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Abstract

BCL6 translocation is one of the most common chromosomal translocations in cancer and results in its enhanced expression
in germinal center B cells. It involves the fusion of BCL6 with any of its twenty-six Ig and non-Ig translocation partners
associated with diffuse large B cell lymphoma (DLBCL). Despite being discovered long back, the mechanism of BCL6
fragility is largely unknown. Analysis of the translocation breakpoints in 5' UTR of BCL6 reveals the clustering of most of
the breakpoints around a region termed Cluster II. In silico analysis of the breakpoint cluster sequence identified sequence
motifs that could potentially fold into non-B DNA. Results revealed that the Cluster II sequence folded into overlapping
hairpin structures and identified sequences that undergo base pairing at the stem region. Further, the formation of cruciform
DNA blocked DNA replication. The sodium bisulfite modification assay revealed the single-strandedness of the region cor-
responding to hairpin DNA in both strands of the genome. Further, we report the formation of intramolecular parallel G4 and
triplex DNA, at Cluster II. Taken together, our studies reveal that multiple non-canonical DNA structures exist at the BCL6
cluster II breakpoint region and contribute to the fragility leading to BCL6 translocation in DLBCL patients.

Keywords Chromosomal translocations - Translocation breakpoint - Double-strand break - Lymphoid cancer - Genomic
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Introduction

Diffuse large B cell lymphoma (DLBCL) is the most fre-
quent and aggressive form of non-Hodgkin lymphomas,
that accounts for approximately 40% of cases globally [50].
Among several chromosomal translocations reported in
DLBCL, the most common are those involving BCL6, which
occurs in~50% of DLBCL cases [54].
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The BCL6 gene located in chromosome 3q27, spans 26 kb
and contains 10 exons, with the protein synthesis initia-
tion signal localized in exon 3, while zinc finger motifs are
located in exons 6-9 [17, 58]. It encodes a sequence-specific
transcription repressor, BCL6 that aids germinal center for-
mation in B cells [58]. BCL6 is tightly regulated during
B-cell differentiation, wherein it aids somatic hypermuta-
tion of immunoglobulin genes and prevents the exit of B
cells from GC reaction and plasma-cell differentiation [41].
BCL6 overexpression makes these cells resistant to massive
proliferation and to the mutagenic effect of the DNA-editing
enzymes that facilitate immunoglobulin affinity maturation
[20]. It is downregulated in cells that exit the germinal cent-
ers, necessary for B cell differentiation and apoptosis. BCL6
has been shown to play a critical role in B-T-cell interaction
[39]. TP53 (Tumor Protein P53), the gene that codes for p53
tumor suppressor protein, is a direct target of BCL6, which
provided the first evidence that BCL6 protects cells against
DNA damage induced apoptosis [43].

Rearrangement of the BCL6 gene on chromosome 3 is
observed in 40% of DLBCL and around 5-10% of Follicular
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lymphoma (FL) patients [59]. BCL6 undergoes transloca-
tion with different partner chromosomes, including g loci
(Chromosome 14), leading to its constitutive expression
in germinal center B cells [13] (Fig. S1A). The breakpoint
cluster lies within a 4 kb region that spans the promoter,
the first non-coding exon, and the first intron of the gene
resulting in the fusion of exons 2—10 with the partner genes
which brings it under the control of heterologous promoters
leading to BCL6 overexpression, thus playing a critical role
in lymphomagenesis. Analysis of BCL6 translocation break-
points clustered in a 2156-bp segment of intron 1 revealed
the prevalence of Ig-BCL6 translocations at Activation-
Induced cytosine Deaminase (AID) hotspots (WGCW and
WRC) (W=A/T, R=A/G), while the BCL6 juxtaposition
with non-Ig genes were favored at CpG/CGC sites [28].
It was speculated that both WGCW/WRC and CpG/CGC
breaks at BCL6 could be initiated by AID expressed in ger-
minal center B cells, leading to gene rearrangements and
pathogenesis of BCL6 in DLBCL [28].

Studies have shown that somatic hypermutation (SHM)
leads to deleterious mutations in the 5’ regulatory region of
BCL6, which in turn leads to the development of DLBCL
by blocking post germinal-centre differentiation [51]. These
point mutations are observed independent of translocations
in about 60% of DLBCL cases [42]. Subsequent studies have
shown that a subset of DLBCL carrying specific activating
mutations in 5’ regulatory region of BCL6 can disrupt its
autoregulatory circuit [55] and impair IR4 mediated repres-
sion [47]. One of the major causes of chromosomal fragility
is the prevalence of non-B DNA structures in the human
genome [46]. Alternative DNA structures exist in all forms
of life [44]. Non-B DNA structures are more prone to DNA
breaks than standard B DNA owing to its single-stranded-
ness and subsequent action of structure-specific nucleases.
The structural transitions that facilitate the non-canonical
structures occur during DNA replication or transcription that
involves local unwinding of DNA strands.

Cruciform or hairpin DNA, consisting of a branch
point, a stem and a loop requires inverted repeats of six or
more nucleotides in the DNA sequence for its formation
[27]. Presence of palindromic AT-rich repeats (PATRRs)
induces cruciform formation [27]. Whereas stretches of
guanines separated by other bases has an inherent pro-
pensity to self-associate and form four stranded helical
structures called G-quadruplexes or G-tetrads [14]. The
formation of triplex DNA occurs when pyrimidine or
purine bases occupying the major groove of the DNA
double helix forms Hoogsteen base pairs with purines
of Watson—crick base pairs [11]. The presence of these
non-B DNA structures in the genome have been mapped
to breakpoint regions leading to chromosomal translo-
cations in several leukemia and lymphomas [35]. Previ-
ous studies have suggested that the formation of a non-B
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DNA structure at BCL2 MBR (Major Breakpoint Region),
makes the region prone to RAG mediated cleavage at sin-
gle-double-stranded transitions of the structure [18, 34].
The BCL2 MBR was shown to fold into a G-quadruplex
structure, thereby contributing to t(14,18) [34, 35]. Simi-
larly, DNA sequence capable of forming non-B DNA
structures (H-DNA, G4 DNA) in the human ¢-MYC loci
colocalizes with the translocation breakpoints and undergo
frequent DSBs in mammalian cells [9]. Presence of G4
DNA structures are also shown at HOX 11 breakpoint
region, resulting in t(10;14) translocation [38]. Further, it
was also found that > 50% of the translocation breakpoint
region indeed possess G4 motifs, and there is a close asso-
ciation between CpGs, nonamers and translocation break
point regions [19].

In the current study, we have investigated the mecha-
nism that contributes towards the fragility of BCL6 gene
during translocation leading to DLBCL. In DLBCL, the
majority of the BCL6 translocations occur in the 3.3-kb
region termed the major translocation cluster (MTC)
that covers the first noncoding exon 1 and the 5' region
of intron 1 of BCL6 locus. The adjoining major mutation
cluster (MMC), located at the exon—intron boundary, is
the physiological target for somatic hypermutation (SHM).
The first intron of BCL6 is a highly conserved region and
together with the first non-coding exon, contains the pro-
posed regulatory elements at its 5’ extremity. The intron
region also displays frequent genetic aberrations in lym-
phomas [17]. Interestingly, most of the breakpoints in
BCL6 gene observed during DLBCL are part of the MTC
and was thus analyzed further in our study. Based on the
distribution of breakpoints at this 4 Kb region spanning
the 5'UTR of the BCL6 gene, we divided it as Cluster I,
Cluster II, and Cluster III. Since most of the breakpoints
were observed at Cluster II, it was chosen further in our
study.

In the present study we report that Cluster II of break-
point region of BCL6 5'UTR observed in DLBCL patients
can fold into multiple non-B DNA structures such as hair-
pin DNA, triplex DNA and G4 DNA within the genome.
We characterize each non-B DNA using in silico, bio-
chemical and biophysical assays and demonstrate precise
base pairing. Further we show that the formation of such
structures could contribute towards replication arrest
within the cells. Finally, we conclude that the single-
stranded regions generated due to the formation of these
structures may become an active site for action of enzymes
such as AID, which was reported before in mature B cells.
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Results

Mapping of DLBCL patient break points at 5’'UTR
of BCL6 gene

Owing to the frequent translocation of BCL6 with its 26
partner chromosomes (Fig. S1A), the translocation break-
points associated with DLBCL patients were mapped on
the genomic DNA sequence of the BCL6 gene based on
the information available from published studies and data-
bases [6, 7, 10, 13, 15, 25, 33, 52, 53, 57, 60, 61]. We
observed clustering of breakpoints at a 4 Kb region span-
ning the 5'UTR of the BCL6 gene (Fig. S1B). Based on
the distribution of breakpoints, we observed three peaks
where most of the breakpoints were clustered, designated
as Cluster I, Cluster II and Cluster III (Fig. S1B). All the
three clusters are part of BCL6 intron 1. Cluster I, II and
III used in our study overlaps with the MTC while Cluster
I overlaps with the MMC which is at the first exon—intron
boundary. Since most of the breakpoints were seen at
Cluster II, it was selected for further studies (Fig. 1A).
However, the distribution was based on the ease of study
and does not have any additional biological significance.

One of the primary reasons behind genomic instability
in leukemia and lymphoma is the occurrence of non-B
DNA structures [35, 46]. Based on previous studies from
our laboratory and other groups, we hypothesised that the
fragility of the Cluster II sequence of BCL6 5'UTR could
be due to the formation of higher order DNA structures.
Towards this, sequence from all three clusters were ana-
lyzed for non-B DNA sequence motifs using non-B DB
v2.0 [5] (Fig. S1C). Interestingly, Cluster II showed the
presence of mirror and inverted repeat sequence motifs.
While inverted and mirror-repeat sequence was present
in Cluster I, G4-forming motif was present in Cluster III
(Fig. 1A; Fig. S1C). Further evaluation using mfold [63]
revealed presence of 2 inverted repeat sequence motif in
Cluster II (Fig. 1B; Fig. S1D). Inverted repeats can fold
into hairpin structures, when present on single-stranded
DNA or cruciform structures, when present on double-
stranded DNA.

Electromobility shift assay reveal the formation
of cruciform DNA at BCL6 cluster Il breakpoint
region

Based on the “mfold web server” analysis, we investigated
whether oligomeric DNA derived from BCL6 cluster 11
breakpoint region (KDB7 and KDB8) could fold into
hairpin structures (Fig. 1B, C). Towards this, oligomeric
DNA sequence corresponding to the region of interest and

its corresponding mutants were designed (Fig. 1C). The
formation of hairpin structure would cause a difference in
mobility when analyzed on a native PAGE as compared
to a DNA sequence of the same length that does not form
such a structure [18]. The radiolabelled oligomers were
incubated in the presence of sodium cacodylate (20 mM),
heat denatured at 95 °C, and then allowed to gradually cool
to facilitate the structure formation. We observed a shift
in mobility of wild-type oligomers (KDB7, KDBS8 and
KDB9) when compared with random controls (SCR239
and SS54) (Fig. 1D), indicating the formation of hairpin
structures in wild-type oligomers. The oligomer KDB9Y,
which harbors both the hairpin motifs, could potentially
fold into a stem-loop structure (Fig. 1B, F). On the other
hand, introduction of mutations in the cruciform forming
sequence to abrogate the formation of cruciform struc-
ture (KDB10 and KDB11) showed mobility equivalent to
that of normal single-stranded DNA (SCR239) (Fig. 1D),
highlighting the folding of the inverted repeat sequences
into stem-loop structure. Thus, our results indicate the
formation of potential hairpin structures at BCL6 cluster
II region.

Circular dichroism studies reveal spectra
characteristic of hairpin structures at BCL6 cluster Il
region

CD studies were performed as described before [18]. CD
studies are conducted on optically active molecules, in
which the difference in the extent of polarization and that
of absorption, can be estimated. Secondary structures of
nucleic acids are known to impart a spectral pattern, dis-
tinct from that of B form of DNA. Thus, the oligomers
derived from the BCL6 cluster II region that could poten-
tially form hairpin structures were subjected to CD spec-
troscopy (Fig. 1C). The wild-type oligomers, KDB7, and
KDBS8 showed a characteristic peak at 260-280 nm and
dip at 240 nm while the mutant oligomers (KDB10 and
KDB11), showed spectra similar to that of normal single-
stranded DNA, with a positive peak at 280 nm and nega-
tive peak at 245 nm (Fig. 1E). Thus, the wild-type sequence
derived from BCL6 cluster II showed spectra characteristic
of hairpin structures, which further indicates the formation
of stem-loop structures in the wild-type oligomers KDB7,
KDB8, and KDB9 (Fig. 1F).

Enzymatic and chemical probing confirm
the formation of hairpin structure

P1 and S1 nucleases are specific to single-stranded DNA and
can hydrolyse single-stranded region in duplex DNA such
as loops or gaps. Since the proposed structure is a hairpin,
it is expected to have a loop region that can be cleaved by
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Fig. 1 Evaluation of the formation of hairpin DNA structures at clus-
ter I of DLBCL patient breakpoint region at 5UTR of BCL6 gene.
A To map the DLBCL patient breakpoints at BCL6 gene, a portion
of the human chromosome 3 genomic contig, GRch37.p13 Primary
Assembly (NCBI Reference Sequence: NT_005612.16) sequence was
retrieved from NCBI gene database using NCBI human genome map
viewer. The sequences from the patients carrying translocation based
on previous studies [6, 7, 10, 13, 15, 25, 33, 52, 53, 57, 60, 61] were
analyzed using NCBI nucleotide BLAST, against BCL6 sequence
retrieved from NCBI database. Breakpoint regions identified in BCL6
Cluster II region were then plotted and indicated using arrows. The
inverted repeat sequences are highlighted in maroon and green col-
our, respectively. A breakpoint reported in top strand is indicated by
downwards arrow, while upward arrow indicates a break at bottom
strand. B Schematic representation of the position of hairpin-forming
motifs (named as KDB7 and KDBS8) of BCL6 cluster I, as predicted
by non-B DB v2.0. KDB9 is the sequence of KDB7 and KDBS taken
together. C Sequence of oligomeric DNA from cluster II region of
BCL6 used for the detection of cruciform structure using gel shift and

single-stranded nucleases. To test this, 5’-end labelled oli-
gomeric DNA of interest (wild-type, mutant, and random
oligomers) were incubated with increasing concentrations of
P1 nuclease (0.001, 0.01, 0.1, 0.5 U) and S1 nuclease (0.001,
0.01, 0.1, 0.5 U). Results from P1 nuclease assay revealed
specific cleavage in the loop region of wild-type hairpin-
forming oligomers (KDB7, KDBS8, and KDB9) at higher
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circular dichroism assay. Sequence of oligomers KDB7, KDBS8 and
KDBY (wild-type sequence), KDB10, KDB11 (mutants), SS54 and
SCR239 (random sequence control) are also shown. Sequence high-
lighted in red indicate mutated nucleotides. D Radiolabelled oligo-
meric DNA were resolved on 15% native PAGE following incubation
with 20 mM sodium cacodylate (Sod ca). Mobility of wild-type oli-
gomers were compared with either random oligomers of equal length
(SCR239 and SS54) or its mutants (KDB10 and KDB11). Both gel
and buffer contain 1 M sodium cacodylate. The boxed region (blue)
indicates substrates with different mobilities when run on a gel. E
CD analysis of BCL6 cluster II hairpin-forming oligomers and their
mutants. CD spectra of wild-type oligomers KDB7 and KDB8 and
their mutants KDB10 and KDB11 was recorded using JASCO J-810
spectropolarimeter with a scan range of 220 to 300 nm after incu-
bating the oligomers in the presence of 20 mM sodium cacodylate,
100 mM NaCl, 0.1 mM EDTA at 37 °C for 1 h. F Predicted hairpin
structures at BCL6 cluster I (KDB7, KDB8 and KDBY) drawn using
“mfold” analysis

nuclease concentrations, whereas mutant oligomers (KDB10
and KDB11) and random oligomer KDB9 showed random
non-specific cleavage at the same concentration (Fig. 2A,
C-E, H). Treatment with increasing concentrations of S1
nuclease also revealed a cleavage pattern consistent with
hairpin DNA formation in the oligomers KDB7, KDBS,
and KDB9 unlike random non-specific cleavage observed in
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Fig. 2 Investigation of precise base pairing and single-strandedness
based on enzymatic and chemical probing at cluster II region of
BCL6. A Hairpin-forming oligomers from cluster II of BCL6 5'UTR,
KDB7 (lanes 1-6) and its respective mutant KDB10 (lanes 7-12)
were treated with increasing concentrations of P1 nuclease (0.001,
0.01, 0.1 and 0.5 U). B Oligomers from BCL6 cluster II, KDB7 (lanes
1-5) and its mutant KDB10 (lanes 6-10) were treated with increas-
ing concentrations of KMnO, (0.01, 0.1, 1 and 10 mM) and products
were resolved on denaturing PAGE. C Stem-loop structure of KDB7
based on specific cleavage sites indicated with arrows in the puta-
tive structure. D Hairpin-forming oligomers from cluster II of BCL6
5'UTR, KDBS (lanes 1-5) and its respective mutant KDB11 (lanes
6-10) were treated with increasing concentrations of P1 nuclease
(0.001, 0.01, 0.1 and 0.5 U). E Stem-loop structure of KDB8 with the
resulting specific cleavage sites indicated with arrows in the putative

control oligomers (SCR239 and SS54) or mutant sequences
(Fig. 2F-I). However, at times we have noted cleavage at
certain nucleotides near the loop region, which could be due
to presence of adjacent single-stranded regions.

KMnO, oxidizes unpaired thymine in the DNA (and to
a lesser extent cytosines), which is then cleaved by piperi-
dine. At appropriate concentrations of KMnQ,, the thymines
present in the loop region of the hairpin are expected to be
sensitive, while thymines in the double-stranded region are
protected from KMnO, mediated oxidation. With increas-
ing concentrations of KMnO, (0.01, 0.1, 1, and 10 mM),

structure after digestion with P1 nuclease. F KDB7, KDB8 and ran-
dom oligomer (SCR239) were treated with increasing concentrations
of S1 nuclease (0.001, 0.01, 0.1 and 0.5 U). G Stem-loop structure
of KDB7 and KDB8 with the resulting specific cleavage sites indi-
cated with arrows in the putative structure based on digestion with
S1 nuclease. H KDB9Y treated with increasing concentrations of P1
nuclease (0.001, 0.01, 0.1 and 0.5 U) (Lanes 5-9) and S1 nuclease
(Lanes 15-19) along with its random oligomer control SS54 (Lanes
14 and Lanes 10-14). I Stem-loop structure of KDB9 with the
resulting specific cleavage sites indicated with arrows in the puta-
tive structure after digestion with P1/ S1 nuclease. In all the panels
showing gel images, products were resolved on 15% denaturing poly-
acrylamide gels. Specific cleavage sites are indicated with arrows in
the gel. ‘M’ represents marker

we observed specific cleavage mostly at thymine and to a
lesser extent at cytosines, corresponding to the loop region
of the oligomers, but not at the double-stranded stem region,
confirming hairpin structure formation in KDB7 and KDB9
(Fig. 2B; Fig. S2A). The nucleotides that were present in
the loop region of the wild-type oligomers were sensitive
to KMnO4 while the stem region was protected (Fig. 2B;
Fig. S2A, B). On the other hand, non-specific cleavage was
observed for mutant (KDB10) as well as random oligomers
(SB1), indicating absence of any secondary hairpin struc-
tures (Fig. 2B, Fig. S2A, C).
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Non-B DNA structures formed at BCL6 cluster Il
breakpoint region can block DNA replication

To study if hairpin/cruciform structure formation on a dou-
ble-stranded DNA can prevent the progression of DNA poly-
merase during replication, 491 bp BCL6 cluster II region
was cloned into a plasmid to generate pKDB6 and was
subjected to primer extension assay (Fig. 3A) as described
before [22]. During primer extension, upon denaturation,

the primer binds to one of the strands of the plasmid DNA,
where the progression of polymerase is blocked due to the
formation of non-B DNA structures (Fig. 3A). Radiolabeled
primers positioned differentially from BCL6 cluster II were
used for primer extension studies (Fig. 3A). Interestingly,
truncated primer extension products were seen due to prema-
ture pausing at the region of structure formation. Reposition-
ing of the primer sequence showed a proportional change in
the mobility of the pause sites. Interestingly, the positions of

Temp +‘ +‘ Temp +A +A
b SP4a e ma - FHt bt KDB13 = - - - - - R
. SP3++++++ --- -- - KDB12+ ++ +++ -- --- -

5 O i

SR

B @) RT39
I |
SP4 - - - - - - 4 ++
SP3+ +++++ ------

1 23 456

78 9101112

500 nt
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200
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123 456 78 9101112 M

Fig.3 Evaluation of DNA replication arrest due to the formation of
non-B DNA structures at BCL6 cluster II break point region, when
present on a plasmid DNA using primer extension assay. A Sche-
matic representation depicting primer extension strategy used for
detecting the pause sites due to presence of non-B DNA structures.
Upon denaturation, primer binds to one of the strands of the plasmid
DNA where the progression of polymerase is hindered if non-B DNA
structures are present. Differentially positioned radiolabeled for-
ward (SP3* and KDB12*) and reverse primers (SP4*, KDB13* and
RT39%) may hinder the progression of polymerase upon encountering
hairpin structure on either strand, thereby causing a pause, which can
be detected by electrophoresis on a denaturing gel. Sequence respon-
sible for non-B DNA is represented as colored boxes, and hairpin
formation upon denaturation is also indicated. B, C Primer extension
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on pKDB6 harboring BCL6 cluster II (491 bp) using radio labelled
primers, SP3 (Forward) and SP4 (Reverse) with increasing concentra-
tions of plasmid (lanes 2, 8: 10 ng; 3, 9: 20 ng; 4, 10: 50 ng; 5, 11:
100 ng; 6, 12: 200 ng) (B), and at different annealing temperatures
(Lanes 2, 8: 55 °C; 3,9:56.9 °C: 4, 10: 58.7 °C; 5, 11: 61.1 °C; 6, 12:
63 °C) (C). Lane 1 is SP3 alone and lane 7 is SP4 alone. D Primer
extension of pKDB6 plasmid using KDB12 (Forward) and KDB13
(Reverse) primers with different annealing temperatures (Lanes 2,8:
55 °C; 3,9: 57.7 °C; 4,10: 60.2 °C; 5,11: 63.5 °C; 6,12: 67.9 °C).
Lane 1 is KDB12 alone and lane 7 is KDB13 alone. Arrows show the
pause sites at other regions and brackets indicate the pause sites due
to the formation of hairpin/cruciform structure. For panel ‘B-D’, ‘M’
denotes 50 bp ladder. Pause sites of interest are either boxed (blue) or
indicated by arrow
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pauses due to polymerase arrest coincided with the region
that is expected to form cruciform DNA (boxed in blue)
when SP3, SP4, KDB12, KDB13, and RT39 primers were
used (Fig. 3B-D). Increasing plasmid concentration (10, 20,
50, 100 and 200 ng) also led to an increase in the primer
extension products corresponding to polymerase pause sites
(Fig. 3B) although increase in temperature did not affect
the intensity of pausing (Fig. 3C, D and data not shown).
These results indicate that a hairpin/cruciform structure for-
mation could block the progression of DNA polymerases,
thus acting as a roadblock during DNA replication, at cluster
IT of BCL6 breakpoint region. Interestingly, we have also
observed pauses at places other than the expected regions
(Fig. 3B-D), suggesting the possibility of the formation of
other non-B DNA structures at BCL6 cluster II region, which
has been investigated in detail in this study (see below).

Bisulfite reactivity at BCL6 cluster Il suggests
single-strandedness at the genomic loci in regions
corresponding to different non-B DNA forming
motifs

To investigate whether the region corresponding to BCL6
cluster II possesses the single-strandedness in the genome,
chromosomal DNA was isolated from REH and SUDHLS
cell line using nondenaturing method. Sodium bisulfite
reacts with unpaired cytosines present on the complemen-
tary cytosine-rich strand and deaminates it to uracil, which
upon PCR amplification and sequencing is read as thymine
(Fig. 4A, B).

The inverted repeats sequences are present in both the
top and bottom strand. 8 molecules from top strand and 15
from bottom strand showed C>T conversions in stretches
(5 out of 8 molecules in the top strand shows conversion of
six cytosines at a stretch and 7 out of 15 molecules shows
conversion of nine cytosines at a stretch) in the BCL6 cluster
II breakpoint region corresponding to the cruciform form-
ing sequence (Fig. 4C-E) suggesting single-strandedness of
this region in the genome. Further analysis revealed that
the additional regions of single-strandedness matched with
pause sites observed during primer extension assay, indicat-
ing the possibility of the formation of other non-B DNA
structures (G4 and triplex) at the cluster II of BCL6 fragile
region (Fig. 4C, E). Based on the bisulfite peaks and the
additional pause sites observed during primer extension
assay, we analyzed these additional single-stranded regions
in BCL6 cluster II for other non-B DNA sequence motifs at
the 5’ end of cruciform forming motif (Fig. 4C). We found
that there is a G-rich region just upstream to the cruciform
forming region, that has the potential to form Hoogsteen
hydrogen-base pairing with each other. Interestingly, the
same region had most of the patient break points as well
(Fig. S4). In addition, at the 5’ end of the cruciform forming

region there is a mirror-repeat sequence that suggested the
possibility of triplex formation. The formation of G-quad-
ruplex and triplex structures at the above-mentioned regions
were then investigated further.

G-rich template at BCL6 cluster Il breakpoint region
forms G-quadruplex structure

Sodium bisulfite assay revealed that regions correspond-
ing to the G4 motif possesses single-strandedness. To test
whether the ‘G’-rich strand can indeed fold into G-quadru-
plex structure, we designed oligomeric DNA corresponding
to the region of interest, representing either the G-rich strand
(VG3), C-rich complementary strand (VG4) or its mutants,
where three (VG15), six (VG16), nine (VG17), and twelve
(VG18) Gs were mutated in the wild-type sequence (VG3)
(Fig. 5A). VG19 has one G of the GNG motif mutated to
thymine (Fig. 5A). The formation of a G4 structure leads
to a shift in the mobility as compared to a DNA sequence
that does not form any structure, when analyzed on a native
PAGE. To investigate this, radiolabeled oligomers were
incubated in the presence or absence of KCl (100 mM),
which is known to stabilize G-quadruplexes and the products
were resolved on a 15% native PAGE with or without KCl in
the gel and running buffer (Fig. 5SB-D). Result showed that
both C-rich and G-rich strands migrated according to the
molecular weight in the absence of KCI (Fig. 5B, C). How-
ever, in the presence of KCI, we observed higher molecular
weight bands for G-rich oligomer, which could be due to
the formation of inter-molecular G-quadruplex structures
(Fig. 5B, D). Importantly, we observed G-rich strand migrat-
ing faster than C-rich strand when K* was added in the reac-
tion and gel (Fig. 5B, D). The faster moving species could
be due to the formation of compact intramolecular G-quad-
ruplex structures. Further, when increasing concentrations
of VG3 oligomer were incubated in the presence of K* and
resolved on the gel with 100 mM KCIl, we observed that the
intensity of intra and intermolecular G4 structures increased
with increasing concentrations of DNA (Fig. S3A).

While in the presence of K* in the gel, we observed
the formation of faster migrating intra molecular G-quad-
ruplexes in VG3 and VG19 (Fig. 5D, lanes 3, 4, 13 and
14) it was abrogated in rest of the mutants (Fig. 5D, lanes
5-12). As expected, no such structures were observed in the
case of the complementary C strand, VG4 (Fig. 5D, lanes
1, 2). To check the effect of mutation in GNG sequence on
G-quadruplex formation, the mutated oligomer (VG19) was
electrophoresed as described before. However, we did not
find any effect of the mutation on the formation of G-quad-
ruplex structures (Fig. 5C, D lanes 13, 14) suggesting that
GNG sequence is not required for G-quadruplex structure
formation.
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Fig.4 Sodium bisulfite modification assay to determine single-
strandedness at BCL6 cluster II region in human genome. A, B
Schematic representation of sodium bisulfite modification assay (A).
Unpaired cytosine reacts with sodium bisulfite to give cytosine sul-
fonate, which upon deamination is converted to uracil sulfonate. Des-
ulfonation of uracil sulfonate result in uracil, which following PCR
is read as thymine (B). C Sodium bisulfite reactivity at the BCL6
Cluster II gene when present on chromosomal DNA extracted from
human DLBCL cells. The genomic DNA was extracted using non-
denaturing conditions and subjected to sodium bisulfite modifica-
tion assay. A 491 bp fragment corresponding to Cluster II was PCR
amplified from chromosomal DNA after bisulfite treatment, cloned
and sequenced. Vertical incremental bars above the cytosines repre-

It is known that K* stabilizes G-quadruplex structures
while Li* does not [40]. The stability of the G-quadruplex
structures in the presence of different cations was tested by
incubating the G-rich oligomer in the presence of cations,
K*, Na*, Li* and Ca**. The oligomers were then elec-
trophoresed in 15% native PAGE in the presence of KCI
(Fig. S3B). Results showed the formation of stable intra-
molecular G4 structures which was supported by presence
of KCl in the gel, whereas intermolecular structures were
seen more in the presence of K* (Fig. S3B, lanes 3, 4), fol-
lowed by Na™ (Fig. S3B, lanes 5, 6) and Ca*" (Fig. S3B,
lanes 9, 10). In the presence of Li*, there were only few
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sent the conversion of each cytosine to uracil in an individual mol-
ecule. The sequence corresponding to G-quadruplex region is marked
in green, triplex region in red, hairpin in brown in both the top and
bottom strand. The hairpin sequences are underlined, and the number
of clones sequenced is indicated on the left. D, E Evaluation of extent
of single-strandedness on top (D) and bottom strands (E) of BCL6
cluster II, based on conversions seen in stretches as determined using
sodium bisulfite assay. Cytosine to thymine conversion is indicated
with filled circles, following bisulfite treatment in different molecules.
BCL6 cluster II sequence highlighted in red indicates triplex motif
sequences. The sequence boxed in green indicates G-quadruplex and
brown boxed region indicates cruciform forming motifs

intermolecular species (Fig. S3B, lanes 7, 8), further con-
firming that the structure formation is supported maximally
by monovalent cations, K* and Na*. In the absence of KCI
in the gel, we could observe only the formation of slower
moving intermolecular species (Fig. S3C, lanes 1-10).

It has been shown that G-quadruplexes arrest the progres-
sion of DNA polymerases inside the cell [34]. To investigate
the same, we performed Taq polymerase stop assay on an oli-
gomeric single-stranded DNA derived from BCL6 cluster 11
G-quadruplex forming region (VG20) and its mutant (VG23)
(Fig. 5H). We found a major pause site in the wild-type of
sequence, at 45 nt position, corresponding to the G-quadruplex
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Fig.5 Evaluation of G-quadruplex formation at BCL6 cluster II. A
Oligomeric DNA sequences spanning G-quadruplex forming region
(VG3) and its complementary sequence (VG4) derived from BCL6
cluster II. Mutations in G-rich strand was introduced such that three
(VG15), six (VG16), nine (VG17), and twelve (VG18) guanine resi-
dues are changed to other nucleotides. In VG19, one guanine in the
GNG motif is altered to thymine. B-D Evaluation of G-quadruplex
formation by gel mobility shift assay at BCL6 cluster. ‘G’ and ‘C’
rich sequences were incubated in 100 mM KCI at 37°C for 1 h and
resolved in the absence or presence of KCl in the gel and running
buffer. Intramolecular (Intra G) and intermolecular (Inter G) quad-
ruplex structures are indicated (B). Wild type and mutant oligomers
were incubated either in the presence or absence of KCI (100 mM)
and resolved on 15% native PAGE either in absence (C) or presence
(D) of KCl in the gel and running buffer. Intramolecular (Intra G) and
intermolecular (Inter G) quadruplex structures are indicated. E, F CD
spectroscopy to determine G-quadruplex formation of ‘G’-rich oli-
gomers and their mutants. CD spectra of G-rich oligomer VG3, its
complementary strand, VG4 and VG19, where one guanine of GNG
motif is mutated (E). CD spectra of wild-type sequence (VG3) and

forming region (Fig. 5G, lanes 1, 2) which was less in the
case of the mutant (Fig. 5G, lanes 3, 4). Consistent to this
observation, the full-length product was abundant in the case

mutants (VG15, VG16, VG17, VG18 and VG19) in presence of KCl
(F). In both panels, the oligomers were incubated with 100 mM KCl
and TE at 37 °C and CD spectra were recorded with the scan range
of 220-300 nm. G, H Taq polymerase stop assay using oligomer
sequence containing BCL6 cluster II. The oligomers were heat dena-
tured and gradually cooled in presence or absence of KC1 (100 mM)
along with Taq polymerase buffer and radiolabelled primer MN96
(G). M is 50 nt ladder. The truncated and full-length product is indi-
cated on the gel. Sequence of G-quadruplex forming region in BCL6
cluster II (VG20) and its mutant (VG23) (H). The first G-stretch
mutated in VG23 is marked in red. Extra nucleotides are added at
the 3'end, marked in blue, for primer binding. G-quadruplex forming
region is underlined. I Representative 2D model of the two possible
stable conformations of the intramolecular parallel G-quadruplex
structure at the BCL6 Cluster II. The position of guanines and other
nucleotides involved are indicated. The strands are highlighted in blue
and loops in yellow. Arrows indicate the orientation of the strands
from 5' to 3’ ends. J Sequence of the G-rich strand (VG3) from BCL6
Cluster II where the guanines which are part of the three-plate G4
structure are highlighted in red

of mutant compared to the wild-type of sequence (Fig. 5G).
Thus, our result suggests that the formation of G-quadruplex
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structures in BCL6 cluster II region can halt the progression
of polymerases and thus block DNA replication in the cell.

Circular dichroism studies reveal the formation
of parallel G-quadruplex structure at BCL6 cluster I
region

To determine the orientation of G-quadruplex formed at BCL6
cluster II, CD studies were carried out. The BCL6 wild-type,
mutant, and C-rich complementary oligomers were incubated
in the presence of 100 mM KCl in TE at 37 °C for 1 h and
CD spectra were recorded at RT. Results revealed that the
G-rich strand, VG3, showed a peak around 265 nm and a dip
at 240 nm, characteristic of a parallel form of G-quadruplex
(Fig. SE). Unlike the wild-type of oligomer (VG3), spectra
derived from the mutant oligomers (VG15, VG16, VG17, and
VG18) and the complementary C strand (VG4) showed a peak
around 280 nm (Fig. SE, F), resembling that of normal single-
stranded DNA. However, when only one G of GNG is mutated
(VG19), the spectra resembled ssDNA (Fig. SE), suggesting
no effect of this mutation on the G-quadruplex structure, fur-
ther supporting the results obtained in EMSA.

Further, we performed CD studies of the G-rich oligomer
in the presence and absence of KCl at increasing tempera-
tures to determine whether the structure could be destroyed
at higher temperatures (Fig. S3D-G). We observed that, in
the presence of KCl, although at highest temperature (95 °C)
there is slight decrease in the ellipticity, the structure was
quite stable till 80 °C (Fig. S3D). In the absence of KCl,
the spectra began to collapse slowly, indicating the instabil-
ity of G4 DNA at higher temperatures (80 °C and 95 °C).
However, even in the absence of KCl, the structure was sta-
ble till 65 °C (Fig. S3E). Gradual cooling of heat denatured
(95 °C) sample to 25 °C in the presence of KCl restored the
G4 structure (Fig. S3F) while such a phenomenon was not
observed in the absence of KCI, even when the heat dena-
tured (95 °C) sample was gradually cooled to 25 °C over-
night (Fig. S3G). The formation of parallel G-quadruplex
structure was shown to increase with increasing concen-
tration of G-rich strand (Fig. S3H) further indicating that
BCL6 cluster Il region can fold into an intramolecular paral-
lel G-quadruplex structure. The guanine residues marked in
the three-plate G4 structure renders stability to the structure
while the other bases constitute the loop region (Fig. 51, J).
A representative 2D model demonstrating the formation of a
parallel intramolecular G-quadruplex structure at the BCL6
Cluster II region is presented (Fig. 5I).

Formation of triple-helical DNA structure at BCL6
cluster Il region

Since the bisulfite sensitive regions in BCL6 cluster II region
matched with a region corresponding to a mirror-repeat
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sequence, we have investigated the possibility of folding of
these sequences into triple-helical DNA. The mirror-repeat
containing oligomer VG10 has the ability to Watson—Crick
base pair with the complementary strands, VG11 or VG12,
and then fold onto itself by Hoogsteen hydrogen bonding
resulting in a triplex DNA structure (Fig. 6A—C). Radiola-
beled VG10 oligomer was incubated with increasing con-
centration of VG11 (0.1, 1, 10, 100, 500 nM) and VG12
(0.1, 1, 10, 100, 500 nM), resolved in 15% native PAGE,
and evaluated for the formation of triplex DNA. A distinct
shift in the mobility was observed at higher concentrations
of VG11 (Fig. 6D, lanes 2—6) and VG12 (Fig. 6D, lanes
8-12), revealing a slower moving DNA species, which could
be due to the formation of triplex DNA. The intermediate
band seen could be due to duplex DNA between VG10 and
complementary strand (Fig. 6D, lanes 2—4 and 8-10). To test
the triplex DNA formation, oligomer VG10 was incubated
with VG11 and VG12 in a buffer containing 90 mM Tris,
90 mM Borate and 10 mM MgCl, at 37 °C. CD spectroscopy
was carried out over a wavelength range of 200-300 nm. CD
spectra was also acquired with oligomers VG10 and VG11
alone and the spectra showed maximum molar ellipticity
at a wavelength of 260 and 270 nm, respectively (Fig. 6E).
When VG10 was added along with VG11 and VG12, a shift
of the peak from 260 nm to 270-275 nm in the spectra was
observed suggesting triplex formation (Fig. 6E).

Discussion

Multiple non-B DNA conformations in the cluster I
region of BCL6 gene

In the present study, we have investigated the mechanism
that contributes to the fragility of cluster II of BCL6 break-
point region. Analysis of the breakpoint region in BCL6
Cluster II revealed the presence of two inverted repeat
sequence motifs that could fold into non-B DNA conforma-
tions. Previously, role of alternative DNA structures such as
G-quadruplexes, triplexes and R-loops have been implicated
in the generation of chromosomal translocations seen in fol-
licular lymphoma, T-cell Leukemia and Burkitt’s lymphoma
etc. [19, 22, 34].

Using various biophysical and biochemical assays, we
determined the formation of two independent hairpin DNA
structures at the cluster II breakpoint region, which were
abrogated upon mutation of the sequence. Using single-
strand specific nucleases S1, P1 and KMnO, chemical prob-
ing, we determined the precise region of single-strandedness
at the loop region confirming the formation of hairpin struc-
ture. When BCL6 cluster II region was cloned into a plasmid
to study the replication block due to the formation of cruci-
form DNA structure by primer extension assay, we observed
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Fig.6 Evaluation of triplex formation at BCL6 cluster 1. A Oligom-
ers used for determination of triplex DNA formation at BCL6 cluster
II region. VG10 is the bottom strand which has the triplex forming
motif derived from BCL6 cluster II breakpoint region, and is com-
plementary to pyrimidine rich oligomers, VG11 and VG12. B, C
Schematic representation of the triple-helical structure in BCL6 clus-
ter II breakpoint region. ‘*’ indicate Hoogsteen hydrogen bonding
and blue vertical lines indicate Watson—Crick base pairing of VG10
with VG11 (B) or VG12 (C) are shown. D Gel shift assay to evalu-
ate the formation of triplex DNA. VG10 was incubated with differ-
ent concentrations of VG11 (Lanes 2-6) and VG12 (Lanes 8-12)

multiple pause sites accounting for other potential forms of
DNA structures, besides the cruciform DNA. Consistent to
this, we have observed multiple regions of single-stranded-
ness in the genome when sodium bisulfite modification assay
was used for investigation, which overlapped with patient
breakpoint regions in cluster II.

The BCL6 cluster II region could adopt a parallel intra-
molecular G-quadruplex structure and was dependent on
K* for its formation and stability, which was abolished on
mutating the G-stretch in the wild-type sequence, demon-
strating the critical requirement of guanines during structure
formation. When Taq polymerase stop assay was performed
to evaluate the effect of G-quadruplex formation on DNA
replication, we found pause sites matching with the region of
G-quadruplex DNA, which was significantly reduced when
mutant oligomers were used. This was also consistent with
observed pause during primer extension in plasmids. In a
similar manner using biochemical and biophysical assays,
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and resolved on a 15% native PAGE with 1X Tris Borate and MgCl,
Lanes 1 and 7 is VG10 alone and Lane 13 is heat denatured VG10.
Bands of interest are shown by arrows. E CD studies to investigate
triplex DNA formation at BCL6 cluster II breakpoint region. CD
spectra observed when VG10 (3 uM) was incubated along with VG11
(3 uM or 2 uM) or VGI12 (3 uM or 2 uM). The incubation was done
in presence of TBM buffer for 15 min at 37 °C. CD spectra were
recorded at 25 °C where triplex forming oligos [(VG10+4VG11) and
(VG10+ VG12)] showed positive peak at 280-290 nm different from
normal B DNA peak at 260-280 nm

we determined the possibility of the formation of triplexes at
BCLEG cluster II. In summary, our studies reveal that multiple
forms of higher order DNA structures may exist at BCL6
cluster II breakpoint region contributing to the fragility of
this region in the genome (Fig. 7; S4).

Non-B DNA structures and genomic instability

Depending on its sequence, physiological conditions, tran-
scription, supercoiling stress etc., DNA has the ability to
adopt different types of non-B DNA conformations [2, 35].
These non-B DNA structures are reported to be involved in
a variety of biological functions. When the balance between
replication, transcription and repair machinery is impaired,
these secondary structures may induce genomic instability.
Multiple studies have demonstrated DNA polymerase paus-
ing in vitro and replication fork pausing in vivo owing to the
structure formation [30, 34]. Several studies have pointed
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Chromosome 3
BCL6

During replication or transcription

Cleavage by structure specific
nucleases OR
(ERCC1-XPF/ MUS81/MRN/ DNA-Pk-
Artemis/GEN1)

Exogenous factors OR

Fig.7 A model depicting non-B DNA structure formation at the
BCLE6 cluster II region and its role in BCL6 translocations in DLBCL.
The model illustrates one of the scenarios of BCL6 translocation
located in telomeric extremity, q arm of chromosome 3 (red) and IgH
locus in chromosome 14 (blue), out of the 26 partner chromosomes
it can pair with. During replication and transcription, local unwind-
ing of the strands can lead to the formation of different non-B DNA
structures at the BCL6 cluster 1I region where break points are seen in
patients. The formation of non-B DNA structures such as G4 DNA,
triplex DNA or hairpin structure in one strand can lead to single-
strandedness in the complementary strand, which are then prone to

out the importance of altered DNA structures in the gen-
eration of DNA breaks and chromosomal translocations
involved in cancer [37, 46].

Previous studies reveal that inverted repeat sequences
often overlap with chromosomal regions prone to rear-
rangements [24] can be recognized and cleaved by endonu-
cleases [26], and affect DNA replication of the region [1].
The formation of non-B DNA structures like G-quadruplex,
triplexes, B/A transition, cruciform structures are reported
at BCL2 breakpoint region, that can lead to its fragility
and potentiate chromosomal translocations [18, 35]. Some
chromosomal translocations are reported due to inaccurate
V(D)J recombination due to presence of cryptic RSS. RSS
sequence are crucial for RAG cleavage and V(D)J recombi-
nation and presence of cryptic RSS sequence is often mis-
recognized by RAGs, undergo cleavage leading to double-
strand breaks and subsequently chromosomal translocations
[29, 45].
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Triplexes can exist in chromosomes or nucleus and its
formation in vivo is supported by a cohort of mammalian
proteins that binds specifically to them [31]. Triplexes are
also reported in human c-MYC promoter region which are
shown to induce DSBs within these sequences and cause
genomic instability in mice [3]. Resolvases like BLM and
WRN can unwind triplexes and catalyze fork regression [4].
More recently DHX9, FANCIJ are also reported to act as
resolvases of triplexes [16, 49]. A recurrent non-Robertso-
nian translocation t(11;22) (q23;q11) in humans, specific
to genome of human sperm, but not other somatic cells,
was reported to harbor breakpoints in palindromic AT-rich
repeats (PATRR) on 11q23 and 22q11 [23]. Formation of
the cruciform structure has been related to disruption of
MLL gene leading to generation of fusion proteins in both
acute lymphoid and myeloid leukemias as well as transloca-
tions in Neurofibromatosis I [62]. The BCL2 major break
point region, associated with the t(14;18) translocation in
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follicular lymphoma, adopts a cruciform structure which
possibly imparts single-strandedness to this region [18].
Thus, the formation of hairpin structure can lead to genomic
rearrangements and translocations in different types of lym-
phoid cancer, if they are not resolved within the cells.

The RecQ family members like WRN and BLM are
reported to unwind G-quadruplex DNA [12]. FANCJ is
also reported to unwind G4 DNA [56]. Like triplexes, pres-
ence of G-quadruplex structures at the breakpoints of many
genes, e.g., BCL2, MYC, HOX11 etc. lead to gene rearrange-
ments and translocations [18, 19]. The helicases that unwind
such non-canonical DNA structures, also associate with
several proteins critical for DNA replication and repair for
the unhindered progression of replication forks [48]. Thus,
mutation or deregulation of any of these proteins or enzymes
will fail to destabilize these non-B DNA structures in the
genome, thereby exposing them to nucleases like GEN1,
MRN, DNA-PK Artemis, MUS81, ERCC1-XPF, and cyti-
dine deaminase, AID, which act upon these fragile regions
leading to DNA breaks (Fig. 7). The non-B DNA struc-
tures formed in the BCL6 fragile region can get aberrantly
cleaved by DNA repair proteins or nucleases resulting in
double-strand breaks. Further, the presence of one structure
can make immediate neighboring regions single-stranded,
owing to the proximity of the sequence motifs, favoring the
formation of other non-B DNA structures.

The formation of non-B DNA structures requires unwind-
ing of double-stranded DNA, which occurs during the pro-
cess of replication and transcription. Once a stable structure
is formed at BCL6 fragile region, it can be cleaved by nucle-
ases at the single-stranded region creating a nick, which will
subsequently result in double-strand break. Chromosomal
translocations occur if there are simultaneous breaks in het-
erologous chromosomes. During class switch recombination
(CSR) at the germinal center of mature B cells, AID acts
upon single-stranded DNA in IgH locus leading to deamina-
tion of cytosines. Upon aberrant mismatch repair, it creates
a nick in place of uracil, which eventually gets converted
as a DSB. A break at the BCL6 5' UTR during the same
window places the BCL6 gene under the promoter of IgH
locus, thereby resulting in overexpression of BCL6 (Fig. 7).
However, this just explains one of the scenarios of BCL6
translocation and as described above BCL6 gene can fuse
with 26 partner genes in different chromosomes studied in
different DLBCL patients. The reason behind the breaks
observed in other genes needs to be investigated further.
One probable reason could be aberrant somatic hypermuta-
tion in B cells that targets many genes, including BCL6. The
role of structure-specific nucleases and cytidine deaminases
behind the generation of DSB in the region warrants further
investigation.

In summary, we determine the formation of non-B DNA
structures such as, G-quadruplex, cruciform and triplex

DNA at the breakpoint region (Cluster II) of BCL6 gene
which may play a role in its fragility, due to its potential to
fold into altered DNA structures. The formation of hairpin
and G4 DNA together in Cluster II contributes to the fragil-
ity of BCL6 gene. The non-B DNA structures like hairpin
and G-quadruplex are formed in the genome of healthy indi-
viduals on unfolding of the respective non-B DNA motifs.
In most cases, they are unwound by resolves and helicases
inside the cells. When such structures are stably formed
within the cells, endonucleases or deaminases may bind
to it and lead to generation of DNA breaks or secondary
mutations inside the cells. These processes subsequently
promote translocation events in BCL6 gene. However, only
the translocations which lead to BCL6 overexpression will
have pathological consequences since translocations are
also present in healthy individuals [37]. Besides, the pres-
ence of gaps or breaks at Cluster I or Cluster III and non-B
DNA sequence motifs could also lead to DNA double-strand
breaks in these regions followed by BCL6 gene transloca-
tion, which are under investigation.

Materials and methods
Enzymes, chemicals, and reagents

Chemical reagents were obtained from Sigma Chemical Co.
(USA), SRL (India). Culture media were from Lonza (UK)
and MP Biomedicals (USA). Fetal bovine serum (FBS) and
PenStrep were purchased from Gibco BRL (USA), Restric-
tion endonucleases and DNA-modifying enzymes were from
New England Biolabs (Beverly, MA, USA). Radioisotope
v-2P-ATP was from BRIT (India). Wizard DNA purifica-
tion system was obtained from Promega (Madison, USA).

Oligomeric DNA

The sequence of DNA oligonucleotides used in the current
study are listed (Table S1). Oligomers were designed and
commercially synthesized by IDT (Coralville, IA, USA)
and Juniper Life Sciences (Bangalore, India). The oligomers
were purified using 8—18% denaturing PAGE as described
before [21]. The gel piece with the oligomer was crushed
and incubated in 500 mM NaCl in Tris—EDTA overnight
at 37 °C, followed by phenol-chloroform extraction and
precipitation. 5’ end labelling of oligomers was carried
out using T4 Polynucleotide Kinase in a buffer containing
20 mM Tris acetate (pH 7.9), 10 mM Magnesium acetate,
50 mM Potassium acetate, 1 mM DTT and )/P32 ATP, at
37°C for 1 h. The labelled oligomers were then purified
using G-25 Sephadex columns and stored at -20°C till fur-
ther use. To generate double-stranded oligomeric DNA,

@ Springer



21 Page 14 of 18

V. Gopalakrishnan et al.

complementary oligomers were annealed in 100 mM NaCl
and 1 mM EDTA.

Cell lines and culture

Human diffuse large B cell lymphoma cell line SUDHLS8
was a kind gift from Dr. A. Epstein, USA. Human B cell
precursor leukemia cell line REH was from Dr. M.R. Lieber,
USA. Cells were cultured in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 100 pg/ml Penicillin, and
100 pg/ml streptomycin and incubated at 37 °C in a humidi-
fied atmosphere containing 5% CO,.

Plasmid constructs

pKDB6 was constructed by cloning the BCL6 cluster II
sequence, PCR amplified from human genomic DNA and
cloned at the BamHI site of pMN4 [36] in physiological
orientation. The cloned inserts were confirmed by DNA
sequencing.

Preparation of Klenow ladder

The 5’ end labelled DNA was incubated in a buffer (10 mM
Tris—HCl (pH 7.9), 10 mM MgCl,, 150 mM NaCl and 1 mM
DTT) with Klenow polymerase for partial digestion at room
temperature for 1 h. The reaction was terminated by add-
ing formamide containing dye. The reaction products were
diluted and loaded on denaturing polyacrylamide gels.

Hairpin DNA formation

‘Mfold’ analysis showed that the top strand of BCL6 clus-
ter II region has the ability to form hairpin structures.
Those sequences (KDB7, KDB8 and KDBY9) were com-
mercially synthesized and purified as described above. The
sequences were then y->?*-ATP end labelled. The products
were resolved on a 12% denaturing PAGE. The signals were
detected after drying the gel using a phosphorImager.

Analysis of triplex DNA

The radiolabeled oligomer VG10 was incubated with
increasing concentrations of VG11 (0.1, 1, 10, 100, 500 nM)
and VG12 (0.1, 1, 10, 100, 500 nM), and evaluated for the
formation of triplex DNA in 90 mM Tris, 90 mM Borate and
10 mM MgCl, (pH 8.0) at 37 °C overnight. The products
were then resolved on 15% native polyacrylamide gels at
150 V at 4 °C [21]. The gels were dried and exposed to a
screen, and the signal was detected using phosphorImager
FLA9000 (Fuji, Japan).

@ Springer

G4 DNA formation

The radiolabeled oligomers with G4 motifs and their cor-
responding mutants were incubated either in the presence
or absence of 100 mM KCl in TE buffer (pH 8.0) at 37 °C
for 1 h. The oligomers were then resolved on 15% native
polyacrylamide gels in the presence or absence of 100 mM
KCl1, both in the gel and the buffer, at 150 V at room tem-
perature. The gels were dried and exposed to a screen, and
the signal was detected using phosphorImager FLA9000
(Fuji, Japan).

Electrophoretic mobility shift assay

The radiolabeled oligomers (wild-type and mutants) were
incubated in the presence of 20 mM sodium cacodylate for
hairpin/cruciform structure forming oligos, 10 pM—-100 mM
KCl1 for G-quadruplex forming oligomeric DNA and
Tris—borate buffer (90 mM Tris, 90 mM Boric acid and
10 mM MgCl,) for triplex DNA. The products were then
resolved on 12—-15% native polyacrylamide gels at 150 V at
RT. The G-quadruplex forming oligomers were resolved in
the presence or absence of 100 mM KCl, both in the gel and
the buffer. The gels were dried and exposed to a screen and
the signal was detected using phosphorImager FLA9000.

Circular dichroism (CD) spectroscopy

The wild-type and mutant oligomers for hairpin/cruciform
structure from BCL6 5'UTR were incubated in the presence
of 20 mM sodium cacodylate, 100 mM NaCl, 0.1 mM EDTA
at 37 °C for 1 h [36]. G-quadruplex forming oligomer, its
mutants and the complementary oligomer were incubated
either in the presence or absence of 100 mM KCl in TE at
37 °C for 1 h. Triplex forming oligomers were incubated
with TBM buffer at same reaction conditions. The oligomer
concentration used was 4 pM. The CD spectra was recorded
at room temperature with a scan range of 220 to 300 nm and
5 cycles were accumulated for every sample, using JASCO
J-810 spectropolarimeter at a scan speed of 50 nm per min.
Separate spectrum was measured for the buffer alone and
this was subtracted from all the experimental spectra.

For G-quadruplex oligomers, absorbance was measured
in the absence of KCI to check the stability of the struc-
ture. For the dissolution of G4 structures, the spectra were
recorded for the samples incubated with and without KCl at
increasing temperatures (25-95 °C). Further CD spectrum
was recorded after the structure was reformed by gradually
cooling the denatured oligos to 25 °C. The ellipticity was
calculated using the software, Spectra manager and plotted
as a function of wavelength.
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P1 nuclease assay

The P1 nuclease assay was performed as described earlier
[32]. The 5'-end labelled oligomers containing inverted
repeat sequence that is predicted to form hairpin structure
from BCL6 cluster II region, were incubated with differ-
ent concentrations of P1 nuclease (0001, 0.01, 0.1, 0.5 U),
for 30 min, at 37 °C in a buffer containing 50 mM NaCl,
10 mM Tris—HCI, 10 mM MgCl, and 1 mM DTT. The
reaction was stopped by adding 20 mM EDTA and the
products were resolved on 15% denaturing PAGE.

KMnO, probing assay

The radiolabeled oligomers from BCL6 cluster II region,
were denatured at 95 °C and then gradually cooled to allow
the structure formation, followed by incubation in the pres-
ence of increasing concentration of KMnO, (0.01, 0.1, 1,
10 mM) for 30 min at room temperature. The reaction was
stopped by addition of equal volume of stop buffer (50 mM
EDTA, 1% SDS, 400 mM p-mercaptoethanol) [32]. The
oligomers were further treated with equal volume of piperi-
dine (10%) and incubated at 90 °C for 30 min. The reaction
was diluted to double the volume and dried under vacuum.
DNA was then washed and precipitated, and samples were
electrophoresed on 15% denaturing PAGE to score for the
cleaved sites.

Primer extension assay

The replication blocks caused due to the formation of non-B
DNA structures at the 5'UTR of BCL6 was studied on plas-
mid, pKDB6 harboring cluster II, using primer extension
[8]. The reaction was carried out using radiolabeled primers
(SP3, SP4, KDB12, KDB13, and RT39) and 50 ng plasmid
with varying temperatures (50-65 °C). The reaction was
also performed using different concentrations of plasmids
(10-200 ng) at an optimum temperature selected for each
primer. The reaction mix contains 1X Thermo polymerase
buffer (10 mM KCl, 10 mM (NH,),SO,, 20 mM Tris—HC1
(pH 8.8), 4 mM MgSO,, and 0.1% Triton X-100), 200 pM
dNTPs, 0.5 pM end labelled primers and 1 U vent (exo-)
polymerase. Linear amplification by primer extensions were
carried out on a PCR machine (25 cycles) under the follow-
ing conditions: 95 °C for 3 min (1 cycle), 95 °C for 45 s,
50-65 °C for 45 s and 72 °C for 45 s and final extension of
3 min. The reactions were then terminated by adding for-
mamide dye and products were resolved on 8% denaturing
PAGE. The gel was dried, and signals were detected using
phosphorImager FLA9000 as described above.

Taq polymerase stop assay

Taq polymerase stop assay was performed as described
before with modifications [38]. The BCL6 cluster I G-quad-
ruplex forming oligomer, VG20 and its mutant VG23 were
heat denatured and slowly reannealed in the presence
or absence of KCl in buffer containing 10 mM Tris—HCl
and 1.5 mM MgCl, and radiolabelled MN96. After addi-
tion of 200 pM dNTPs and 1 U Taq polymerase, the reac-
tions were incubated at 55 °C for 30 min. The reaction was
stopped by addition of 1X formamide dye and the products
were resolved on 12% denaturing PAGE and visualised as
described above.

Sodium bisulfite modification assay

Bisulfite modification was carried out as described previ-
ously [38]. 1 pg of genomic DNA, extracted from SUDHLS
cells under non-denaturing conditions, was resuspended in
30 pl of distilled water, mixed with 12.5 pl of 20 mM hyd-
roquinone and 457.5 pl of 2.5 M sodium bisulfite (pH 5.2).
The mixture was incubated for 16 h at 37 °C in the dark.
The bisulfite-treated DNA was purified with the Wizard
DNA clean-up kit (Promega) according to the manufactur-
er’s instructions. Purified bisulfite-treated DNA was desul-
fonated with 0.3 M NaOH at 37 °C for 15 min. Desulfonated
DNA was precipitated with 96 pl of 7.5 M NH,OAc and
768 pl of Ethanol at -20 °C for>2 h and washed with 70%
ethanol and resuspended in TE (pH 8.0). PCR with bisulfite-
modified DNA as a template was carried out with the prim-
ers RT38 and RT39. The PCR products were resolved on
agarose gels and the correct sized fragment was recovered.
Purified PCR products were cloned with TA cloning kit
(Genei, Bangalore, India). Plasmid DNA was isolated from
each clone using Alkaline Lysis Method. The sequencing
of the clone was carried out at Medauxin, Bangalore, India.

Extraction of chromosomal DNA

Chromosomal DNA was isolated from REH (leukemia cells)
and SUDHLS cells (DLBCL cells) using non-denaturing
method [38]. Briefly, SUDHLS cells were collected by cen-
trifugation and washed with 1X PBS, followed by extraction
of chromosomal DNA by lysing the cells in TE (10 mM Tris
(pH 8.0) and 1 mM EDTA) and 0.5% SDS. Chromosomal
DNA was then digested overnight by incubating it with pro-
teinase K (20 pg/ml) at 37 °C. The genomic DNA was phe-
nol, phenol: chloroform (50:50) and chloroform extracted,
followed by precipitation in chilled 100% ethanol. DNA was
rinsed in 70% ethanol and air dried. The pellet was resus-
pended in TE.

@ Springer



21 Page 16 of 18

V. Gopalakrishnan et al.

Purification of plasmid DNA

Plasmid DNA was isolated from E. coli DH5a cells using
nondenaturing method and purified by cesium chloride
density gradient centrifugation. Briefly, 5.1 g CsCl was
dissolved in 4.0 ml TE, followed by addition of 5-10 mg
plasmid and ethidium bromide. Samples were centrifuged
using TLA110 rotor (Beckman Coulter, USA) for 12 h,
72,000 rpm at 20 °C. Following butanol extraction for
removal of ethidium bromide, the plasmid DNA was pre-
cipitated with chilled ethanol, washed in 70% alcohol, and
pellet dissolved in Tris—EDTA bulffer.

S1 nuclease assay

For the S1 nuclease assay wild-type oligomers KDB7,
KDBS, and KDB9 and random oligomers SCR239 and
SS54 were heat denatured at 95 °C and cooled overnight
in a water bath. Oligomers were then treated with 0.001,
0.01, 0.1, and 0.5 U of S1 nuclease (Fermentas, USA)
in a buffer containing 200 mM sodium acetate (pH 4.5
at 25 °C), 1.5 M NaCl, and 10 mM ZnSO, for 30 min at
37 °C, and the DNA was purified by phenol-chloroform
extraction. The reaction products were resolved on a 15%
denaturing PAGE and analyzed.

2-D modelling of G4 DNA

2-D modelling of G4 DNA formed at BCL6 Cluster II was
performed as described before [8]. The position of gua-
nines and other nucleotides involved are indicated. The
stacks are highlighted in red and yellow, and the loops
in yellow. Arrows indicate the orientation of the strands
@ @ @(Fig. 50).
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