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Fig. 1. A, Southern blot analysis of no. 739 DNA show-
ing recombination of sequences from chromosomes 3 and 6.
The DNA was digested with restriction enzymes and se-
quentially hybridized with the F372 MTC probe for BCL6
and pKS1.4 probe for 6p21. Rearranged bands indicated by
horizontal bars were labeled by both probes. DNA from
acute monocytic leukemia cells was used as a germ-line
control (Lanes C). HindIll-digested A DNA was used as a
molecular size marker. B, PCR for amplification of t(3;
6)(q27;p21) junction. No. 739 and no. 897 DNA were
subjected to PCR amplification using the BCL&/06 and
KS/01 primer pair. HindIll-digested A phage DNA and
Hinfl-digested ¢$X174 DNA were used as molecular size
markers.

pidium iodide. Hybridization signals were detected on the chromosomes
visualized by direct R-banding under fluorescence microscopy (Nihon
Kogaku, Tokyo, Japan).

PCR and Cloning of the PCR Product. Oligonucleotide primers were
designed to be complementary to chromosome 3 (BCL6/06 primer; 5'-AG-
GAAAGCAGTTTGCACGCGAGAAAAGAGGGAAAA-3’') and chromo-
some 6 (KS/O1 primer; 5'-GGAAGAGAAACAGGACAAAGTTAGAGG-
GACCTTGA-3’; Fig. 5). PCR amplification was performed in an automated
thermal cycler (DNA PCR Thermal Cycler 480; Perkin-Elmer, Norwalk, CT).
Each reaction mixture (50 ul) contained 100 ng of genomic DNA, reaction
buffer, deoxynucleotide triphosphate mixture, 20 pmol of each primer, and 2.5
units LA Taq DNA polymerase (Takara Shuzo, Kyoto, Japan). The reaction
mixture was subjected to 35 repeated cycles of DNA denaturation at 98°C for
20 s (1 min at 94°C in the first cycle), primer annealing and DNA chain
extension at 68°C for 10 min, followed by rapid cooling to 4°C. PCR products
with “A-overhangs” were ligated into a plasmid vector with 3’ T-overhangs at
the cloning site (TA Cloning; Invitrogen, San Diego, CA). Transformation and
extraction of DNA were performed by established methods.

Results

Cloning the Junctional Area of t(3;6)(q27;p21). We described
previously the newly identified reciprocal translocation t(3;6)(q27;
p21) from a patient (no. 739; case 12 in Ref. 8) with follicular large
cell lymphoma. The complete karyotype was 47,XY,+X,t(3;6)(q27;
p21)/48,XY,+X,+21,4(3;6)/47,XY,+X,t(3;6),t(21;21)(21gter—cen—>
21qter). Genomic DNA from the no. 739 lymphoma tissue showed
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rearrangement of the BCL6 gene using the F372 MTC probe (Fig. 14).
Because breakage on BCL6 has been reported to occur within the
MTC region irrespective of the diversity of partner chromosomes, the
rearranged bands labeled with the F372 probe most likely encom-
passed the junctional area of t(3;6).

Southern blot analysis following BamHI digestion demonstrated a
17-kb rearranged band by hybridization with the F372 probe (Fig. 1A).
No. 739 genomic DNA digested to completion with BamHI was size-
fractionated, and the fraction containing the rearranged band was ligated
into the ADASHII phage vector. Eight positive clones were isolated
following screening by plaque hybridization. Restriction mapping of the
isolated clones indicated that uncharacterized DNA was linked to the
upstream sequences of BCL6; the breakpoint was 3’ of BCL6 exon 1 (Fig.
2). The pKS1.4 probe, a 1.4-kb Bg/ll/HindIII fragment, lacked repetitive
sequences and was used for screening the normal human genomic library.
Four overlapping phage clones were isolated, and a restriction map
covering over 20 kb was established. Appropriate DNA fragments cor-
responding to the junctional region were subcloned into the plasmid for
sequence analysis. Nucleotide sequencing analysis of the junctional area
revealed that the breakpoint on chromosome 3 was ~520 bp downstream
of the splice-donor site of the BCL6 exon 1.

Chromosomal Mapping of the Isolated Clones to 6p21 Band.
Chromosomal localization of the isolated clones in normal cells was
determined by Southern blot analysis of a panel of human/mouse
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Fig. 2. ive restriction map showing t(3;
6Xq27;p21) from no. 739 DNA and germ-line con-
figurations of chromosomes 3 (solid lines) and 6
(open bars). Closed and hatched boxes are the two 5’
exons of the BCL6 and coding region of the H4
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histone gene, respectively. Breakpoints on both chro-
mosomes from no. 739 are shown by open triangles,
and closed triangles show those of no. 897. F372,
pKS1.4, and pKSG1.25P probes were used for hy-
bridization studies. Four phage clones covering the
6p21 locus are aligned at the bottom. Restriction sites B E
are: E, EcoRl; B, BamHI; H, HindIIl; G, Bglll; and X, ¢ L
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Fig. 3. Chromosomal mapping of the isolated phage clones
from a normal human genomic library (Fig. 2) by the direct
R-banding FISH method. Pro-metaphase chromosomes pre-
pared from normal human lymphocyte cultures were hybridized
with the biotinylated probe and analyzed by fluorescence mi-
croscopy. Left, Nikon filter combination B-2A showing green-
ish-yellow signal on red R-banded ch iddle, B-2E
filter combination showing yellow signal on green chromo-
somes; right, UV-2A filter combination showing G-banding
patterns of the chromosomes. High-resolution FISH analysis
mapped the probe to R-positive sub-band 6p21.3.

hybrid cells with the pKS1.4 probe. As shown in Fig. 2, the pKS1.4
probe detected 0.8- and 4.2-kb EcoRI fragments in normal human
DNA on Southern hybridization. No hybridizing bands in mouse
DNA were observed under stringent washing conditions. Hybridiza-
tion with nine well-characterized hybrids indicated that the isolated
clones were most likely localized to chromosome 6, although a
discordant hybrid clone was detected. High-resolution FISH analysis
of prometaphase chromosome spreads using the mixture of the four
overlapping phage clones (Fig. 2) as a probe demonstrated specific
hybridization signals on sub-band 6p21.3 (Fig. 3). Southern hybrid-
ization of no. 739 DNA using the F372 and pKS1.4 probes revealed
that the rearranged bands were labeled with both probes (Fig. 14).
These findings clearly indicated that we cloned the junctional area of
t(3;6)(q27;p21). Because the BCL6 gene lies at the 3q27 band in
telomere-5'-3'-centromere orientation, the junction represents the
der(3) chromosome.

PCR Amplification and Nucleotide Sequencing of t(3;6) Junc-
tion from Another Patient with NHL. We analyzed another NHL
patient (no. 897) whose lymphoma cells also carried the t(3;6) trans-
location (7). Southern hybridization using the F372 probe from 3q27
and pKS1.4 from 6p21 revealed comigration of rearranged bands
labeled with the two probes. The rearranged bands were similar in size
to those in no. 739, suggesting that the breakpoints in these two cases
were close on both chromosomes.

An oligonucleotide primer pair for PCR detection of junctional
sequences of t(3;6) was designed on the basis of sequencing data from
no. 739. As shown in Fig. 1B, PCR using the primer pair successfully
amplified a DNA fragment in both cases; the PCR product of no. 897
was ~130 bp smaller than that of no. 739. The ampliﬁeﬁ fragment
from no. 897 was subcloned into the plasmid, and the nucleotide
sequences of the junction were determined. Comparison of the se-
quence data from the two cases confirmed that the breakpoints were
close on both chromosomal loci; the distance between the breakpoints
on chromosome 3 was 41 bp, and that on chromosome 6 was 169 bp
(Fig. 2). Thus, breakpoints on 6p21 may be clustered similarly to
those within the MTC region of BCL6.

Identification of a Novel H4 Histone Gene on 6p21 Adjacent to
the Breakpoints. Several DNA fragments were isolated from the
genomic phage clones and were used for Northern blot analysis as
probes. A 1.25-kb Pstl fragment, pKSG1.25P, detected ~380-bp
transcripts in hematological tumor cell lines (Fig. 4). Because the size
of the transcripts was smaller than the average size of mRNA from the
majority of genes and because other probes flanking the pKSG1.25P
failed to demonstrate such transcripts, the pKSG1.25P fragment most
likely included major parts of a gene on this locus.

As shown in Fig. S, nucleotide sequence analysis of pKSG1.25P
revealed a possible open reading frame encoding a protein of 102
amino acids. A homology search of available databases indicated that
the deduced amino acid sequence was identical with that of H4
histone (11). The 5’ flanking sequence represented regulatory ele-
ments such as TATA and CAAT sequences in addition to an essential
promoter element, designated site II, which is highly conserved
among functionally expressed H4 genes (Fig. 5, nucleotides —92 to
—66; Refs. 12 and 13). A terminal U7 snRNP binding site, AAAA-
GAGTTG, which mediates the formation of a non-polyadenylated
mRNA 3'-end (14), was identified downstream of the terminal pal-
indrome; these 3’ sequences are characteristic of cell cycle-dependent
histone genes. Thus, similarly to other histone genes, the present H4
gene was composed of a single exon and lacked intervening sequences
in the noncoding region. The size of the transcripts agreed well with
this structure. Southern blot analysis using pKSG1.25P as a probe
demonstrated multiple hybridizing bands, which was in agreement
with multiple copies of histone genes in the human genome. There-
fore, the signal detected by the Northern blot was presumably derived
form multiple different H4 mRNA species of similar length.

In the human genome, histone genes encoding five classes of
histone proteins are organized as clusters but lack any recognizable
repeating unit (15). The clusters have been assigned to chromosomes
1 and 6 (16), and all known HI histone genes except HI° were
mapped to the region from 6p21.1 to 6p22.2 covering several hundred
kilobases (17). Thus, it is evident that the present H4 gene is included
in the histone gene cluster on 6p21. The gene database search revealed
at least 11 H4 gene copies in the human genome that encode the same
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Fig. 4. Identification of a transcriptional unit on 6p21. Total cellular RNA (10 pg each
lane) was hybridized with the pKSG1.25P fragment as a probe. A photograph of the
ethidium bromide-stained gel prior to transfer is shown at the bortom. The size marker was
0.24-9.5-kb RNA ladder (BRL). Positions of 28S and 18S rRNA are indicated; weak
cross-hybridization with the probe was observed. KIS-1, diffuse large cell lymphoma cell
line; KM-H2, Hodgkin's disease cell line; YM, diffuse large cell lymphoma cell line; DL-4,
Burkitt's lymphoma cell line; FL-18, follicular lymphoma cell line.

type of histone H4 protein, and 9 of them have been localized to
chromosome 6 (EMBL/GenBank/DDBJ databases: Z80787, X60481,
X60482, X60483, X60484, X60485, X60486, X60487, X83548,
M16707, and JOO188). Comparison of the nucleotide sequence data
has indicated that the present H4 gene is a novel gene copy. Thus, the
total number of H4 genes in the histone gene supercluster on
chromosome 6 is now at least 10.

The breakpoint on 6p21 of no. 739 was 3’ of the coding region of
the H4 histone gene, whereas that of no. 897 was within the coding
sequences (Figs. 2 and 5). As a result of t(3;6), the H4 histone gene
including its 5’ flanking sequences was substituted for the 5’ regula-
tory region of the BCL6 gene and fused with the coding exons of the
BCL6 in the same transcriptional orientation. Thus, coding exons 3 to
9 of the BCL6 remained intact.

Discussion

We have shown that less than one-half of the 3q27 translocations
are related to /G genes, based on comigration study of rearranged
bands labeled with the BCL6 and /G gene probes (4). By analogy with
the promiscuity of 11q23 translocations involving the MLL gene (18),
the BCL6 gene could be a common “acceptor” gene of many partner
genes, transcriptional activation of which leads to the development of
NHL. Thus, it is of special interest whether an unidentified gene,

10

which is corresponding to /G genes on 14q32, 2p11, and 22q11 bands,
is located in each partner chromosomal locus. Dallery et al. (19)
cloned the t(3;4)(q27;p11) junctional area and isolated the small G
protein gene TTF on chromosome band 4pll. The VAL cell line
carrying the t(3;4) expressed fusion transcripts containing messages
from both the TTF and BCL6 genes (19). The same group recently
reported that the t(3;11)(q27;923.1) resulted in fusion of the BOBI1/
OBF1 gene, encoding a B cell-specific transcriptional coactivator, to
the BCL6 (20). In these two translocations, the coding region of the
BCL6 gene itself was not interrupted, and the product of the fusion
messages appeared to be a wild-type Bcl-6 protein. These results as
well as detailed analysis of translocations with /G genes (21) suggest
that the critical molecular consequences of the 3q27 translocations
may be replacement of 5’ regulatory elements of BCL6 with many
types of regulatory sequences on partner chromosomes, leading to
transcriptional deregulation of the gene. However, the patterns of
regulation of each regulatory sequence have not yet been completely
characterized.

In the present study, we showed that t(3;6) generated a genomic
structure composed of fusion of a novel H4 histone gene to the BCL6.
The H4 histone gene contained regulatory sequences as well as
histone gene-specific motifs in the flanking region, suggesting that the
gene is functional. Histone genes have been shown to be coordinately
expressed during the cell cycle (11). Because the present H4 histone
gene showed several features of S phase-dependent histone genes,
including characteristic terminal elements (14, 17), it is possible that,
as a result of the translocation, the BCL6 gene is placed under the
control of the H4 histone gene and expressed in an S phase-dependent
manner. In contrast, it has recently been shown that, in normal
lymphocytes, BCL6 mRNA is down-regulated by a variety of stimuli
before the cells enter S phase (22). Thus, t(3;6) may result in BCL6
expression at an inappropriate time during the cell cycle, which may
be a novel mechanism of BCL6 deregulation leading to the develop-
ment of NHL.

The human H4 promoter has been extensively studied (12, 13).
Ramsey-Ewing et al. (23) showed that the site II conserved element
mediates cell cycle activation at the G,-S phase transition. This is due
to two key transcription factors. One of them, designated HiNF-D, is
a multicomponent protein containing cyclin A, CDC2, and an RB-
related protein (24), which apparently links H4 gene regulation di-
rectly to cell cycle control. Transcription factor HINF-D appears to be
deregulated upon neoplastic transformation, reflected by constitutive
activation of HiNF-D binding activity during the cell cycle. The
second transcription factor that binds to the site II cell cycle element
is the oncoprotein IRF-2 (25). IRF-2 is a key activator of H4 gene
transcription but was initially identified as a component of the IFN-
mediated cell signaling mechanisms. Although the possible links
between H4 gene transcriptional control and deregulated expression
of BCL6 remain to be clarified by experimentation, the site II equiv-
alent of the present H4 gene contains consensus binding sites for the
two factors (Fig. 5; nt —96 to —49 and —90 to —79, respectively),
which are intricately related to cell cycle control and/or IFN respon-
siveness.

The regulatory properties of the H4 promoter in vivo appear to have
an immediate bearing on the mechanism of why this particular t(3;6)
translocation may be recurring. During fetal development and in
tissues of adult mice, histone H4 gene expression and transgenic
activity driven by the H4 promoter is highest in the spleen and thymus
(26). This is presumably due to the active lymphocyte proliferation in
these tissues. The putative H4/BCL6 fusion gene appears to be a
natural analogous version of the engineered transgenes used in the H4
promoter study. Thus, the t(3;6) translocation may have occurred
within the germinal center of lymphatic tissue, which is the site of B
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Fig. 5. Nucleotide and deduced amino acid se-
quence data of the pKSG 1.25P fragment. Numbers
indicate the nucleotide position with reference to
the A of the ATG initiation codon (numbered 0).
H4-site I-related consensus elements within the 5’
flanking sequences are: a, complete site II multi-
partite element (nt —96 to —49, boxed), b, con-
served sequence within site II (YKCYYKYRG-
TYYTCAAYYWGGTCCGMH: Y = C or T;
R=AorGK=GorT;W=AorT;M=Aor
C; H = A, C,or T; Ref. 12; nt =92 to —66); c,
IRF-2 binding motif in site II (nt —90 to —79); d,
HiNF-D binding motif in site II (nt —96 to —49); e,
HiNF-P binding motif in site II (nt —85 to —68)
and TATA consensus for H4 genes (YATARRR; nt
—56 to —49). Auxiliary consensus promoter ele-
ments include: g, HiNF-B related extended CCAAT
motif (nt —120 to —108); h, putative IRF-2 binding
motif (nt —218 to —208); i, putative HiNF-P bind-
ing motif (nt —141 to —124); and j and k, putative
OCT-1 binding motifs (nt —310 to —303, and
—336 to —327). The 3’ sequences are flanked by
the terminal palindrome and the downstream pu-
rine-rich consensus sequence (14), which are sepa-
rated by 14 bp. Breakpoints of t(3;6) are repre-
sented by an open triangle (no. 739) and a closed
triangle (no. 897). KS/01 primer for PCR amplifi-
cation of t(3;6) (Fig. 1B) is indicated by a horizon-
tal arrow.

H4 HISTONE/BCL6 FUSION BY t(3:6)

-720 CTGCAGTAGA TAATGAGGTA ACCGAAGGCA ATTGTGCTTC TTTTGATAAG AAGCTTTCTT
-660 GGTCATATCA GGAAATTCCA GAGAAAGTCC CTCCCTGTAT TTGGGGAAGA GAAACAGGAC

KS/1 primer

-600 AAAGTTAGAG GGACCTI‘&T TCTTAGACTT GTTTCTGAGA ACCCTCAATT TTCAAAAACA

-540 CCCACCATTA CCAAGCTCGA TATTTGGGGG GATAATTCTC CACCCCAAAC ACTAGAAATG
-480 AAMATAAGTA GAAAAGAACT TAGCAATATA CCTGAACGAT CTTTAAATTC TATGAGTCTA
-420 TCTTGTTCTA TTGCTAGGAA TTTAGCATAT GGAGTATATT TCCATTGTAT ATTAAGGAGA
-360 AAANTGCCAC AARATAGCAT AGTTCCATAC AAATAATGTT ARAGGAAAAC ATGCATATAT
-300 GCAGAGATAA CATTCTTTTT GCTTTATGTA TCTTCTATAA TGTTAACATT TTTGTTATGA
-240 GGCAGGAATC ATGTTAAATG Wcmccm GGTCTTGAGG ATTAAARAGG
-180 ACTGAAGGAG AACAAGAGGG AGTAGAGCAC AGCAGGCCTG TTICCCTTTT AGGICCCCTC
~120 CCCCAATGCA GAGGGACTTC CWCW—GWW

c
d a
-60 TAC(f:CAT GCTGC CATCACAGGC AGCAGACCTT TGTTCTCTGA CCACTTGATA

+1 ARG TCA GGA OGC GGC ARA GGA GGI' ARG GXC CIG GGG ARA GG3 GG GOC ARG OGC CAC O 60
1 Ser Gly Arg Gly Lys Gly Gly Lys Gly Leu Gly Lys Gly Gly Ala Lys Arg His Arg 19

ARG GG CIG OGC GAC ARC AIC CAG GGT' ATC ACC ARG OOA GOC ATT OGG OGC CIT GCT OGC 120
20 Lys Val Leu Arg Asp Asn Ile Gln Gly Ile Thr Lys Pmo Ala Ile Arg Arg Leu Ala Arg 39

OC GAC GGC GIG ARG OGC ATT TCT GGC CIC ATC TAT GAG GAG ACC OGC GGR GIG TIG ARG 180
40 Arg Gly Gly Val Lys Arg Ile Ser Gly Leu Ile Tyr Glu Glu Thr Arg Gly Val Lea Lys 59

GG TIC CIG GRG ARC GIG AXC OGG GAC GOC GEG ACC TAC ACG GAG CAC GOC ARG OXC ARG 240
60 Val Phe Leu Glu Asn Val Ile Arg Asp Ala Val Thr Tyr Thr Glu His Ala Lys Arg Lys 79

AG GIC AC GOC ATG GAC GIG GIC TAC GG CIC ARG OGC CAG GGC OGC ACC CIC TAT GA&C 300
80 Thr Val Thr Ala Met Asp Val Val Tyr Ala Leu Lys Arg Gln Gly Arg Tir Leu Tyr Gly 9

TEC GGC GAC TAA ATGGCATT TTGAAGCCCA GTCATTCTCT m@ 360
100 Ple Gly Gly *** 102

CTAAGCTT TCAACAAAAG AGTTGR?
TGTCAGTGAG TTCTGTCATC CTATTTTACA AGATTAACTC GACGCCGAAA ATGGGCTGAT 480

ATG ACTCCAAACT GAGTCTCTTA ATAGGGCCAT 420

GACTACAGGT GACCTTGGGC CGAGATTTTT CCAAGGCCAG AAGAGCCTCT GCTGGCCAGT 540
AACTTCTGGC GGCTGCCTGG AAATTGCCTG CAG 573

cell clone expansion in reaction to antigenic stimulation, and neoplas- 6. Mitelman, F. (ed). Catalog of chromosome aberrations in cancer. New York: Wiley-

tic B cells carrying this particular rearrangement may have been
selected for and offered a growth advantage during the proliferative

stage of B-cell maturation.
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