locus in normal human B cells. The
landscape of preexisting mutations is remarkably conserved
across different ethnicities and reveals clustered mutational
hotspots that correlate with reported sites of clonal mutations
and translocation breakpoints in human B cell lymphomas. This
high-resolution genomic landscape revealed by duplex sequencing offers accurate and thorough profiling of lowfrequency preexisting mutations in normal individuals along
with the potential for early detection of neoplastic alterations.
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Results
High Frequency of Mutations in the BCL6 SE. We sequenced 12
aSHM targets (SI Appendix, Table S1) in CD19+ B cells from 10
healthy blood donors of different ethnicities (SI Appendix, Table
S2). The target gene segments are located ∼1 kb 3′ of the TSS
and are reported SEs of the associated genes (5–7). As a control,
we also captured and sequenced an SHM target locus frequently
found in memory B cells: the variable region of the Ig gene,
IgHV3-23 (17, 18). Of the 12 sequenced SE loci, we found that
BCL6 is the most frequently mutated. We observed more than
8,000 subclonal mutations (allele fraction <0.5%) in 10 individuals, to yield an average mutation frequency (MF; mutations/
total nucleotides sequenced) of 2.2 × 10−4 (Fig. 1 and SI Appendix, Table S3), comparable to that observed at the SHM
target, IgHV3-23 (MF 1.3 × 10−4; Fig. 1 and SI Appendix, Table
S3). Mutant allele fractions (MAFs; number of mutations at each
nucleotide position/total alleles sequenced at each nucleotide
position) ranging from ∼0.002% to ∼0.5% were detected in the
BCL6 SE (Fig. 2 A and B). Since circulating memory B cells in
peripheral blood comprise between 5% and 20% of the B cell
population (19), we estimate that there are between 0.8 and 3.2
mutations within the 1-kb BCL6 SE region in each circulating
memory B cell, assuming that other circulating B cells do not
contain frequent mutations in BCL6.
The SEs of PAX5, POU2AF, and CD83 also showed high
mutation frequencies; however, they are more than one order of
magnitude lower than that of the BCL6 SE. The mutation frequencies are 9.7 × 10−6, 9.4 × 10−6, and 6.9 × 10−6, respectively
(Fig. 1 and SI Appendix, Table S3). The SE of H2AFX was the
least mutated, with an average mutation frequency of 2.8 × 10−7,
close to background detection levels (Fig. 1 and SI Appendix,
Table S3). The mutation frequencies of the other sequenced SEs
ranged between those of BCL6 and H2AFX SEs (Fig. 1 and SI
Appendix, Table S3). Since large numbers of mutations lend
confidence to data interpretation, we focused our studies on the
mutational analyses of the BCL6 SE locus.
Mutations in the BCL6 SE Locus Show a Remarkably Similar Pattern in
All Individuals. High-resolution duplex DNA sequencing enabled

us to delineate the landscape of subclonal mutations in the BCL6
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by aSHM is preserved in circulating memory B cells such that
deep sequencing of purified B cells would reveal details of the
mutational landscape. We used duplex sequencing (DS) (15, 16)
for this purpose. DS provides a mutational landscape of genomic
DNA at single-nucleotide resolution to reveal mutational patterns and potential underlying mechanisms. The accuracy of DS
stems from copying both strands of single DNA molecules;
mutations are defined based on complementarity and presence
in both strands at the same position. As a result, DS is approximately 1,000-fold more accurate than routine next-generation
sequencing and allows the identification of rare mutations—
those present at frequencies as low as 1 base substitution in
107 nucleotides sequenced.
Using targeted capture, we purified and sequenced 12 SE loci
in genomic DNA samples of human CD19+ B cells isolated from
10 healthy individuals of diverse ethnic backgrounds. The mutational landscape shows clustered mutations, most elevated in
the SE of BCL6 and to a lesser extent in the SEs of PAX5 and
CD83. A total of ∼9,000 base substitutions were detected in the
10 samples; ∼8,000 of these were found in the BCL6 SE. The
mutational profiles of the BCL6 SE are remarkably similar in
individuals across various ethnic groups, suggesting that they are
not the result of random stochastic events but instead may
function in normal developmental processes. Mutational spectra
and signatures at the BCL6 SE locus further suggest that mutations result from the activities of AID and of the error-prone
DNA polymerase, Pol η.

Fig. 1. Mutation frequencies in various TSS-SE gene loci and in the Ig gene
IgHV3-23 in B cells from 10 healthy individuals. Twelve aSHM targets as well
as the Ig gene IgHV3-23 were captured from CD19+ B cells purified from 10
independent blood donors and sequenced by DS. The mutation frequency—
the total number of mutations divided by total number of nucleotides sequenced—was calculated for each sample and plotted as shown. Note that
the mutation frequency at the BCL6 SE (2.2 × 10−4) is as high as that of
IgHV3-23 (1.3 × 10−4). Data are presented as mean ± SEM (n = 10). SEs with
mutation frequencies >1.0 × 10−4, between 2.5 × 10−6 and 1.0 × 10−4,
and <2.5 × 10−6 are highlighted in red, blue, and orange, respectively.

SE locus (Fig. 2 A and B). We found that close to 90% of the
∼8,000 mutations are located in a 600-bp region that corresponds to a tentative “open” chromatin region enriched for
histone markers H3K4me3 and H3K27Ac in germinal center B
cells (20, 21). The density of mutations is extensive, with as many
as 3 mutations present in a single read (SI Appendix, Fig. S1).
Within this 600-bp region, we observed 2 major mutational
clusters, each spanning ∼50 nt (Fig. 2A and SI Appendix, Fig. S2).
The average mutation frequencies for clusters 1 and 2 are 7.2 ×
10−4 and 7.7 × 10−4, respectively. These are in contrast to a
frequency of 3.5 × 10−6 in a 50-bp region downstream from the
hotspot clusters (Fig. 2A). The mutation load at the 2 hotspots
suggests that 20% to 80% of memory B cells have at least 1
mutation within 1 of these clusters. Notably, both the location of
these mutation clusters and the mutation frequencies are remarkably conserved in healthy individuals across different ethnicities (Fig. 2B and SI Appendix, Fig. S3 and Table S4). The
average mutation frequency of the BCL6 SE is 1.5 × 10−4 in
Caucasians, 2.0 × 10−4 in African Americans, 4.2 × 10−4 in
Asians, and 2.0 × 10−4 in Hispanics (SI Appendix, Fig. S3 and
Table S4), and the average across all individuals is 2.2 × 10−4
(Fig. 1 and SI Appendix, Table S3). There is no significant difference among the 4 ethnic groups (P = 0.26) (SI Appendix,
Fig. S3).
We also identified a third cluster of mutations in the TAA/WA
sequences, with an average mutation frequency of 5.4 × 10−4
(Fig. 2B). Although mutations here are present at high density,
they are at lower frequencies than those in clusters 1 and 2.
Clustered mutations were also detected in the PAX5 and CD83
SEs (SI Appendix, Fig. S4 A and B, respectively), suggesting that
SEs of B cell lineage-specific genes are targeted by a similar
mutagenic mechanism.
To confirm that these clustered mutations are specific to the
memory B cell population, we purified and sequenced different
cells—memory B cells, naïve B cells, monocytes, and T lymphocytes, as well as cultured primary fibroblasts, transformed
Shen et al.
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Fig. 2. Landscape of aSHM at the BCL6 SE locus. (A) Average MAFs (number
of mutations at a given nucleotide position/sequence read depth at that
position) at each nucleotide position within the 1,001-bp region of the BCL6
SE. Average MAFs in the two 50-bp hotspot clusters and in a 50-bp cold spot
are indicated. (B) Mutational profiles of the BCL6 SE locus are conserved in
individuals of different ethnicities. Most of the mutations are present in the
600-bp segment at the 5′-end of the genomic DNA sequence, that is, between positions +400 and +1,000 from the TSS. Three mutational clusters are
apparent. Whereas mutations in clusters 1 and 2 have higher mutant allele
fractions, those in the TAA/WA sequence have lower fractions but higher
density.

embryonic kidney cells (293T) and the colon cancer cell line
SW480—using the same SE capture probe set. We found that
among all cell types, only memory B lymphocytes have an increased frequency of mutations at the BCL6 SE locus (Table 1).
The BCL6 SE Locus Is Targeted by AID and Error-Prone DNA
Polymerases. To gain insight into mutational processes operat-

ing at the BCL6 SE, we examined the spectrum of base substitutions. We observed that transition base substitutions occur
more frequently than transversions (SI Appendix, Fig. S5A). A >
G/T > C and C > T/G > A transitions account for 28% and 23%
of all mutations, respectively, while C > G/G > C, A > C/T > G,
A > T/T > A, and C > A/G > T transversions constitute 18%,
13%, 12%, and 4%, respectively, of the remainder. The frequency of transition base substitutions in the BCL6 SE is similar
to that observed at the SHM target locus IgHV3-23, in which C >
T/G > A and A > G/T > C transitions comprise 34% and 23%,
respectively, of all mutations (SI Appendix, Fig. S5B). The C > T
Shen et al.

transitions in SHM are generated primarily by AID. AID is an
initiator of SHM; it deaminates cytidine to uracil, which base
pairs with adenine.
In addition to AID, error-prone DNA polymerases are also
implicated in SHM. The leading candidate is Pol η. Of the known
error-prone DNA polymerases, Pol η is believed to function in a
noncanonical base excision repair or mismatch repair pathway
following AID-catalyzed cytidine deamination (4). Pol η preferentially generates G:T or A:C mismatches at A:T base pairs
during DNA synthesis to generate A > G/T > C transition mutations (22). We observed that almost every A/T site within the
TAA/WA repeat region in the BCL6 SE shows a predominance
of transition mutations (SI Appendix, Fig. S6).
Our mutation spectrum data suggest that, similar to the Ig
genes, the BCL6 SE locus is a target of AID and Pol η, resulting
in a high prevalence (>60%) of A > G and C > T transition
mutations. Moreover, the C > G/G > C transversions that we
observed could also result from the sequential activities of AID
and error-prone DNA replication. The G:U mismatches generated by AID can be efficiently converted to G:apurinic/
apyrimidinic (AP) nucleotide pairs by uracil DNA glycosylase
(UDG). While replicative DNA polymerases insert A residues
across unrepaired AP sites (23), error-prone polymerases such
as Rev1 preferentially insert C residues to generate C > G/G >
C transversions instead of C > T/G > A transitions (24, 25).
Pol η may also play a role in AID-induced C > G transversions
(24, 25) but the mechanism for this is unclear. Thus, the
contributions of AID, Rev1, and Pol η to mutations (C > T,
C > G and A > G) within the BCL6 SE could be as high as
∼70% (SI Appendix, Fig. S5A).
Mutant Allele Fractions Reveal the Sequence of Mutagenesis at the
BCL6 SE. Allele fractions of mutations can be used to unravel

sequential mutagenic events in a cell population. It is well
established that SHM of Ig genes involves multiple cycles of
mutagenesis, mutation selection, and cell division to generate
plasma and memory B cells expressing high-affinity antibodies
(1–4). While clonal selection enriches variant Ig genes, mutations in other genes, such as BCL6, are likely unselected or much
less selected in healthy individuals. Thus, mutations at the BCL6
locus preserve an unbiased history of mutagenic events that have
transpired in memory B cells. For example, a mutagenic event
that occurs during earlier rounds of maturation will be clonally
expanded by more cell divisions and thus likely to be more frequently detected in terminally selected memory B cells, while
later mutagenic events will be present at a lower frequency due
to fewer rounds of cell expansion. Based on this premise, we
delineated the order of mutagenic events by parsing the observed
mutations into 5 bins corresponding to the following MAFs: bin
1, >1 × 10−3; bin 2, >5 × 10−4 to 1 × 10−3; bin 3, >1 × 10−4 to 5 ×
10−4; bin 4, >5 × 10−5 to 1 × 10−4; and bin 5, >1.7 × 10−5 to 5 ×
10−5. We then determined whether there were differences in the
spectrum of base substitutions in different bins.
Table 1. Mutation frequencies of BCL6 SE in various cell types
Sample

BCL6 SE mutation frequency

Memory B cells
Naïve B cells
Monocytes
T cells
Fibroblasts (AG01440)
Fibroblasts (AG09860)
HEK 293T
Colon cancer (SW480)

1.8
8.5
<3.7
<3.6
<2.8
<3.4
5.1
1.4

×
×
×
×
×
×
×
×

10−4
10−6
10−7
10−7
10−7
10−7
10−6
10−6
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mutational signatures at the BCL6 SE by examining the identity
of adjacent 5′ and 3′ nucleotides (26). We observed that A > G/
T > C transitions are mostly present at ATA sites (Fig. 4A), while
both C > T/G > A transitions and C > G/G > C transversions
occur most often in the trinucleotide sequence, ACA (Fig. 4A).
This spectrum is similar in all 10 B cell samples (SI Appendix,
Fig. S9A). In contrast, C > T/G > A transition mutations in
IgHV3-23 show a sequence preference for GCT and ACC sites,
whereas C > G/G > C transversions are more frequent at GCT
and ACT sequences (Fig. 4B). Moreover, mutational signatures
of IgHV3-23 differ among the 10 individuals (SI Appendix, Fig.
S9B), likely due to selection of different mutant IgH clones in
each person.
We further used deconstructSigs (27) to deconstruct our signatures into COSMICv3 single base substitution (SBS) signatures. We identified 6 mutational signatures in IgHV3-23 (Fig.
4B), 2 of which—SBS84 (25.2%) and SBS85 (9%)—have SHMrelated etiology. SBS84 shows predominant C > T transitions
(likely AID-mediated), and SBS85 has equal contributions of
T > A and T > C substitutions (likely the result of DNA synthesis
by error-prone DNA polymerases). We extracted 2 additional
signatures, SBS37 and SBS39, which also potentially could be
attributed to error-prone DNA polymerase activity during SHM.
SBS37 (9%) and SBS39 (23.3%) are represented by T > C
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The base changes at C residues, resulting primarily from the
activity of AID are likely the earliest events, as C > T/G > A and
C > G/G > C alterations comprise >70% of all mutation types in
bin 1 (highest MAF; Fig. 3A and SI Appendix, Fig. S7A). A > G/
T > C substitutions, reflective of Pol η activity, increase in
abundance in bins 2 and 3, concomitant with a decrease in C
substitutions. A > G/T > C substitutions then decrease in bins 4
and 5, while C > T/G > A and C > G/G > C alterations increase
progressively. A similar pattern was observed when we compared
substitutions at G:C versus A:T pairs. Close to 80% of the substitutions in bin 1 are at G:C pairs; this fraction decreased in bins
2 and 3 but then increased in bins 4 and 5 in coordination with an
increase and decrease, respectively, of mutations at A:T pairs
(Fig. 3B and SI Appendix, Fig. S7B). These data suggest that
mutations at the BCL6 SE locus are not the result of random
events but instead arise from the coordinated action of AID and
Pol η. They further suggest that AID inscribes its mark on the
mutational landscape before Pol η. In contrast, mutational
footprints of both AID and Pol η appear early (bin 1: MAF >1 ×
10−3, indicative of clonal expansion) in the Ig gene IgHV3-23 (SI
Appendix, Fig. S8). After initial rounds of selection, however,
AID catalysis becomes predominant in bin 2 (MAF >5 × 10−4 to
1 × 10−3), with approximately equal contributions of AID and
Pol η thereafter (SI Appendix, Fig. S8).
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Fig. 3. Order of AID and Pol η activities revealed by mutational frequencies
and spectra. Cumulative mutations in BCL6 SE from 10 individuals were
sorted into 5 bins based on the mutant allele fractions at each nucleotide
position: bin 1, >1 × 10−3; bin 2, >5 × 10−4 to 1 × 10−3; bin 3, >1 × 10−4 to 5 ×
10−4; bin 4, >5 × 10−5 to 1 × 10−4; and bin 5, >1.7 × 10−5 to 5 × 10−5. (A) Order
of mutations as a function of the fraction of each base substitution type in
each bin. C > T/G > A (AID-mediated) and C > G/G > C substitutions dominate
bin 1 (∼80%), decrease in bins 2 and 3, and then gradually increase in bins 4
and 5. In contrast, A > G/T > C substitutions (Pol η-generated) constitute only
a minor fraction of all substitutions in bin 1 but increase in bins 2 and 3
before declining. (B) Order of mutations at G:C vs. A:T pairs.
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Fig. 4. Deconstruction of signatures of unique mutations in BCL6 SE (A) and
IgHV3-23 (B) from 10 merged B cell samples using deconstructSigs (24).
Panels represent the original profiles (A-1 and B-1), the signature as computed using the best-fitting combination of COSMICv3 SBS signatures (A-2
and B-2), the difference between the preceding 2 figures (A-3 and B-3), and
the breakdown of the original profile into COSMIC v3 SBS signatures (A-4
and B-4). Types of base substitutions and the array of trinucleotide motifs
are displayed; motifs with the most frequent substitutions found in the
original profile (panel 1) are highlighted with colors designated for each of
the six base substitution types.
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Discussion
We sequenced the SE regions of 12 highly expressed genes in B
cells from 10 healthy individuals. Previous studies of mutagenesis
of B cell SEs were based on low-resolution single-cell PCR sequencing (8) or mutant mouse models (5). A recent study involving whole-genome sequencing of single human B cells
reported mutations at the BCL6 SE locus; however, very few
mutations were identified in this study, precluding a detailed
analysis of aSHM (28). We used exceptionally accurate highdepth DS (15, 16) to reveal a high-resolution landscape of mutations and mutational processes in B cell SEs in normal healthy
individuals.
We show that of all sequenced SEs, the BCL6 SE is the most
favored target of aSHM, with ∼8,000 subclonal mutations in 10
individuals. The average mutation frequency of 2.2 × 10−4 at the
BCL6 SE locus is as high as the SHM frequency of the Ig genes
(Fig. 1 and SI Appendix, Table S3). The accurate identification of
large numbers of single nucleotide substitutions at the singlenucleotide level enabled the identification of refined clustered
mutations. There are 3 clusters of mutations within the BCL6
SE, 2 of which overlap with AID target motifs (RGYW) (29) and
a third lying within the TAA/WA repeat sequences (Fig. 2B and
SI Appendix, Figs. S2 and S6) (30). In addition, there are multiple
mutations, located <100 nt apart, in multiple sequence reads (SI
Appendix, Fig. S1). While the density of mutations within these
clusters is high, the allele frequency of individual mutations
is <0.5%, with most even lower (Fig. 2B). Remarkably, the location and allele frequency of these clustered mutations is highly
conserved in individuals across different ethnicities (Fig. 2B and
SI Appendix, Table S2). BCL6 and IgH could be within the same
topologically associating domain or proximal to each other in the
chromatin architecture (7); therefore, the subclonal mutations in
the BCL6 SE may be the result of collateral damage of SHM at
the IgH locus. The unusually high numbers of mutations at the
BCL6 SE locus suggests that they are not random events, but
rather may be a part of the normal processes of B cell maturation
and differentiation.
The identification of thousands of mutations in the BCL6 SE
enabled the extraction of mutation signatures and analyses of
mutational processes operative during aSHM in normal cells.
We show that mutations at the BCL6 SE are dominated by A >
G, C > T, and C > G substitutions (SI Appendix, Fig. S5A).
Together, these 3 mutation types comprise 70% of all mutations
at this locus. While C > T mutations are in accord with cytidine
deamination by AID (4), A > G and C > G substitutions are
consistent with synthesis by error-prone DNA polymerases Pol η
and Rev1, respectively (22, 24, 25, 31–34). It is well established
that AID is essential for B cell development in response to antigen stimulation and for antibody diversification in germinal
centers (35, 36). Multiple error-prone DNA polymerases have
been implicated in SHM (33, 37–39); of these, Pol η in particular
shows increased expression in germinal center B cells (31, 40, 41)
and can be visualized specifically expressed in the dark zone,
Shen et al.

where SHM occurs (42). The activities of both mutators are also
evident in the extracted mutational signatures (Fig. 4A). SBS84
and SBS85 are designated as signatures of AID-induced somatic
mutagenesis in lymphoid cells in COSMICv3. We suggest that
SBS37 and SBS39 are signatures of error-prone DNA polymerases Pol η and Rev1, respectively, in SHM, based on their
prevalence in the SHM target IgHV3-23 and the dominance of
nucleotide substitutions characteristic of Pol η (22) and Rev1
(24). This notion is further supported by the prevalence of signature SBS37 in non-Hodgkin B cell lymphoma and the revelation by Supek and Lehner (43) of a putative Pol η signature,
similar to SBS37 (prevalence of A > G transitions in WA motifs),
at sites of clustered mutations in human B cell lymphomas. Thus,
SHM accounts for the etiology of at least 50% of the mutational
signatures at BCL6 SE. Approximately one-quarter of mutations
are of unknown signatures (Fig. 4A), raising the possibility that
mutagenic processes besides SHM also operate at the BCL6 SE
locus. Interestingly, SBS37 and excess mutations in Pol η mutable motifs, TAA/WA, are also found in non-B cell cancers, where
in fact there is a negative correlation between the activities of
AID and Pol η (44). Perhaps deregulation of Pol η expression and activity contribute to Pol η-induced mutations in these
cancers.
Mutant allele frequencies also facilitated an evaluation of the
order of mutational events during aSHM. We show that AID
initiates aSHM and that Pol η operates later to extend the mutational landscape (Fig. 3). While the order of AID and Pol η
mutagenesis during SHM varies slightly from that during aSHM,
it is evident that a balance of these 2 mutagenic activities is required for fine-tuning antibody diversity.
One of the unique features of the BCL6 SE mutation landscape is the high density of mutations in DNA sequences located
between 400 and 1,000 bp downstream of the TSS. There is a 20fold difference in mutation frequencies between sequences with
low variation (0 to 400 bp downstream of TSS; MF 1.7 × 10−5)
and those with clustered mutations (400 to 1,000 bp; MF 3.5 ×
10−4). This demarcation in mutation burden tracks with the
positioning of histones H3K27ac and H3K4me3 (21). The
“mutation-hot” region shows high levels of histone H3 acetylation and methylation, indicative of open chromatin and active
transcription with a high density of cis-regulatory elements (45),
such as SEs. The cold region is devoid of H3K27ac, suggesting
that the nucleosome is in a closed conformation and lacks
regulatory function.
While an “open” chromatin conformation facilitates active
transcription of BCL6 during B cell development, it also increases the accessibility of this region to the SHM machinery,
which generates mutations and promotes strand breakage (46).
Indeed, it has been reported that this “mutation-hot” region is
also a hotbed for DNA breaks leading to genomic translocations,
frequently fusing BCL6 with the Ig heavy chain genes (20, 47). In
addition to chromatin conformation, AID access to nuclear
DNA and AID-induced C > T mutations are also regulated by
proteins such as GANP, which facilitates translocation of AID
from the cytoplasm into the nucleus and targets it to sites of
SHM (48).
Multiple rounds of affinity selection and clonal expansion are
required for high-affinity antibody production (13). B cells
expressing low-affinity immunoglobulins are rapidly eliminated
by apoptosis. In the case of BCL6, specific subclonal mutations
may be selected and expanded to cause aberrant cell differentiation or malignant phenotypes. In fact, clonal BCL6 SE mutations and translocations are characteristic of diffuse large B cell
lymphomas (12). They can affect the binding of transcription
factors, such as the IRF4 repressor, to deregulate BCL6 protein
expression (14); BCL6 is frequently overexpressed in B cell
lymphomas (49).
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transitions and C > G transversions, respectively (SI Appendix,
Fig. S10). Similarly, we identified 6 mutational signatures at the
BCL6 SE (Fig. 4A); 3 of these—SBS85 (8.6%), SBS37 (13.1%),
and SBS39 (28.6%)—are shared with IgHV3-23. While the etiology of SBS85 is known, the etiologies of SBS37 and SBS39
are not.
Based on the spectrum of nucleotide substitutions found in
SBS37 and SBS39, and their presence in IgHV3-23 (the target of
SHM), we hypothesize that SBS37 and SBS39 could be signatures of error-prone DNA polymerases in SHM. A combination
of signatures SBS 37, 39, 84, and/or 85 was also identified at the
PAX5 and CD83 SE loci, where they accounted for as much as
75% of all signatures (SI Appendix, Fig. S11). Thus, signatures of
SHM permeate the mutational landscape of B cell SEs.

The mutational landscape of the BCL6 SE might serve as a
sensitive indicator for mutation loads in healthy individuals.
Recent studies have reported the presence of low-frequency
coding mutations in a large number of genes, including tumor
driver genes, in normal individuals (50–52). Many of these are
found to be clonally expanded in the tumor genome. The B cell
SE subclonal mutations represent a similar class of preexistent
mutations in regulatory regions of genomic DNA. Apparent
shifts in the pattern of mutation position, density (the distance
between mutations), and/or intensity (the extent of mutations)
could signal deregulated gene expression and an enhanced risk
for lymphomagenesis.
Methods
Human B Cells. The CD19+ B cells were purchased from AllCells and ReachBio.
Peripheral blood mononuclear cells (PBMCs) were purified from whole blood
drawn from 10 healthy donors (SI Appendix, Table S2). CD19+ B cells were
purified by positive selection using an anti-CD19 antibody-conjugated affinity column. Purified memory B cells (CD27+), naïve B cells, monocytes, and
T cells (all purchased from Bloodworks Northwest) were isolated using cellspecific isolation kits and separation on autoMACS columns (Miltenyl Biotec).
All samples were deidentified before use.
DNA Isolation. Purified CD19+ B cells were lysed with proteinase K, and DNA
was extracted using the Qiagen DNeasy Blood and Tissue Kit. DNA concentrations were quantified with a Nanodrop 2000 spectrophotometer.

sequential rounds of hybridization to enrich and sequence the indicated SEs
(SI Appendix, Table S1).
DS. DS was performed using published protocols (15, 16). In brief, genomic
DNA from purified CD19+ B cells was fragmented by sonication, endrepaired, and A-tailed. Purified DNA fragments (∼250 bp) were ligated
with DS adaptors containing unique molecular barcodes comprising 12
random nucleotides. The ligated DNA was PCR-amplified, and purified
amplicons were hybridized to 5′-biotinylated capture probes. Double capturing was performed as described previously (53) to improve on-target
capture efficiency. After purification by binding to streptavidin beads, the
final PCR amplified the captured DNA library using distinct index primers for
each sample to enable multiplex sequencing. The prepared libraries were
mixed and sequenced using an Illumina HiSeq 2500 sequencer.
Data Processing. Sequencing data were processed by as described previously
(16). Sequencing reads with 12-nt molecular barcodes were assembled and
aligned to RefSeq to generate single-strand consensus sequences. Pairs of
single-strand consensus sequences with complementary barcodes were
grouped to establish double-strand consensus sequences. Mutations were
scored only if base substitutions were present at the same position in both
strands and were complementary to each other.
Data Availability. Sequencing data presented in this paper can be accessed at
NCBI BioProject PRJNA574179 (54).

Capture Library. Synthetic DNA oligonucleotides (purchased from IDT) were
used for targeted gene capture. A capture-probe pool comprising 5′biotinylated DNA oligonucleotides (120 nt) was designed and used in
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