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Translocations involving c-myc and an Ig locus have been reported
rarely in human multiple myeloma (MM). Using specific fluores-
cence in situ hybridization probes, we show complex karyotypic
abnormalities of the c-myc or L-myc locus in 19 of 20 MM cell lines
and approximately 50% of advanced primary MM tumors. These
abnormalities include unusual and complex translocations and
insertions that often juxtapose myc with an IgH or IgL locus. For
two advanced primary MM tumors, some tumor cells contain a
karyotypic abnormality of the c-myc locus, whereas other tumor
cells do not, indicating that this karyotypic abnormality of c-myc
occurs as a late event. All informative MM cell lines show mono-
allelic expression of c-myc. For Burkitt’s lymphoma and mouse
plasmacytoma tumors, balanced translocation that juxtaposes c-
myc with one of the Ig loci is an early, invariant event that is
mediated by B cell-specific DNA modification mechanisms. By
contrast, for MM, dysregulation of c-myc apparently is caused
principally by complex genomic rearrangements that occur during
late stages of MM progression and do not involve B cell-specific
DNA modification mechanisms.

Chromosomal translocations that juxtapose a c-myc locus with
one of the Ig loci (IgH, IgLk, or IgLl) represent an

essentially invariant, early oncogenetic event in human Burkitt’s
lymphoma and murine plasmacytoma (1, 2). These transloca-
tions are simple, reciprocal recombination events that appear to
occur as a result of errors in V(D)J recombination, IgH switch
recombination, or somatic hypermutation (3–6). Most involve
the IgH locus at 14q32 (mouse chromosome 12), but a minority
involves the Igk locus at 2p11 (mouse chromosome 6) or the Igl
locus at 22q11 (mouse chromosome 16). The physiological
consequence of these translocations is dysregulated, increased
expression of c-myc as a result of its juxtaposition to intronic
andyor 39 IgH or IgL enhancers. The nontranslocated c-myc
allele is not expressed or is expressed at very low levels,
corresponding to the silent state of the c-myc gene in resting
germinal center B cells and terminally differentiated plasma
cells.

Human multiple myeloma (MM) is a tumor of a B lymphocyte
that terminally differentiates into a long-lived plasma cell after
being subjected to somatic hypermutation, antigen selection, and
IgH switching in a germinal center. The similarities in phenotype of
human MM and murine plasmacytoma prompted numerous stud-
ies to demonstrate Ig translocations and dysregulation of c-myc in
human MM tumors and human MM cell lines. Recently, it has been
determined that IgH translocations, mostly involving IgH switch
regions, occur in most MM cell lines and tumors (7–11). However,
conventional cytogenetics and DNA studies identified c-mycyIg
translocations, c-myc gene rearrangements, and c-myc amplification
in less than 10% of MM tumors and MM cell lines analyzed (10,
12–16).

To overcome the difficulties of examining the c-myc locus in
myeloma tumor cells with a low proliferative activity and myeloma

cell lines with highly complex karyotypic abnormalities, we have
used a molecular cytogenetic approach. Using specific fluorescence
in situ hybridization (FISH) probes for c-myc and the three Ig loci,
together with the relevant chromosome-painting probes, we found
chromosomal abnormalities involving the c-myc locus in nearly all
MM cell lines and a lower fraction of MM tumors. The karyotypic
complexity and apparently late appearance of these c-myc abnor-
malities during the pathogenesis of MM suggest a different mech-
anism of c-myc dysregulation and a different role of c-myc in
tumorigenesis of MM compared with murine plasmacytoma tu-
mors.

Materials and Methods
Probes. FISH probes. The plasmid c-myc probe contains a 12.5-kb
EcoRI genomic fragment composed of 59 flanking sequences and
all three exons (Fig. 2). The CH bacterial artificial chromosome
(BAC) probe (17) contains a 70-kb insert that starts within switch
epsilon and extends beyond the 39 a-2 enhancer region; it includes
about 40 kb of sequence that cross-hybridizes with the region
including w« and the 39 a-1 enhancer (Fig. 2). The VH probe is
cosmid yIgH6–9 (18), which is located at the telomeric end of the
IgH locus, within 100 kb of the 14q telomere. Plasmids containing
sequences (A2H10.5) from the a-2 enhancer (a-enhancer probe) or
sequences (EG3–5) centromeric to the a-2 enhancer (centromeric
IgH probe) were generously provided by F. Mills (Center for
Biologic Evaluation and Research, Food and Drug Administration)
(19). The Cl BAC probe, isolated from a BAC library (Genome
Systems, St. Louis), includes sequences that start about 40 kb
upstream of Jl1 and end about 50 kb downstream of the 39
enhancer (El in Fig. 2). The Ck cosmid probe includes sequences
that start in the Jk region and extend several kilobases downstream
of the 39 k-deleting element (Fig. 2). The L-myc probe is a 10.6-kb
L-myc genomic fragment in the pv11y1B vector that was generously
provided by R. DePinho (Dana–Farber Cancer Center). A probe
containing germ-line chromosome 21 sequences was selected from
a P1 library (Genome Systems), with chromosome 21 sequences
present in the 14;21 breakpoint cloned from KMM1.

Northern blot probes. The probes used for Northern blots
included the following fragments: a 1.4-kb fragment containing
exons 2 and 3 from c-myc cDNA, a 461-bp fragment containing
exon 3 sequences from L-myc genomic DNA (20), and a 400-bp
fragment containing exon 3 sequences from N-myc genomic
DNA (21).

Abbreviations: MM, multiple myeloma; HMCL, human myeloma cell lines; FISH, fluores-
cence in situ hybridization; DAPI, 49,6-diamidino-2-phenylindole; SKY, spectral karyotyp-
ing; BAC, bacterial artificial chromosome.
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FISH. Metaphase chromosomes were prepared by incubating expo-
nentially growing cells with colcemid (0.08 mgyml) for 0.5–2 hr and
then in 0.075 M KCl for 25 min at 37°C. After being washed in
prechilled fixative solution (3:1 volume of absolute methanol to
glacial acetic acid) three times, the cells were dropped onto
superfrost microscope slides (Fisher Scientific). Slides were aged,
pretreated with RNase and pepsin, and denatured (70% form-
amide, 78°C for 2 min) before hybridization. The painting probes
were directly labeled by PCR by using either Cy5–5-dUTP (Am-
ersham Pharmacia) or Texas red-5-dUTP (DuPont). Other FISH
probes were labeled with either biotin-16-dUTP or digoxigenin-
11-dUTP (Boehringer Mannheim) by nick-translation. Labeled
probes (250 ng each) were coprecipitated with 50-fold excess of
Cot-1 DNA (GIBCOyBRL) and resuspended in 10 ml of hybrid-
ization solution (50% formamide and 10% dextran sulfate in 13
SSC). After denaturation (80°C for 5 min) and preannealing (37°C
for 30 min), the hybridization mixture was placed on slides and
incubated at 37°C for overnight. Slides were washed, incubated with
avidin-FITCyrhodamine-antidigoxigenin dual-detection reagent
(Vysis, Downers Grove, IL), and counterstained with 49,6-
diamidino-2-phenylindole (DAPI). FISH results were analyzed by
a DM fluorescence microscope (Leica) equipped with DAPI,
FITC, tetramethylrhodamine B isothiocyanate (TRITC), and Cy5
filters as well as a DAPIyFITCyTRITC triple band-pass filter
(Chroma Technology, Brattleboro, VT). The Sensys charge-
coupled device camera (Photometrics, Tucson, AZ) attached to the
fluorescence microscope and QFISH software (Leica) were used to
capture and process images. At least five metaphases from each
MM cell line and primary tumor were analyzed for each probe set.
When two signals were found juxtaposed on metaphase chromo-
somes, at least 10 interphase nuclei in the same slide were examined
for physical distance between these two signals in interphase.
Before subjected to FISH analysis on MM samples, every probe was
hybridized to a metaphase slide of normal blood T lymphocytes
(Vysis).

Expression of myc. Total RNA was isolated from each human
myeloma cell line (HMCL) by using Trizol reagent (GIBCOy
BRL), fractionated on 1% agarose-formaldehyde gels, blotted to
GeneScreen Plus filters (DuPont), and hybridized with random-
primed probes described above (8). Methods for identification of
c-myc mutations and determining which allele(s) are expressed
were described previously (22). The predominant (‘‘normal’’) c-myc
allele and nucleotide positions of sequence variants are from c-myc
genomic DNA (GenBank accession no. X00364).

Other Procedures. All other procedures have been described else-
where (8, 9).

Results
Either c-myc or L-myc Is Expressed in All Human MM Cell Lines
Examined. We analyzed the expression of c-myc in 20 HMCL (7,
23–27). Northern blots demonstrated substantial expression of the
normal 2.4-kb c-myc mRNA in 18 HMCL (JJN3 and MM.1 in Fig.
1A, plus 16 other HMCL not shown) (21). Two HMCL did not
express the normal 2.4-kb mRNA species despite the presence of at
least one apparently normal c-myc allele (Southern blot analysis,
not shown). H929 expresses a heterogeneous mixture of c-myc
mRNA species (Fig. 1A) from a c-myc allele that is altered by a
complex translocation just upstream of the normal polyadenylation
site (28). The U266 HMCL is the only one that expresses no c-myc
mRNA, but does express L-myc as a 3.6-kb mRNA species (Fig. 1A)
(29). With the exception of U266, no expression of L-myc or N-myc
was detected in any of the other 19 HMCL (not shown).

Only One c-myc Allele Is Expressed in Eight Informative MM Cell Lines.
Previously, we showed that the JJN3 and OPM-2 HMCL had
genetically distinguishable c-myc alleles, with selective expression of

one allele, suggesting tumor-specific dysregulation of one allele (22,
30). Genomic DNA from the other 18 HMCL was screened for
exon mutations that might distinguish the two c-myc alleles. In total,
seven HMCL other than H929 had two genetically distinguishable
c-myc alleles: G3A in the 59 untranslated region (nucleotide 2397)
in JJN3, C3T in the 59 untranslated region (nucleotide 2510) in
KMS-11 and FLAM-76, CGG(Arg)3CGC(Arg) in codon 83
(nucleotide 4769) in MM.1, and CCG(Pro)3CCA(Pro) in codon
231(nucleotide 5213) in OPM-2, MM-S1, and FR4. None of these
mutations are missense, and at least three (nucleotides 2397, 2510,
and 5213) are germ-line polymorphisms. For each of these seven
informative HMCL, there is selective expression of either the
predominant (‘‘normal’’) c-myc allele (FR4, MM.1) or the varianty
polymorphic c-myc allele (FLAM-76, KMS-11, OPM-2, MM-S1,
JJN3 and corresponding primary tumor). For example, paired
genomic DNA and expressed cDNA sequences illustrate selective
expression of the ‘‘normal’’ c-myc allele in FR4 and the polymorphic
c-myc allele in FLAM-76 (Fig. 1B). These seven HMCL plus H929
(above) express one of two c-myc alleles, whereas U266 expresses
L-myc and no c-myc. The results are consistent with tumor-specific
dysregulation of L-myc or one c-myc allele in all nine informative
HMCL.

Karyotypic Abnormalities of the c-myc (or L-myc) Locus Are Present in
19 of 20 HMCL. Excepting H929, none of the other eight informative
HMCL showed rearrangement or amplification of the c-myc or
L-myc gene by Southern blot analysis (not shown). In addition, with
the exception of FR4, which was reported to have a classical t(8;14)
translocation (24), none of the other eight lines had a c-mycyIg
translocation demonstrated by conventional cytogenetic analyses.
Advanced MM tumors and HMCL generally have extensive chro-
mosomal rearrangements so that karyotypic abnormalities of the
c-myc locus may be difficult to detect by conventional cytogenetic
analyses. Therefore, we subjected the 20 HMCL to specific FISH
analyses, by using chromosome-painting probes, together with a
c-myc probe, Ig CH, Cl, and Ck probes that include strong
enhancer sequences, and a VH probe that is located within 100 kb
of the 14q telomere (Fig. 2) (17, 31).

As an example of the FISH analyses, consider the results for
ARK, which has a classical t(8;14)(q24.1;q32.3) translocation re-
sulting in separation between CH and VH sequences and juxtapo-
sition of c-myc and CH sequences (diagram in Fig. 3A1). The same
der(14) t(8;14) chromosome from two metaphases of ARK is
shown in Fig. 3B1 (Upper and Lower). Fig. 3B1 Upper shows

Fig. 1. Expression of c-myc and L-myc in MM cell lines. (A) A Northern blot
containing5mgoftotalRNAfromfourHMCLwasprobedsequentiallywithc-myc
(Top) and L-myc (Middle). The normal 2.4-kb c-myc mRNA is seen in JJN3 and
MM-S1, and the normal 3.6-kb L-myc is seen in mRNA in U266. Ethidium bromide
staining of the 5-kb rRNA is shown for each HMCL (Bottom). Arrows indicate the
positions of the 2- and 5-kb rRNAs. (B) Sequencing gels of polymorphic regions of
c-myc are shown for PCR-amplified genomic DNA and cDNA fragments in the FR4
and FLAM-76 HMCL. Arrows indicate the position of the polymorphic nucleo-
tides.
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hybridization with a chromosome 8-painting probe (red) and a
c-myc probe (green but yellow on a red background) and counter-
stain with DAPI (blue). A portion of chromosome 8 (red) is
translocated to another chromosome (blue), with two greenyyellow
c-myc signals (one for each chromatid) positioned at the breakpoint.
Fig. 3B1 Lower shows hybridization with a chromosome 14-painting
probe (purple), a CH probe (green but blue on a purple back-
ground), and a c-myc probe (red). Chromosome 14 (blue in Upper)
is now purple but the telomeric piece of chromosome 8 (counter-
stained blue) is not visualized on this exposure. Both CH (two blue
signals on purple background) and c-myc (two red signals) overlap
(white signals) at the 8;14 breakpoint.

From the FISH analyses, we were able to detect complex
structural abnormalities of the c-myc (or L-myc) locus in 19 of 20
HMCL, which we have divided into the five groups described below.
This is summarized in Table 1 and illustrated by diagrams (Fig. 3A)
and FISH results (Fig. 3B).

Group 1 (Fig. 3B1) includes four HMCL that have a t(8;14)
translocation. This was detected by conventional cytogenetics in
only one HMCL (FR4) (24). Two HMCL (ARK and FR4) have
classical t(8;14) translocations (diagram in Fig. 3A1 and results
described above for ARK). Two other HMCL (LP1 and SK-MM1)
have variant t(8;14) translocations. In LP1, 14q telomeric se-
quences, including CH and VH (VH not shown), are translocated
telomeric to c-myc on chromosome 8 (diagram in Fig. 3A2). Note
that the 14q sequences are too small to be detected by a chromo-
some 14-painting probe. SK-MM1 is a more complex variant in
which a small piece of 14 that has CH sequences at each end
replaces sequences telomeric of c-myc on chromosome 8. The more
centromeric CH sequences are juxtaposed to c-myc, but neither CH
is associated with VH sequences (not shown).

Group 2 (Fig. 3B2) includes seven HMCL in which a variety of
complex chromosomal insertions result in the juxtaposition of c-myc
and CH sequences. Two HMCL (KMS-12 and MM-S1) have a
chromosome 8 that appears to be structurally normal but has an
insertion of CH sequences near c-myc (diagram in Fig. 3A3). For
each line, the juxtaposed c-myc and CH sequences are each present
as more than two discrete signals, indicating a duplication of the

associated CH and c-myc sequences. A second pair of HMCL has
translocations involving chromosome 8 and a second chromosome
(chromosome 3 in MM.1 and chromosome 1 in OPM-1), and in
each instance CH sequences are inserted near c-myc at the trans-
location breakpoint. Note that there is no detectable chromosome
14-painting signal associated with the inserted CH for MM.1
(diagrams in Fig. 3A4), whereas there is a chromosome 14-painting
signal associated with the inserted CH for OPM-1 (diagram in Fig.
3A5). A third pair of HMCL (KMS-11 and OCI-MY5) have
complex insertions and duplications resulting in the juxtaposition of
c-myc and CH sequences at well-separated sites on a third chro-
mosome. In KMS-11, a segment of chromosome 8 is inserted on an
unknown chromosome, with c-myc and inserted CH sequences at
each junction of chromosome 8 and the unknown chromosome. For
OCI-MY5, an unknown chromosome contains a segment of chro-
mosome 14 that is sandwiched between two segments of chromo-
some 8, with juxtaposition of c-myc and CH sequences at each 8y14
boundary.

A seventh HMCL (KMM-1) has c-myc inserted into the IgH
locus on chromosome 14 (diagram in Fig. 3A6). Previously, we had
cloned for KMM-1 paired 8;14 and 14;21 breakpoints, in which IgH
sequences upstream of sd are juxtaposed to sequences upstream of
c-myc on chromosome 8 (8;14 breakpoint in Fig. 2D) and to a
sequence localized at 21q22 (14;21 breakpoint in Fig. 2D) (7). FISH
analyses confirmed colocalization of CH, c-myc, VH (not shown),
and normal chromosome 21 sequences near the 14;21 breakpoint
(not shown) at 14q, but no detectable chromosome 8- or 21-painting
signals (not shown). Together, the two cloned breakpoints and the
FISH results demonstrate that small pieces of 8 (including c-myc)
and 21 are inserted within the IgH locus (see Fig. 2D for molecular
details).

Group 3 includes two HMCL that each have two different kinds
of karyotypic abnormalities that juxtapose c-myc and CH (Fig.
3B3). Karpas 620 has a classic t(8;14) translocation, as described in
Group 1 above. It also has a t(8;11)(q24;q13) translocation in which
chromosome 11 sequences replace chromosome 8 sequences telo-
meric to c-myc, but with CH sequences juxtaposed to c-myc at the
breakpoint. JJN3 has an apparently normal chromosome 8 with CH
sequences inserted near c-myc. It also has the telomeric end of 8
with juxtaposed c-myc and CH sequences moved to the short arm
of chromosome 14.

Group 4 includes two HMCL with chromosomal structural
alterations that juxtapose c-myc and Cl sequences (Fig. 3B4). For
8226, Cl and chromosome 22q sequences telomeric to Cl are
translocated to chromosome 16, with inserted c-myc sequences
juxtaposed to Cl at the translocation breakpoint. In direct contrast,
for Delta-47, c-myc and chromosome 8q24 sequences telomeric to
c-myc are translocated to an unknown chromosome, with inserted
Cl sequences juxtaposed near c-myc at the breakpoint.

Group 5 includes four HMCL in which either a c-myc (Fig. 3B5a)
or L-myc (Fig. 3B5b) locus is positioned in an altered chromosomal
location but without any detectable association with CH, Cl, or Ck
sequences. The H929 and L363 HMCL have translocations of
chromosomes 20 and 5, respectively, to 8q24, with c-myc localized
near the breakpoint. The H929 breakpoint is complex, including a
deletion of c-myc 39 untranslated sequences and downstream
PVT-1 chromosome 8 sequences (28), but replacement of most
sequences telomeric to c-myc by translocated sequences from
chromosome 20. FLAM-76 has an insertion of c-myc on an un-
known chromosome. The U266 HMCL (29), which expresses
L-myc but not c-myc, has no karyotypic abnormality of c-myc.
Instead, it has a translocation in which an unknown chromosome
replaces sequences telomeric to 1p34, the normal site at which
L-myc is located. However, L-myc is not at its normal site but is
moved to 1p13, near the centromere, as a result of an inversion.

Chromosome-painting probes do not generate detectable signals
for sequences less than about 5 Mb. Thus, insertion of c-myc without
corresponding chromosome 8 painting (KMM-1, 8226, and Flam-

Fig. 2. Ig and c-myc loci. (A) The c-myc gene (8q24.1) contains three exons (open
box is noncoding), with the direction of transcription shown by an arrow; thick,
horizontal line shows position of plasmid c-myc probe. (B) the Igl locus (22q11)
and Igk locus (2p12) each include coding regions and a 39 EL enhancer, with Igk

also including an intronic enhancer (dotted circle); thick horizontal lines indicate
Cl BAC probe and Ck cosmid probe. (C) The 1-Mb IgH locus (14q32.3) includes
coding regions, sm and sd 440-bp repeats, and Em and 39 Ea enhancers; thick,
horizontal lines indicate telomeric VH cosmid and centromeric CH BAC probes
[dotted line indicates region of cross-hybridization of CH probe (17)]. (D) For
KMM-1 HMCL, diagram of the complex insertion of chromosome 8 (including
c-myc) and chromosome 21 into the IgH locus at a site just upstream of sd. ‚,
Deletion of about 10 kb of IgH locus starting in sm. The germ-line chromosome
21 P1 clone was selected with 14;21 breakpoint sequences (7). The drawings are
not to scale, but approximate positions of markers and probes are indicated. In
each case, the telomeric end of the locus is to the left.
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76), CH sequences without corresponding chromosome 14 painting
(LP1, KMS-12, MM-S1, MM.1, KMS-11, JJN3, and Karpas 620), or
Cl sequences without corresponding chromosome 22 painting
(Delta-47) might correspond to sequences containing tens of
kilobases up to about 5 Mb. For six HMCL with CH insertion but
without detectable 14 painting and VH signals (KMS-12, MM-S1,
MM.1, KMS-11, JJN3, and Karpas 620), we used an a-enhancer
probe (A2H10.5) in FISH analyses to confirm the association of 39
IgH enhancer sequences with c-myc. This probe hybridizes to both
a1 and a2 39 IgH enhancer sequences and was found colocalized
with the c-myc probe in each of these six lines (not shown). A FISH
probe containing sequences immediately centromeric to the a2
enhancer (EG3–5) also colocalized with c-myc in five of these six
lines (not shown). However, in JJN3, the centromeric IgH signal
was absent from both chromosomal sites at which CH and c-myc
sequences are juxtaposed. Therefore, the centromeric breakpoint of
the insertion occurs within the IgH locus only in JJN3.

Translocations can dysregulate an oncogene by positioning it up
to approximately 500 kb from an Ig locus (9). Consistently over-
lapping signals on metaphase FISH analyses are compatible with

sequences that are separated by as much as 1–2 Mb, whereas
overlapping signals on interphase FISH analyses indicate sequences
that are separated by ,500 kb (31). In each case that we have shown
an association of two signals (CH and c-myc, for example) by
metaphase FISH, we have analyzed at least 10 corresponding
interphase nuclei to confirm overlapping signals that must be
separated by no more than approximately 500 kb (examples in Fig.
3B6). We conclude that an Ig locus is responsible for dysregulating
c-myc in 15 HMCL (Fig. 3B1-4). It seems likely that c-myc (or
L-myc) is dysregulated as a result of the karyotypic abnormalities
identified in four other HMCL (Fig. 3B5), despite the apparent
absence of an association with an Ig locus.

Karyotypic Abnormalities of c-myc Are Present in Primary MM Tumors.
First, it was shown previously that the H929 c-myc rearrangement
also is present in primary tumor cells (28). Second, for two MM
tumors, independent cell lines were generated (32, 33). Each pair
of HMCL (OPM-1 and OPM-2; KMS-12BM and KMS-12PE)
display many karyotypic differences (not shown) but each pair
shares a distinct karyotypic abnormality that juxtaposes c-myc and

B

A

Fig. 3. FISH analyses of c-myc and Ig loci in MM cell lines. (A) Examples of chromosomal translocations and rearrangements that juxtapose c-myc and CH sequences,
with relative positions of c-myc, CH, and VH sequences indicated. In a reciprocal translocation, the two derivative chromosomes are denoted by the source of the
centromere, so that for t(8;14), der (8) and der (14) contain the centromeres of 8 and 14, respectively. (B) Metaphase and interphase chromosomes of 20 HMCL were
examined by FISH by using chromosome-specific painting probes, c-myc probes (L-myc probe in case of U266), and various Ig probes (Fig. 2) in different combinations
and labeled with up to three different fluorochromes (FITC, green; Texas red or rhodamine, red; and Cy5, purple) (17, 31). The type of probe and color are indicated
to the left of each group of images. Metaphase chromosomes were counterstained with DAPI. Note that overlapping signals generate composite colors, so that red
1 green 5 yellow, purple 1 green 5 blue, and purple 1 red 1 green 5 white. Examples of chromosomes with a karyotypic abnormality of the c-myc locus are shown
for each HMCL. In B1-4, Upper and Lower represent the same abnormal chromosome from two different metaphases, but hybridized with different combinations of
probes (note that JJN3 and Karpas 620 each have two kinds of abnormal chromosomes). Normal T cell chromosomes 8 and 14 (B1) and 1 (B5b) are included as controls.
The results are organized in accordance with the five groups described in the text.
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CH sequences (Table 1), indicating that the karyotypic abnormality
of c-myc was present in primary tumor cells. Third, seven of 14
karyotypically abnormal stage III primary MM tumors showed
karyotypic abnormalities of the c-myc locus. Three tumors had
juxtaposition of c-myc with Ig sequences: one tumor with a variant
form of the t(8;14) translocation, as shown in Fig. 4 and the diagram
in Fig. 3A2; another tumor with CH sequences inserted into the
c-myc locus on chromosome 8; and a third tumor with a t(8;22)
translocation. Four other tumors had karyotypic abnormalities of
the c-myc locus that did not involve an IgH or IgL locus: two tumors
with der(3)t(3;8) and c-myc at the breakpoint; one tumor with
dic(8;9)(q24;p24) and c-myc at the breakpoint; and one tumor with
a duplication of the c-myc locus. Importantly, there is heterogeneity
of the c-myc abnormality in two of these tumors. For one tumor,
only 20% of the tumor cells have a t(3;8) translocation with c-myc
but no Ig sequences at the breakpoint. For a second tumor, 80% of
the tumor cells have a t(8;22) translocation with c-myc and Cl
sequences juxtaposed at the breakpoint, and 20% of the tumor cells
lack this translocation. Finally, there is a recent report in which 50
MM tumors with abnormal karyotypes were analyzed by spectral
karyotyping (SKY) (34). From our analysis of this published data,
there were four tumors with t(8;14), five with t(8;22), and six with
other karyotypic abnormalities at or near 8q24, so that 30% of these
50 MM tumors had apparent structural abnormalities of the c-myc
locus by SKY analysis.

Discussion
Analysis of HMCL and primary tumors using the specific probes
described above identifies karyotypic abnormalities near the

c-myc locus that were not and could not have been detected by
conventional cytogenetics or SKY analyses. For the 18 HMCL
with karyotypic abnormalities of the c-myc locus, the original

Table 1. Karyotypic abnormalities of myc in MM cell lines

Cell line Chr A N Abnormality

ARK 46 1 1 t(8;14) classic:der(14) and der(8)
*FR4 100 2 3 t(8;14) classic;der(14) and der(8)
LP1 80 5 1 t(8;14) variant:der(8) with VH
SK-MM1 79 4 0 t(8;14) variant: der(8) without VH

KMS-12PE 47 2† 1 CH insertion with duplication of c-myc and CH on 8
KMS-12BM 77 8† 3 CH insertion with duplication of c-myc and CH on 8
*MM-S1 47 6† 1 CH insertion with duplication of c-myc and CH on 8
*MM.1 44 1 1 CH insertion on t(3;8)(q21;q24):der(3)
*OPM-1 74 2 2 CH insertion on t(1;8)(q12?;q24):der(8)
*OPM-2 67 2 2 CH insertion on t(1;8)(q12?;q24):der(8)
*KMS-11 70 2† 3 CH1c-myc insertion and duplication on ?
OCI-MY5 46 2† 1 CH1c-myc insertion and duplication on ?
KMM-1 80 2 3 c-myc insertion on 14

*JJN3 60 3 2 CH insertion on 8 and CH insertion on t(8;14)(q24;p?):der(14)
KARPAS 620 68 4 2 t(8;14)classic:der(14) and CH insertion on t(8;11):der(8)

8226 60 1 3 c-myc insertion on t(16;22)(q23;q11):der(16)
DELTA-47 45 2 2 Cl insertion on t(?;8):der(?)

*H929 45 2 1 t(8;20)(q24;?):der(8)
L363 46 2 1 t(5;8)(q11.2;q32):der(8)
*FLAM-76 42 1 1 c-myc insertion on ?
‡U266 39 0 2 None

L-myc 1 1 inv(1)(p13;p34)

H112 46 0 2 None

The cell lines are separated in accord with the five groups of abnormalities described in the text. For KMS-12
and OPM, there are two independent cell lines from the same tumor. Total chromosome number (Chr) and the
number of karyotypically abnormal (A) and normal (N) c-myc alleles are listed (L-myc alleles also are listed for U266
only). For translocations, all derivative chromosomes that were detected are noted. If both derivative chromo-
somes were detected, the one containing c-myc is listed first. Karyotypic abnormalities that are far from c-myc are
not described here or in the text.
*Selective expression of one c-myc allele.
†Includes duplication of c-myc and CH on each abnormal chromosome.
‡Expression of L-myc only.

Fig. 4. FISH detection of a variant t(8;14) translocation in an MM tumor.
Metaphase chromosomes from a primary MM tumor were hybridized with
chromosome 8 painting (Texas red, red) and c-myc (FITC, green) probes (A) and
chromosome 14 painting (Cy5, purple), CH (FITC, green), and c-myc (rhodamine,
red) probes (B) to identify a variant t(8;14) translocation (diagram in Fig. 3A2). In
both A and B, white arrows indicate the der(8) chromosome with c-myc and CH
signals and yellow arrows indicate the der(14) chromosome that also has a CH
signal. Because CH sequences are located on both der(8) and der(14), the chro-
mosome 14 breakpoint appears to be located between the Ea1 and Ea2 39 IgH
enhancers, but could occur within the sequences detected by the CH probe or
occur as a result of a duplication of CH sequences. In separate experiments not
shown, a VH probe colocalized with the CH and c-myc probes on the der(8)
chromosome (white arrows) but not with the CH signal on der(14).
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conventional cytogenetic analyses identified 8q24 abnormalities
in only five lines. Even SKY analyses would not have detected a
karyotypic abnormality at 8q24 in the seven HMCL in which
c-myc, CH, or Cl sequences inserted into an altered chromo-
somal position without a gross karyotypic change. Our results
emphasize the possibility that the chromosomal structural
changes that occur in many kinds of tumors may include
recurrent oncogenic abnormalities that cannot be appreciated
unless one does FISH analyses with specific probes.

The c-myc and L-myc genes are not expressed in resting germinal
center B cells or terminally differentiated plasma cells, but either
c-myc or L-myc is expressed in all HMCL. In addition, we show that
there is expression of only one c-myc allele in eight informative
HMCL that express c-myc. As summarized above, specific FISH
analyses have identified structural abnormalities of the c-myc (or
L-myc) locus in all but one of 20 HMCL. The selective expression
of L-myc or one c-myc allele in all nine informative HMCL indicates
that the chromosomal structural abnormalities are associated with
tumor-specific cis-dysregulation of c- or L-myc. However, our FISH
analyses of 14 primary MM tumors, together with a recent report
of SKY analyses of 50 MM tumors (34), have identified karyotypic
abnormalities of the c-myc locus less frequently (about 30–50%) in
advanced primary MM tumors.

The incidence of c-myc abnormalities and increased c-myc ex-
pression is reported to be more frequent in extramedullary and
more proliferative intramedullary tumors compared with less ag-
gressive intramedullary tumors (35). Moreover, cell lines rarely can
be made even from advanced intramedullary MM tumors but can
be made from most extramedullary MM tumors (36). Therefore, we
hypothesize that c-myc dysregulation is usually a late event of tumor
progression in MM, consistent with the higher proliferative capacity
as manifested by an increased DNA-labeling index late in the
disease (37, 38). Direct evidence that c-myc dysregulation is a late
event is provided by the heterogeneity of two advanced intrame-
dullary MM tumors in which not all of the tumor cells have the

karyotypic abnormality of c-myc. Thus, MM differs from murine
plasmacytoma and Burkitt’s lymphoma tumors, in which dysregu-
lation of c-myc appears to be one of the earliest oncogenic events
(1, 2, 39). We note, however, that dysregulation of c-myc sometimes
may occur as a late oncogenic event in other B lymphocyte tumors
(40, 41).

Translocations involving c-myc and an Ig locus in Burkitt’s
lymphoma and murine plasmacytoma appear to be early events that
are mediated by errors in V(D)J or IgH switch recombination or
somatic hypermutation (1, 2, 39). Similarly, translocations involving
IgH switch regions are thought to occur as one of the earliest steps
in molecular pathogenesis of MM (7, 10). However, from two MM
tumors and 13 HMCL, we have cloned and characterized 19 IgH
switch translocation breakpoints and found no example in which the
c-myc locus is joined to a switch region (7, 9, 42). Moreover,
additional FISH analyses and Southern blot assays (not shown)
demonstrate that the telomeric IgH breakpoints are located be-
tween g4 and « in JJN3 and within the a2 locus in MM.1, but not
within or near a switch region in either MM cell line. We predict
that many—perhaps all—of the c-myc translocations and insertions
described here are not caused by errors in V(D)J or IgH switch
recombination or in somatic hypermutation. Instead, they result
from other, yet to be defined, mechanisms that are responsible for
chromosomal translocations that occur during progression of many
kinds of tumors. However, despite an apparent lack of involvement
of B lymphocyte-specific recombination mechanisms in the c-myc
translocations in MM, there seems to be a strong association with
Ig loci, consistent with previous suggestions that translocations
seem to target regions that are active andyor ‘‘accessible’’ in specific
cell lineages (43).
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