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ABSTRACT In multiple myeloma, karyotypic 1432
translocations have been identified at a variable frequency
(10-60% in different studies). In the majority of cases, the
partner chromosome has not been identified (14q+), and in
the remaining cases, a diverse array of chromosomal partners
has been implicated, with 11q13 being the most common. We
developed a comprehensive Southern blot assay to identify
and distinguish different kinds of immunoglobulin heavy
chain (IgH) switch recombination events. Illegitimate switch
recombination fragments (defined as containing sequences
from only one switch region) are potential markers of trans-
location events into IgH switch regions and were identified in
15 of 21 myeloma cell lines, including seven of eight karyo-
typed lines that have no detectable 14q32 translocation. From
all nine lines or tumor samples analyzed further, cloned
illegitimate switch recombination fragments were confirmed
to be IgH switch translocation breakpoints. In three of these
cases, the translocation breakpoint was shown to be present in
the primary tumor. These translocation breakpoints involve
six chromosomal loci: 4p16.3 (two lines and the one tumor); 6;
8q24.13; 11q13.3 (in three lines); 16¢q23.1; and 21q22.1. We
suggest that translocations into the IgH locus (i) are frequent
(karyotypic 14¢32 translocations and/or illegitimate switch
recombination fragments are present in primary tumor sam-
ples and in 19 of 21 lines that we have analyzed); (i) occur
mainly in switch regions; and (iii) involve a diverse but
nonrandom array (i.e., frequently 11q13 or 4p16) of chromo-
somal partners. This appears to be the most frequent genetic
abnormality in multiple myeloma.

Multiple myeloma (MM) is a uniformly fatal malignancy that
accounts for about 10% of all hematopoietic malignancies, and
often arises from a common premalignant condition called
monoclonal gammopathy of undetermined significance
(MGUS) that is present in 1% of the adult population (1, 2).
In MM, different studies indicate that translocations involving
band 14q32 [site of the immunoglobulin heavy chain (IgH)
locus] occur at a frequency of 10-60%. However, with the
exception of involvement of 11q13 in about 30% of the 14q32
translocations, various other partners are identified only
rarely, so that the translocation usually is designated 14q-+
(3-5). Because MM cells have undergone IgH isotype switch-
ing, we postulated that as in mouse plasmacytomas (6), the
translocations would occur into IgH switch regions.

The order of the constant region genes in the IgH locus,
starting from the telomeric end, is u, §, y3, v1, Ye, al, ¥y, ¥2,
v4, €, and o2. Isotype switch from w to vy, o, or € is a
developmentally regulated DNA recombination event that
occurs between Su and the respective isotype switch region,
resulting in the formation of a hybrid switch region. The switch
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regions are 1-3 kb long, consist of tandem pentameric repeats,
and are located just upstream of u, y3, y1, al, y2, v4, &, and
o2 constant region segments. There is no conventional switch
region upstream of 8, ye, or ¢y (7). However, isotype recom-
bination to & can occur by homologous recombination between
duplicated 442-bp sequences (o and o8) that are located
upstream of Sp and the first 8 exon, respectively (8, 9).

A “legitimate” IgH switch recombination occurs between
two IgH switch regions, resulting in the formation of a hybrid
switch region. This may be a productive switch from u to
another isotype, a downstream switch not involving u, or an
inversion event between switch regions. In most cases, these
recombination events occur on the same chromosome (cis),
but occasionally occur in trans (recombination between sister
chromatids or homologous chromosomes). “Illegitimate” IgH
switch recombination, which is defined as involving only one
IgH switch region, may be a chromosomal translocation, an
interstitial deletion, an interstitial insertion, or an inversion
into a switch region. We have developed a comprehensive
Southern blot assay that can distinguish the different kinds of
legitimate and illegitimate switch recombination. Using this
assay, we have screened a panel of MM cell lines and primary
tumor samples to determine the kinds of switch recombination
events that occur in this neoplasm. We have found that a high
fraction contains illegitimate switch recombination fragments,
many of which identify chromosomal translocations.

MATERIALS AND METHODS

Cell Culture. The human MM cell lines were grown in Petri
dishes in RPMI 1640 medium supplemented with 10% fetal
calf serum. The 8226 (10) and U266 (11) lines were obtained
from American Type Culture Collection. Lines H929 (12) and
H1112 were established at our institution (National Cancer
Institute) by H. Oie. The remaining cell lines were generously
provided to us by many investigators from around the world.
SK-MM1 and SK-MM2 (13) were from A. Houghton (New
York); KMM-1, KMS-11, and KMS-12 (14) were from M.
Namba (Okayama, Japan); OPM-2 (15) was from S. Katagiri
(Osaka) care of B. Thompson (Galveston, TX); MM-M1 (16)
was from T. Takahashi (Kobe, Japan); JJN3 (17) and JIM3
(18) were from I. Franklin (Glasgow, U.K.); ark (19) was from
J. Epstein (Little Rock, AR); ANBL-6 (20) was from D.
Jelinek (Rochester, MN); OCI-My-5 (21) was from D. Berg-
sagel (Toronto); UTMC-2 (22) was from A. Solomon (Knox-
ville, TN); Delta-47 (23, 24) and FLAM-76 were from I.
Kubonishi (Kochi, Japan); MM.1 (25) was from N. Krett
(Chicago); and TH (26) was from R. van Lier (Amsterdam).

Abbreviations: MM, multiple myeloma; MGUS, monoclonal gam-
mopathy of undetermined significance; IgH, immunoglobulin heavy
chain; Sy, switch .

Data deposition: The sequences reported in this paper have been
deposited in the GenBank data base (accession nos. U73660-U73677).
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Table 1. Sequence of PCR primers used to amplify switch region probes

Size,

Reverse primer bp

Annealing
temperature,
s

Probe Forward primer

5'op CAGATCTGAAAGTGCTCTACTG
3'g8 CACCGAAACCTCTGGAGGGAAG
5'Sw TTTGAAGGAGAGGTCGCACGAG
3'Sp TCTACACTGCGTTCCCCATCAC
5'Sy CAGAATGGTCATAATCGCTGCC
3'Sy GCTATTCCAAGACAGGGGGTTCC
5'Sa CAGCATCCAGCCACATCTG

3'Sa CATGGTGCAGGAGCTGTGTAAC
5'Se AAGAGAACCTCCCCAGCACTC
3'Se CGGGGCTGGATACTGTGATTTTG

CTTATCCTAAAGTGAGTAGTTG 462
TGTGCTGGACCACGCATTTG 548
TCAGCTAAAGCCATCTCATTGCC 631
CGTTCTGAGTGCCCTCACTACTTGS593
CATCCCGTCATGTTCCTCGTG 719
CAGAAAGCTTGCAGGACCG 436
AGATCCTTCCTGCCTGGTTAG 405
TCCACTCTGGTGTGAGTGAAGG 562
GTCGGGTCTCTGACTTCTTGGTCB58
TATCATCAGGCTGGGCTCAGGAA&GHT

50
63
58
58
58
55
58
58
61
58

The sequence of the primers is given from 5’ to 3'.

Karyotypes. Chromosomal analysis was performed on the
ark and MM-M1 cell lines by a G-banding method (Molecular
Medicine, Rockville, MD). The SK-MM2 karyotype is an
unpublished result of R. S. K. Chaganti (personal communi-
cation), and the other karyotypes are referenced above.

Mapping of Translocation Breakpoints. PCR primers were
designed to amplify the sequence from the unknown end (i.e., the
end that did not contain sequences from the selected switch
region) of the illegitimate switch region fragment clone. PCR
analysis was performed on the following mapping panels: (i)
NIGMS Mapping Panel 2 (Coriell Cell Repository, Camden, NJ),
each somatic cell hybrid contains a single human chromosome;
(i) BIOS mapping panel, each hybrid contains several human
chromosomes; (i) GENEBRIDGE4 radiation hybrid panel (Re-
search Genetics, Huntsville, AL) (27); and (iv) an 11q13-specific
panel of radiation hybrids (28, 29). Sublocalization was done by
fluorescence in situ hybridization, sequence identity to known
chromosomal regions, or mapping to cosmid or yeast artificial
chromosome clones containing genomic sequences (30-32).

Other Procedures. Southern blots, PCR analysis, probes,
hybridization, preparation and analysis of genomic libraries,
and DNA sequencing are described elsewhere (31).

RESULTS

A Southern Blot Assay to Distinguish Legitimate and
Illegitimate Switch Recombination Fragments. We designed
five pairs of probes (Table 1) that hybridize upstream and
downstream of the sequences known to be important in
mediating IgH switch recombination: ou/ad, Su, Sy, Sa, and
Se. Southern blots are generated using restriction endonucle-
ases that digest DNA at sites outside the pair of switch probes.
Different recombination events are reflected in different
patterns of cohybridization of the flanking probes as dia-
grammed in Fig. 1. As shown, this assay can distinguish among
different kinds of legitimate switch recombination events,
including different results for cis versus trans recombination
(the latter illustrated for productive switch recombination by
the retention of a second legitimately rearranged fragment
that is lost during cis recombination). Importantly, a candidate
illegitimate switch recombination fragment is easily recog-
nized as a restriction fragment to which only 1 of the 10 switch
probes hybridizes.$

The location of the probes, the relevant restriction enzyme
sites, and Southern blots of germ-line DNA hybridized to these
probes are shown in Fig. 2. As expected, each pair of flanking
probes hybridize to the same respective restriction frag-
ment(s). Only a single restriction fragment is identified re-
spectively for the o, u, and & probe pairs (the e sequence is
not detected by the & probe pair). The Sy probes cohybridize
to y1, y2, v3, and 4 but not to ¢ry. The five Sy fragments

§Fragments that hybridize with only one switch probe could be generated
without switch recombination, by deletion of sequences corresponding
to one of a pair of switch probes, although we have not encountered this
among 12 examples that have been cloned and sequenced.

evident in this sample are presumably due to a polymorphism
that distinguishes the length of a particular maternal versus
paternal Sy. The Sa probes cohybridize to both al and a2. The
3'Sa probe is bisected by a Sphl site in o2, so that it hybridizes
to 3.7-kb and 2.0-kb o2 Sphl fragments, with only the 3.7-kb
fragment cohybridizing with 5'Sa.

Illegitimate IgH Switch Recombination Fragments Are De-
tected in Most MM Cell Lines. Table 2 summarizes our results
for 21 MM cell lines, 12 of which have karyotypic transloca-
tions involving 14q32. All but one line (FLAM-76) has at least
one legitimate or illegitimate switch recombination fragment.
Most of the legitimate switch recombination fragments are
classified as productive (Introduction and Fig. 1) and are fully
consistent with the isotype of IgH expressed by the cell line. In
three cases (KMS-12, ark, and Delta-47), there is evidence of
a downstream switch recombination fragment that includes Sy
and Sa sequences. In one case (ark), there is evidence of an
inversion between a productive Sy and Sa.

In 15 of 21 lines, we have identified one or more apparent
illegitimate switch recombination fragments that are candi-
dates for switch-mediated translocation breakpoints, including
seven of eight lines in which no karyotypic abnormality of
14932 has been identified. Strikingly, in three of the six lines
lacking a detectable illegitimate switch fragment, there is a
karyotypic t(11;14) translocation and overexpression of cyclin
D1 (see Discussion). As might be expected with a reciprocal
translocation, a single illegitimate switch recombination event
generates two illegitimate switch recombination fragments
(Fig. 1e), although both may not be detected because of loss
from the cell and/or the technical limitations of Southern
blotting. For most MM cell lines, one (three lines) or two (nine
lines) illegitimate switch recombination fragments are de-
tected. In general, when two illegitimate switch fragments are
detected, one fragment is identified by a 5'Su probe and the
other identified by a 3’ Su, 3'Sv, or 3’Sa probe. Thus, there is
evidence for a single illegitimate switch recombination event
in 12 MM lines. However, three lines have more than two
illegitimate switch recombination fragments (three in SK-
MM, four in KMS-11, and four in KMS-12), suggesting that
two illegitimate switch recombination events may have oc-
curred. Examples of MM lines without any (MM-M1) and with
two (KMM-1) illegitimate switch recombination fragments are
shown in Fig. 3 and described below.

Legitimate and Illegitimate Recombinations into op/cd
Sequences. As stated above, isotype recombination from p to
& heavy chain can occur by homologous recombination be-
tween ou and o6 sequences that are located upstream of Su
and IgH 8, respectively (Fig. 2). Examples of Southern blots for
two MM cell lines, in each case using Bg/II-digested genomic
DNA that was probed sequentially with 5’ o and 3’08 probes,
are shown in Fig. 3.

For the MM-M1 cell line (Fig. 34), the 5’ o probe hybrid-
izes to 7-kb and 9.6-kb Bg/II fragments, whereas the 3’06 probe
hybridizes only to the 7-kb fragment. The 9.6-kb fragment is
derived from a productive w to vy legitimate switch recombi-
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Identification of IgH switch recombination events. A schematic map showing the organization of three IgH switch region loci is shown.

The w (solid), y (open), and « (shaded) switch region loci are illustrated, with critical elements depicted as follows: circle, switch region; triangle,
5’ switch probe; arrow, 3’ switch probe; and vertical line (H), HindIII restriction enzyme sites. Structural configurations in the germ line and after
various recombination events are indicated. The relevant sizes of typical germ-line HindIII restriction fragments detected by each switch probe are
shown. The fragments enclosed within dashed lines are deleted during cis recombination but retained during trans recombination. After
recombination, germ-line fragments are replaced by rearranged fragments (X and Y) that have different patterns of hybridization with the 5" and
3’ switch probes, depending on the kind of recombination event. The direction of the triangle and arrow indicates the orientation of transcription,

which is unchanged except in the case of inversion.

nation event (data not shown for ). The 7-kb Bg/II fragment
that cohybridizes with the two probes is smaller than the
germ-line fragment (16.8 kb; Fig. 2) and larger than the ~2-kb
fragment generated by recombination between ou and o6 to
mediate a stable u to & switch (9). Further mapping with a
number of restriction enzymes indicates that MM-M1 has a
recombination event that deletes about 10 kb of sequences
starting within S and ending about 2 kb upstream of ¢8. Thus,
MM-M1 appears to have an Su/0d recombination event that
is predicted to be functionally similar to the stable u to &
productive isotype switch mediated by recombination between
the homologous o and o6 sequences. Although MM-M1 has
a t(11;14)(q13;q32) translocation, we were unable to identify
an illegitimate switch recombination fragment that identifies a
potential translocation event (see below).

For the KMM-1 cell line, the 5'on probe hybridizes to a
3.6-kb fragment (indicated by an 8 in Fig. 3B) and the 3’06
probe hybridizes to a 7.5 kb-fragment (indicated by 21 in Fig.
3B), indicating dissociation of these two probes that cohybrid-
ize to a 16.8-kb germ-line fragment in placental DNA (Fig. 2).
We have cloned both fragments and confirmed by sequence
analysis that each represents a translocation breakpoint. The
5" end of the 3.6-kb Bg/II fragment contains germ-line se-
quences 5’ of o but is disrupted within the ou sequence, and
contains unknown sequences from chromosome 8 at its 3" end.
The 7.5-kb fragment contains the expected 8 and ¢d sequences
at its 3’ end but is disrupted about 400 bp upstream of ¢8, and
contains unknown sequences from chromosome 21 at its 5’
end. The KMM-1 MM cell line thus represents an example of
a complex chromosomal translocation into or near sequences
(i.e., o and o8) that are known to be capable of mediating,
by homologous recombination, a switch from u to 8.

Translocation Breakpoints Have Been Isolated for All Eight
MM Lines from Which Illegitimate Switch Recombination
Fragments Have Been Cloned. We have isolated molecular
clones containing illegitimate switch recombination fragments
from eight lines and have confirmed the presence of a trans-
location into a switch region in each line by mapping the
chromosomal origin of the non-Ig sequence (Tables 2 and 3).
In all eight lines, we isolated translocation breakpoint clones
with the novel chromosomal partner telomeric to the 3" IgH
sequences on chromosome 14 (cf. Fig. 1, bottom line of ¢). In
one line (KMM-1), we also isolated a translocation breakpoint

clone with the 5’ IgH sequences telomeric to the novel
chromosomal partner (8q24) (cf. Fig. 1, top line of ¢). For three
lines that overexpress cyclin D1 (U266, KMS-12, and SK-
MM2) (31), a switch region is juxtaposed to chromosome
11q13 sequences. For five other lines, the switch regions are
juxtaposed to five different chromosomes: 4 in JIM3 and
KMS-11, 6 in SK-MM1, 8 and 21 in KMM-1, and 16 in JJN3.
Except for the lines with cyclin D1 overexpression, we do not
know what genes are dysregulated by the translocations.

Illegitimate Switch Recombination Fragments Are Detected
in Primary Tumor Samples. Examples of Southern blots that
illustrate apparent illegitimate switch recombination events in
tumor cells from two patients are shown in Fig. 4. Informative
results using a nearly homogeneous population of IgG plasma
cell leukemia tumor cells (patient 1) are shown in Fig. 44. The
karyotype of these cells was markedly abnormal, although no
abnormalities of 14q32 were noted. A 5'Su probe hybridizes
equally to 2.5-kb (indicated by a 4 in Fig. 44) and 3.0-kb
(indicated by a p in Fig. 44) HindIII fragments but identifies
only traces of a germ line 10.6-kb fragment contributed by
normal cells. The 3.0-kb fragment, which cohybridizes with a
3'S+y probe, probably represents a productive legitimate switch
recombination. In contrast, the 2.5-kb fragment that hybridizes
to a5'Su probe and the 5.4-kb fragment (indicated by * in Fig.
4A4) that hybridizes to a 3'Sy probe represent illegitimate
switch recombination fragments because they are not identi-
fied by other switch probes. The illegitimate switch fragment
identified by the 5'Su probe (4 in Fig. 44) was cloned and
found to represent a translocation breakpoint with chromo-
some 4 sequences juxtaposed to Su sequences.

A bone marrow sample that contains about 30% tumor cells
was obtained from a second patient with intramedullary IgG
MM (Fig. 4B). Peripheral blood mononuclear cells from that
patient served as a control. A 2.3-kb fragment (indicated by a
p in Fig. 4B) that cohybridizes uniquely with 5'Su and 3'Sy
probes is present only in the bone marrow and likely represents
a productive legitimate switch recombination. Both 5'Su and
3'Su probes identify an intense germ line 10.6-kb HindIII
(9.6-kb SphI) fragment (indicated by a g in Fig. 4B) in bone
marrow and blood. However, a substantially less intense
13.4-kb HindIII (6.4-kb Sphl) fragment (indicated by * in Fig.
4B) is detected only in bone marrow DNA and must represent
an illegitimate switch recombination event in the tumor (de-
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Fic. 2. (Upper) Southern blot analysis of germ-line IgH switch
regions. Placental genomic DNA was digested with the indicated restric-
tion enzyme, subjected to electrophoresis on a 0.7% agarose gel, blotted,
probed sequentially with various switch probes, and scanned on a
PhosphorImager (Molecular Dynamics). The probe is shown above each
lane, and lambda HindIII markers are indicated at the left. (Lower) The
positions of switch regions (open rectangles), sigma sequences (boxes with
horizontal lines), joining region and constant region exons (shaded boxes
and lines), 5" and 3’ switch probes (filled boxes), and restriction sites (S,
Sphl; B, Bglll; H, HindIII) are indicated. The asterisk indicates a Sphl site
that is present in the 3’ Sa probe and the alpha-2 locus, but not the alpha-1
locus. With the exception of one fragment detected uniquely by the 3’ S«
probe (see text), all 5 pairs of probes cohybridize to the same respective
fragment(s).

spite the fact that the 5" and 3’ Su probes are not dissociated).
The cohybridization of the 5’ and 3’ Su probes to a larger
HindIII fragment (indicated by * in Fig. 4B) and a smaller Sphl
fragment (compared with germ line) indicates that the DNA
rearrangement did not occur within Su. but occurs near Sy, i.e.,
either within a HindlII site about 1 kb upstream or within a
Sphl site about 2.5 kb downstream of Su.

DISCUSSION

Previous cytogenetic studies have detected 14q32 transloca-
tions in 10-60% of MM patients (3-5). Yet with the exception
of involvement of 11q13 in about 30% of the 14q32 translo-
cations in MM, a variety of other partners have been identified
rarely, so the translocations are typically designated 14q-+.
Because human MM cells are thought to be a malignant
version of long-lived bone marrow plasma cells that have been
productively selected by antigen in germinal centers and have
undergone extensive somatic hypermutation of Ig genes and
IgH switching (1, 33-35), we postulated that as in mouse
plasmacytomas (6), the translocations would occur into IgH
switch regions. Therefore, we designed a Southern blot assay
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that enabled us to identify apparent illegitimate switch recom-
bination fragments (candidate translocation breakpoints) in 15
of 21 MM cell lines. From each of the eight lines and one
patient sample that we analyzed further, we have identified a
translocation breakpoint by cloning an illegitimate switch
recombination fragment. Moreover, we found (Table 3 and
data not shown) that 10 of 12 illegitimate switch fragments that
were cloned are, in fact, IgH switch translocation breakpoints
involving another chromosome (the exceptions included a
polymorphism and a rearrangement to an unknown portion of
chromosome 14). Importantly, illegitimate switch recombina-
tion fragments have been identified in seven of eight MM lines
that do not have a karyotypically detectable 14q32 transloca-
tion. Thus, we have developed a more sensitive technology that
has enabled us to identify apparent translocations into IgH
switch regions in a majority of MM cell lines and tumors.

Because four of five lines for which we did not detect any
illegitimate switch recombinations have a karyotypically identi-
fied 14q32 translocation (a sixth line, OCI-MYS5, has not been
karyotyped), it is possible that, as in other B lymphoma tumors,
some translocations in MM are mediated by aberrant VDJ
recombination and occur into joining region genes. Alternatively,
it is possible that our assay, which uses five pairs of probes, is
unable to detect every translocation into or near switch regions.
For cell line 8226, for example, we detected no illegitimate switch
recombination fragments, but because we noted that this cell line
had deleted joining region genes, w, and 8, by further mapping we
were able to localize an illegitimate recombination into a -y region
but not near a switch site (Table 2).

The IgH translocations in MM cell lines clearly are not solely
associated with cell culture, because (i) translocations involv-
ing the 14q32 locus have been identified in 10-60% (in
different studies) of MM tumors; (/) we have identified
illegitimate switch recombination fragments in MM tumors
(Fig. 4), and the one we have cloned is, in fact, a translocation
breakpoint; and (iii) for the two lines for which we have
analyzed the corresponding primary tumor, the translocation
breakpoint is also present in the primary tumor (Table 2).

Are the IgH switch translocations in MM an early event in
pathogenesis or do they occur during tumor progression?
Although we do not have a definitive answer to this question,
there is some information regarding the question of whether
switch recombination occurs in MM cells. First, when MGUS
progresses to MM, which occurs at a rate of about 1% per year,
the IgH isotype is unchanged (R. Kyle, personal communica-
tion); this suggests that a sequential productive switch recom-
bination does not occur at a high rate in premalignant MGUS.
Second, the IgH isotype almost always remains the same
through the various stages of MM tumor progression, although
there are rare cases in which a clonal isotype switch has been
reported (36). Third, in mouse plasmacytoma lines that have
a phenotype that is similar to, but not identical to, human MM
tumors, sequential productive IgH switching is rare, occurring
at rates of 107 per cell per generation at most (37, 38). Despite
our inability to provide a definitive answer to this question at
present, we think it is likely that IgH switch translocations are
an early event in the pathogenesis of MM, occurring concor-
dantly with physiological switch recombination in a germinal
center B cell and perhaps providing the initial event in
generating premalignant MGUS.

Chromosomal translocations to the IgH locus provide a sem-
inal molecular pathogenetic event in many B cell malignancies.
Often, there is a predominant chromosomal locus (and onco-
gene) that is translocated to the IgH locus for each type of B cell
tumor [e.g., bcl-1 in mantle cell lymphoma (39), bcl-2 in follicular
lymphoma (40), and c-myc in Burkitt’s lymphoma (41) or mouse
plasmacytoma (42)]. Less frequently, there is a predominant
oncogene that is dysregulated by translocation to a variety of
other chromosomal loci, which can include the IgH locus [bcl-6 at
3927 in diffuse lymphoma (43) and MLL at 11g23 in acute
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Table 2. IgH switch recombination: Summary of 21 human MM cell lines

% 14932 Illegitimate switch8T

Line H L abnormalityt Legitimate switch¥ 5" probe 3’ probe

FLAM-76 — K 11q13l None None None
MM-M1 (y) (x) 11q13l Su—a8, Su—>Sy None None
H1112 5 A 11l Su—>a8, Su—>Sy None None
SK-MM2 — K 11q13l None None Svy [11q13]
KMS-12 NP 11q13l Su—a8, Sa—>Sy Su, Sa Sy [11q13], Sp [14]**
Delta-47 ) A 1l4q+ Spu—0ad, Su—Sa, Sy—=Sa None None
TH il K 14q+ Spu—Sa Sw None
8226 () A 1p13 None None Sy¥E
MM.1 (@) A 12q24 None S Sy
JIN3$$ (@) K 14q+ None S'op Su [16q23]88
SK-MM1 — K 14q+ Spu—Sy Sw S [6], Sy
JIM388 (a) A 14q+ None Su Sy [4p16]88
KMS-11 ) K None None S Sw [4p16], Su, Sy
KMM-1 — A None None op [8q24] 06 [21q22]
U266 € A Nonel Spu—Se Sy Sa [11q13]
H929 (@) K None None S Sa
OPM-2 (v A None None Su Sy
ANBL-6 — A None None Sw Su
UTMC-2 e K None Spu—Sa Sw Sp
ark b% K None Sp—Sy, Sa—Svy, Sa<>Suy None None
OCI-MY5 a A ND Spu—Sa None None

*Isotype of IgH chain present in tumor but absent from cell line indicated by parentheses, from original reference or investigator, as cited. NP,

Nonproducer.

TKaryotype from original reference as cited, except ark, SK-MM2, and MM-M1; H1112 has an 11;14 translocation by chromosome painting analysis

(M.C. and E. Schrock, unpublished data); ND, Not done.

A legitimate switch recombination fragment hybridizes to two switch region probes (see Fig. 1). Productive and downstream switch indicated by

—; inversion indicated by <.
[Cyclin D1 mRNA overexpressed in these lines.

$An illegitimate switch recombination fragment hybridizes only to a single 5’ (column 5) or 3’ (column 6) probe and to no other probes.
fiChromosomal partner in cloned breakpoint indicated within square brackets.

**Unidentifed sequence from chromosome 14 juxtaposed to Spu.

T This cell line expresses alpha mRNA, not gamma mRNA (data not shown).
#This illegitimate switch was not detected by any of the 10 probes in Table 1.
§§By Southern blot analysis the translocation breakpoint identified by this probe was identified in primary tumor corresponding to this cell line.

leukemias (44)]. Strikingly, the 10 switch translocation break-
points we have cloned from eight MM lines and one MM tumor
involve six different loci: 4p16 (two lines and the one tumor); 6;
8q24; 11q13 (in three lines), 16q23, and 21q22. The location of the
cloned breakpoints at telomeric sites (4p16, 16923, and 21q22) is
consistent with the fact that in MM translocations are often
designated 14q+ because a partner chromosome cannot be
specifically identified. In any case, translocations into the IgH
locus in MM are not only frequent but also involve two recurrent
translocation partners (11q13 and 4p16) as well as an apparently
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highly diverse array of translocation partners: 1p13, 6, 8q24,
12924, 16923, and 21q22 (Table 2) in the cell lines we analyzed,
and 1q21, 3pll, 6p21, 7ql1, 8q24 (c-myc), 11q23 (MLL), and
18921 (bcl-2) from published karyotypes of tumors (4, 5). The
promiscuous array of chromosomal translocation partners that
are thought to activate bcl-6 or MLL (see above) stands in

Table 3. Mapping of translocation breakpoints
Line Locus Method Primers

SK-MM2  11q133  YACyWPRIl  GGATGGTTCTGTGTTATAGTCTG
GCAATGAAGCCAGGTCAG

KMS-12 11q13 11q13 RH GACCTTGCAGTGACAAAACCAAG
CCCCACTTTTAGGAACCATAGCTTC

U266 11q13.3 YAC yl14F8 CGCAAACATGGCAGTGACTTTTC
CCTGTCTTCAAGGAAACCACTCCC

JIN3 16q23.1 YAC y798A3 TGGTAACATCAGGCCAAGTCTCT
TTACATGGCAGATGGGGAATTAAGG

SK-MM1 6 NIGMS SCH ACACAGAGGAGTGTCTGTGAAGA
GGAGTGTTAGTTACCCTATATCCC

KMM-1 8q24.13  GB4 RH GATCTTGGCTGAGATCGGTAGGA
CCGTGCAAAATTAAATCCTCAC

KMM-1 21g22.1  GB4 RH AGCTTGCCCCAAACACTTCT
CTCTGCAGAAAGGCCATTCTCAAA

JIM3 4p16.3 Cosmid 184d6  AAGCTTGTTTCTTAACGTGGTTCT

KMS-11 4p16.3 Cosmid 75b9 AAGCTTGGTGGAACGTGTCCACG

Patient 1 4p16.3 Cosmid 75b9 AAGCTTACACAAACTCAAAATTG

Using PCR primers, the non-Ig sequence was mapped to a chro-
mosome using somatic cell hybrid (SCH) panels. Mapping to a
chromosomal locus is based on results with radiation reduced hybrid
(RH) panels or clones containing genomic sequences. The JIN3
breakpoint was also mapped by fluorescein in situ hybridization
analysis. For JIM3, KMS-11, and patient 1, the non-Ig sequence was
mapped to cosmids 184d6 and 75b9 by sequence identity with the
indicated primer site.
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F1G.4. Southern blot analysis of switch regions in two patients with
MM. Genomic DNA from two tumor samples was digested with the
indicated restriction enzyme, and Southern blots were analyzed se-
quentially with various switch probes as described in Fig. 2. The probe
is indicated above each lane. (4) Patient 1. (B) Patient 2. For patient
2, DNA was prepared from bone marrow (BM) or blood (BL).
Illegitimate switch recombination fragments are indicated by 4 (cor-
responding to the chromosome involved in the recombination), and *
if it has not been cloned. Productive recombination fragments are
indicated by a p, and germ-line fragments by a g.

contrast to the promiscuous array of chromosomal translocation
partners juxtaposed to the IgH locus in MM. The basis for this
apparent diversity of translocation partners is unclear. It is
possible that some of the translocations involving nonrecurrent,
diverse loci are a consequence of genetic instability affecting IgH
switch regions in MM and do not contribute directly to the
malignant phenotype. However, we favor the hypothesis that a
cell that is already committed to differentiation into a long-lived
plasma cell is particularly susceptible to malignant transformation
by any of a number of different dysregulated or altered onco-
genes, all resulting in a similar phenotype.

Based on the results of large studies of karyotypes in MM
and on the results presented here, there are several obvious
implications. First, cytogenetics grossly underestimates the
frequency of 14q32 translocations in MM, which appear to be
a nearly universal event in the MM cell lines we examined.
Second, based on the type of translocation, it may be possible,
as in lymphoma, to divide MM into subtypes that may have
different clinical courses or therapeutic sensitivities. In fact,
there is recently published evidence that MM tumors with
t(11;14)(q13;932) have a distinct morphology (small plasma
cells, often cleaved) (45), and that MM tumors with 11q
abnormalities carry a poor prognosis (46). Third, clonally
related premalignant MGUS and MM, which share the same
productive IgH switch event, may also share a common
translocation event into an IgH switch region. Finally, 14q32
translocations are the most consistent genetic abnormality to
be described in MM. As in lymphoma, we hypothesize that
these translocations activate a variety of oncogenes. Identifi-
cation of these genes promises to greatly enhance our under-
standing of the pathogenesis of MM.
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(National Center for Human Genome Research) for assisting us with
fluorescent in situ hybridization analysis, Norman Doggett for assisting
with 16923 mapping, and Ilan Kirsch for helpful discussions about
translocations. We are grateful for the MM cell lines kindly provided
to us by many investigators.
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