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The presence of complex karyotypes with fre-
quent numerical and structural abnormalities
has been reported in 20 to 50% of multiple my-
eloma (MM) patients. This variability is mainly
due to the dWifculty ofconventional cytogenetics
to obtain tumor metaphases representative ofaUl
possible neoplastic clones in MM. To gain insight
into the real incidence ofnumerical chromosome
changes in MM we have studied by fluorescence
in situ hybridization technique 15 different hu-
man chromosomes, 1, 3, 6, 7, 8, 9, 10, 11, 12, 13,
15, 17, 18, X, and Y, in a series of52 MMpatients.
In aUl cases, the DNA index assessed by a pro-
pidium iodide/CD38 double-staining technique
with flow cytometry was simultaneously investi-
gated for correlation with fluorescence in situ
hybridization results. Additional aims of this
study were 1) to analyze whether the abnormal-
ities detected were common to al plasma ceUs or
were present in only a subpopulation of tumor
ceUs, 2) to explore changes caused by disease
progression, and 3) to establish possible associ-
ations among the altered chromosomes. Al-
though the overaUl incidence ofnumerical abnor-
malities was 67%, this frequency increased to
80% in the 41 cases in which 7 or more chromo-

somes were analyzed. Trisomies were signfif-
cantly more common than monosomies (84% ver-
sus 16%). Chromosomes 9 and 15 were the most
frequently altered (52% and 48% ofcases, respec-
tively), with aU of their abnormalities corre-
sponding to trisomies. The mostfrequent losses
involved chromosomes 13(26%) andXinfemales
(32%). Other common numerical changes corre-
sponded to chromosomes 1 (39%), 11 (37%), 6
(32%), 3(31%), 18(29%), 7(28%), and 17(22%).
By contrast, chromosomes 8 (13%), 10(8%), and
12 (3%) were rarely altered. DNA aneuploidy by
flow cytometry was detected in 67% ofpatients,
and a high degree of correlation was observed
between the DNA index obtained by flow cytom-
etry and the chromosome index derived from
fluorescence in situ hybridization studies, calcu-
lated according to two mathematical formulas
(coefficient of correlation of 0.82 and 0.91 when
at least 7 or 12 chromosomes were considered,
respectively). Thefrequency ofnumeric chromo-
some aberrations was higher in those patients
with progressive disease and, interestingly, tri-
somy ofchromosome 8 was exclusively detected
in this lattergroup ofpatients. Our study shows
that, with the exception ofchromosome 8, apos-
sible marker of clonal evolution, the numeric
chromosome changes are present in nearly aU
malignant plasma cells (r > 0.84). Finally, fre-
quent associations between chromosomal aber-
rations were observed (ie, chromosomes 6, 7, 9,
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and 17; 7 and 15; and 11 and 17). By excluding
them, it wasfound that two triple combinations
ofchromosome-specific probes, chromosomes I
and9 together with either chromosome 13 or 15,
could be a useful markerfor detection of resid-
ual disease, as it permits the identification of
mostMMpatients displaying numerical changes.

(AmJ Pathol 1996, 149:153-161)

The availability of cytogenetic information in multiple
myeloma patients has long been hampered by the
low mitotic activity of the myelomatous plasma cells
(PCs) as well as by their poor growth in cell culture,
which make it difficult to obtain abnormal metaphase
cells for conventional chromosome analysis. Cytoge-
netic studies have shown a 20 to 50% incidence of
abnormal karyotypes in multiple myeloma (MM) pa-
tients,1-4 although no specific chromosome aberra-
tion has been established. It should be noted that the
majority of these studies have failed to obtain met-
aphases in many patients1-4 and therefore could not
be analyzed. Moreover, in those cases with normal
metaphases it was not clarified whether the met-
aphases obtained were derived from myelomatous
PCs or from normal residual hemopoietic cells that
coexist with PCs in the bone marrow of MM patients.
Therefore, the reported incidence of MM cases dis-
playing abnormal karyotypes and numerical chromo-
some changes using conventional cytogenetics is
probably underestimated. Procedures that can be
applied to both metaphase cells and interphase nu-

clei, such as the flow cytometry measurement of cell
DNA contents and fluorescence in situ hybridization
(FISH), are very well suited to the analysis of cyto-
genetic abnormalities in tumor cells. Accordingly,
flow cytometric studies have shown that the pres-

ence of DNA aneuploidy can be detected in a high
proportion of MM patients, its reported incidence
being as high as 80%.5-7 In addition, these studies
have shown that hyperdiploidy is much more fre-
quent than hypodiploidy. However, the analysis of
cell DNA content by flow cytometry would not allow
the detection of individual chromosome changes as

the resolution between a diploid and an aneuploid
GO/G1 peak usually requires a change in cell DNA
content of at least 4%8.9 (the DNA content of the
largest human chromosome is approximately that
value). On the other hand, interphase ISH with DNA
probes specific for the identification of the centro-
meric regions of human chromosomes has estab-
lished itself as an accurate technique for the assess-

ment of numerical chromosome abnormalities in
both hematological malignancies and solid tu-

mors.10-12 It overcomes both the disadvantages of
conventional cytogenetics as regards the need for
abnormal metaphases and those of flow cytometry
DNA studies as it allows the analysis of both inter-
phase and metaphase cells with individual chromo-
some-specific probes. At present, no study has been
performed in a large series of MM patients in which
the incidence of numerical chromosomal abnormal-
ities is analyzed by FISH for a high number of chro-
mosomes.

In the present paper, the incidence of numerical
aberrations of 15 different human chromosomes is an-
alyzed by FISH in a series of 52 MM patients. Addi-
tional aims of these study were 1) to analyze whether
the abnormalities detected were common to all PCs
present in the patients' bone marrow (BM) or were
present in only a fraction of the myelomatous PCs, 2) to
explore whether or not the incidence of chromosomal
changes is higher in cases of disease progression, 3)
to establish possible associations among the altered
chromosomes, and 4) to correlate the FISH results with
the DNA index obtained by flow cytometry.

Materials and Methods

Patients
A total of 52 myeloma patients were included in the
present study, 44 of whom were untreated patients
with symptomatic MM diagnosed according to the
criteria of the Chronic Leukemia-Myeloma Task
Force13; 8 patients had either relapse or progressive
disease. The mean age of the series was 66 + 8
years (range, 55 to 83), with 33 males and 19 fe-
males. According to Durie and Salmon's clinical
staging system (1975),14 the patients were distrib-
uted as follows: stage 1, 5.7%; stage 11, 30.8%; stage
111, 63.3%. The monoclonal component was IgG in
49% of the cases, IgA in 30%, IgD in 2%, and Bence
Jones in the remaining 15% of patients. In one case,
no monoclonal serum protein was found. The serum
monoclonal light chain was K in 60% and A in 40%. In
47% of cases, a urine monoclonal light chain was
detected. All patients were treated according to the
protocols of the PETHEMA group.15

Immunophenotypic Identification of Plasma
Cells
The percentage of BM PCs was assessed by two
different observers on May-GrOnwald-Giemsa-
stained smears, the mean value being 45 ± 24%.
The immunophenotypical identification of PCs was
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based on their strong reactivity for the CD38 (Leu17-
phycoerythrin; Becton Dickinson, San Jos6, CA)
monoclonal antibody (MAb), the specificity of which
has been described elsewhere.16'17 Analysis of PC
reactivity for this surface antigen was performed us-
ing direct immunofluorescence. For data acquisition
and analysis, the FACScan flow cytometer (Becton
Dickinson) equipped with an argon ion laser tuned at
488 nm and 15 mW was used. Results were stored
and analyzed for at least 10,000 cells/test, using the
LYSYS-I1 and PAINT-A-GATE-PLUS software pro-
grams (Becton Dickinson), respectively. 16'17

FISH Studies
FISH analysis of numerical chromosome abnormali-
ties was performed on heparin-anticoagulated eryth-
rocyte-lysed whole BM samples according to previ-
ously reported methods.18 Briefly, cells were fixed in
Carnoy's medium and dropped onto ethanol/ether
(1/1, vol/vol) cleaned slides according to conven-
tional cytogenetics protocols18 and stored for 24 to
72 hours in the dark (room temperature). The slides
were then sequentially incubated with solutions con-
taining 0.1 mg/mL of RNAse A (1 hour at 370C) and
0.1 mg/ml pepsin (10 minutes at 370C). They were
fixed in 1% acid-free paraformaldehide (10 minutes
at room temperature) and dehydrated in ethanol ac-
cording to previously reported techniques.19'20 Af-
terwards, the slides containing both cells, DNA, and
10 ng of each DNA probe were denatured in an 800C
oven for 100 seconds. Biotinylated, fluoresceinated,
or digoxigenin-labeled a-satellite DNA probes spe-
cific for the centromere of human chromosomes 1
(pUC1.77, Boehringer Mannheim, Mannheim, Ger-
many), 3 (pAEO.68, Boehringer Mannheim), 6 (D6Z1,
Oncor, Gaithersburg, MD), 7 (pZ7.6B, Boehringer
Mannheim), 8 (pZ8.4, Boehringer Mannheim), 9
(D9Z1, Oncor), 10 (CEP10, Vysis, Framingham, MA),
11 (CEP11, Vysis), 12 (D12Z3, Oncor), 15 (pMC15,
Boehringer Mannheim), 17 (pZ17-1.6A, Boehringer
Mannheim), 18 (pZXba, Boehringer Mannheim), X
(pDMX1, Boehringer Mannheim), and Y (pHY2.1,
Boehringer Mannheim) were used in the present
study. In addition, a locus-specific DNA probe for
chromosome 13 was used (LS113, Vysis). Upon de-
naturation, slides were placed at 370C and hybrid-
ized overnight in a humid chamber.
The immunological detection of the biotinylated

and digoxigenin-labeled hybridized probes was per-
formed with an immunological blocking incubation
with 4 mol/L buffer (30 minutes at 370C) followed by
another incubation (30 minutes at 370C) with a solu-
tion containing avidin-fluorescein isothiocyanate

Figure 1. Double hybridizationfor chromosomes 7and 15 in the bone
marrow cells ofaMM case with trisomy ofthe two chromosomes. There
are cells with two signals ofeach chromosome (normal cells) and cells
with three signals of each chromosome (neoplastic cells).

(FITC) (Vector Laboratories, Burlingame, CA) and a
mouse anti-digoxigenin MAb conjugated with TRITC
(Boehringer Mannheim, Figure 1). Immunological
amplification of the signals was performed whenever
the fluorescence intensity of the hybridization spots
was not strong enough to be clearly identified with
the microscope. For that purpose, either a biotiny-
lated anti-avidin goat MAb (Vector) plus avidin-FITC
or a tetraethylrhodamine-isothiocyanate-conjugated
sheep anti-mouse immunoglobulin antibody18 were
used. Cells were counterstained with DAPI accord-
ing to previously described methods.18 The number
of hybridization spots was evaluated using a DMRB
fluorescence microscope (Leitz, Wezlar, Germany)
equipped with a 10OX oil objective, which was used
for counting hybridization spots/cell in at least 200
cells/sample. In all slides analyzed, the number of
unhybridized cells in the areas assessed was lower
than 1%, and only those spots with a similar size,
intensity, and shape were counted.

Mononuclear cells from 10 age- and sex-matched
healthy individuals displaying a normal karyotype
were used as controls. The mean percentage of
trisomic/monosomic cells in these control samples
for the chromosomes assessed was as follows: chro-
mosome 1, 0.1 + 0.3%/2.1 ± 1.6%; chromosome 3,
0.5 ± 0.7%/3.9 ± 2.7%; chromosome 6, 0.0 ± 0.0%/
1.6 + 1.9%; chromosome 7, 0.1 + 0.3%/2.1 ± 1.5%;
chromosome 8, 0.1 ± 0.3%/1.1 + 0.9%; chromo-
some 9, 0.3 ± 0.9%/5.5 ± 2.6%; chromosome 10,
0.1 ± 0.2%/0.9 ± 0.6%; chromosome 11, 0.2
0.2%/0.8 ± 0.6%; chromosome 12,0.4 ± 0.7%/1.7 _
2.2%; chromosome 13, 0.5 ± 0.7%/3.0 ± 1.9%;
chromosome 15, 0.8 ± 0.7%/1.2 ± 0.8%; chromo-
some 17, 0.5 ± 0.8%/5.6 ± 2.8%; chromosome 18,
0.8 ± 0.4%/1.3 ± 0.7%; chromosome Xfemales, 2.0 ±
1.4%/0.0 ± 0.0%. In addition, the percentage of cells
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with more than or less than one spot for chromo-
somes X and Y in males was 0.1 ± 0.3%/0.7 ± 2.1%
and 0.8 ± 1.0%/1.4 ± 1.7%, respectively. A patient
was considered to carry a numerical chromosomal
abnormality for a chromosome when the percentage
of cells displaying a proportion of events with an

abnormal number of spots was at percentages
higher than the mean value plus two standard devi-
ations of the percentages obtained for that specific
chromosome in normal controls. The correlation be-
tween the proportion of cells carrying numerical
chromosome changes and the percentage of PCs
detected by immunological analysis was based on

statistical analysis.
The expected amount of total DNA cell content

according to the FISH results was assessed by the
chromosome index calculated according to two dif-
ferent mathematical formulas:
1) chromosome index = 1 + [(Ch1 x 0.043) - (2 x

0.043)] + [Ch3 x 0.035) - (2 x 0.035)] + [(Ch6 x

0.030) - (2 x 0.030)] + [Ch7 x 0.027)-(2 x 0.027)]
+ [(Ch8 x 0.026)(2 x 0.026)] + [(Chg x 0.024)-(2
x 0.024)] + [(Ch10 x 0.023)-(2x0.023)] + [(Ch11 x

0.024) - (2 x 0.024)] + [(Ch12 x 0.023) - (2 x

0.023)] + [Ch13 x 0.019) - (2 x 0.019)] + [(Ch15 x

0.017) - (2 x 0.017)] + [(Ch17 x 0.015) - (2 x

0.015)] + [(Ch18 x 0.014) - (2 x 0.014)] + [(Chx x

0.027)-(x x 0.027)] + [(Chy x 0.009) - (y x 0.009)]
and 2) corrected chromosome index = [(Ch1 x

0.043) + (Ch3 x 0.035) + (Ch6 x 0.030) + (Ch7 x

0.027) + (Ch8 x 0.026) + (Chg x 0.024) + (Ch10 x

0.023) + (Ch11 x 0.024) + (Ch12 x 0.023) + (Ch13
x 0.019) + (Ch15 x 0.017) + (Ch17 x 0.015) +

(Ch18 x 0.014) + (Chx x 0.027) + (Chy x 0.009)]
[(2x0.043) + (2 x 0.035) + (2 x 0.030) + (2 x

0.027) + (2x0.026) + (2 x 0.024) + (2 x 0.023) +
(2 x 0.024) + (2x0.023) + (2 x 0.019) + (2 x

0.017) + (2 x 0.015) + (2x0.014) + (x x 0.027) +

(y x 0.009)], where Chn was the number of signals
per cell for each probe, x was 2 in women and 1 in
men, and y was 0 in women and 1 in men.

DNA Measurements
DNA measurements were performed in all cases

using two different methods. Briefly, between 100
and 200 ,ul of the BM aspirate sample containing
between 0.5 x 106 to 1 x 106 white blood cells were
placed in two different tubes, as previously de-
scribed. 17

In the first tube, cells were lysed using ammonium
chloride, washed in citrate buffer, and resuspended
in 200 Al of a sodium citrate buffer. Then, sample
preparation was performed following the technique

of Vindelov et al,21 slightly modified.17 Cells were
incubated for 10 minutes at room temperature with
1.8 ml of solution A containing trypsin (30 mg/L).
Afterwards, 1.5 ml of solution B containing RNAse
(100 mg/L) and a trypsin inhibitor (500 mg/L) were
added and the mixture incubated for another 10
minutes at room temperature. Finally, a third incuba-
tion for at least 15 minutes at room temperature in the
dark was performed after adding 1.5 ml of solution C
containing propidium iodide (208 mg/L) to complete
a final volume of 5 ml.

In the second tube, BM cells were incubated for
15 minutes with 10 ,ul of the GR7A4 (CD38) MAb,
washed once (5 minutes at 1900 rpm) in phosphate-
buffered saline, and incubated for another 15 min-
utes with MAb anti-mouse immunoglobulin (F(ab')2
fragments; (Dakopatts, Copenhagen, Denmark). Af-
terwards, 2 ml of ammonium chloride was added
and cells were incubated in the dark for 10 minutes.
After lysing the erythrocytes, cells were washed
once in 1 ml of sodium citrate buffer and resus-
pended in 200 ,tl of the same buffer. Then, 1.5 ml of
solution B was added and the cells were incubated
for 10 minutes. Finally, 1.5 ml of solution C was
added and another incubation period of at least 15
minutes was performed in the dark.

In all cases, measurements were performed within
1 hour on a FACScan flow cytometer (Becton Dick-
inson) using the CellFit software program (Becton
Dickinson) for at least 10,000 cells/sample. The elec-
tronics of the instrument were adjusted so that the
modal channel for the GO/G1 diploid nuclei was 200
(fluorescence scaled from channel 0 to 1023) and
fluorescence compensation between FITC and pro-
pidium iodide established, using a mixture of pro-
pidium-iodide-stained chicken erythrocyte nuclei
and FITC-labeled beads (CALIBRITE beads, Becton
Dickinson). The percentage of CD38 strong positive
plasma cells was calculated after gating cell dou-
blets on a FL2A/FL2W dot plot using the PAINT-A-
GATE-PLUS software.

The criteria of aneuploidy were defined by the
presence of two distinct peaks of cells in GO/G1
phase in the histogram obtained with the isolated
nuclei technique. The diploid cells were the normal
residual hemopoietic cells present in the patient BM.
All cases had a sufficient number of normal cells for
this internal control, and it was not necessary to add
other control cells. The CD38/propidium iodide dou-
ble-staining technique was used in all MM cases to
identify which of the Go/G1 peaks corresponded to
the myelomatous PCs (CD38 strong') and the nor-
mal residual hemopoietic cells (CD38 negative or
dim/intermediate positive).
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Table 1. Incidence of Numerical Chromosomal Changes in MM Patients According to the Different Chromosomes
Analyzed

Chromosome
Chromosome

abnormalities 1 3 6 7 8 9 10 11 12 13 15 17 18 Xm Xf

Trisomies 14/38 9/29 13/41 13/46 3/39 22/42 3/38 10/30 1/39 10/21 9/41 8/34 1/22
36.8% 31% 31.7% 28.3% 7.7% 52.4% 7.9% 33.3% 2.6% 47.6% 22% 23.5% 5.9%

Monosomies 1/38 2/39 1/30 10/38 2/34 6/19
2.6% 5.1% 3.3% 26.3% 5.9% 31.5%

Total 15/38 9/29 13/41 13/46 5/39 22/42 3/38 11/30 1/39 10/38 10/21 9/41 10/34 1/22 6/19
39.4% 31% 31.7% 28.3% 12.8% 52.4% 7.9% 36.6% 2.6% 26.3% 47.6% 22% 29.4% 5.9% 31.5%

Results are expressed both as number of cases from the patients analyzed and as their percentage. Xm, chromosome X in males; Xf,
chromosome X in females. No numerical changes were observed for chromosome Y.

Results
The overall incidence of numerical chromosome ab-
normalities in the MM patients included in the
present study was 67%. This incidence significantly
increased when 7 or more chromosomes were ana-
lyzed (41 patients), reaching 80.5% compared with
only 18% in the remaining 11 cases. It should be
noted that when more than 7 chromosomes were
assessed, the incidence of numerical chromosome
abnormalities remained stable. Accordingly, in those
cases (n = 30) in which 12 or more chromosomes
were analyzed, the incidence was 81.5%. Overall,
trisomies were more frequent than monosomies
(84% versus 16%).

Table 1 shows the distribution of numerical chro-
mosomal abnormalities according to each of the 15
chromosomes analyzed in the present study. Chro-
mosome 9 (52.4%) and chromosome 15 (47.6%)
were the most frequently altered, with all of their
abnormalities corresponding to trisomies. In con-
trast, it should be noted that the lowest incidence of
numerical chromosomal abnormalities corre-
sponded to chromosomes 12 (2.6%) and 10 (7.9%),
with all of the abnormalities of both chromosomes
corresponding again to trisomies. Accordingly, from
the remaining chromosomes analyzed, most of them
displayed trisomies as either the only chromosomal
abnormality detected (chromosomes 3, 6, 7, and 17)
or the most frequent one (chromosomes 1, 8, 11, and
18). In contrast, monosomies were the only numeri-
cal abnormality detected for chromosome 13

(26.3%). As far as chromosome X was concerned,
both monosomies and an extra X chromosome were
detected. Interestingly, although monosomies were
exclusively present in females (31.5%), the only pa-
tient displaying an extra X chromosome was a male.

Upon grouping the patients according to the mo-
ment at which the FISH study was performed, it was
observed that those cases studied at diagnosis (n =
44) showed a lower incidence of trisomies for chro-
mosomes 1, 6, 8, 9, 1 1, and 18 with respect to those
patients in either relapse or progression (n = 8);
trisomy of chromosome 8 was exclusively detected
in the latter group (Table 2). On the other hand, no
significant differences were detected for the inci-
dence of numerical aberrations of the remaining
chromosomes analyzed including monosomy 13
(25% versus 29%).
The comparison between the percentage of PCs

present in the sample as assessed by immunological
markers and the proportion of myelomatous PCs
displaying numerical chromosome aberrations by
FISH showed the existence of a significantly high
(r > 0.84) degree of correlation for all of the chromo-
somes analyzed except chromosome 8 (Table 3).
Interestingly, an association between the chromo-
somal abnormalities was observed. Thus, it was ob-
served that trisomy 6 was significantly associated
with gains of chromosomes 7 (P = 0.0002), 9 (P =
0.002), and 17 (P = 0.003). In addition, abnormali-
ties of chromosomes 7 and 11 were associated with
those of chromosomes 15 (P = 0.005) and 17 (P =

Table 2. Incidence of Trisomies in MM Patients at Diagnosis versus Relapse/Progression

Chromosome
1 3 6 7 8 9 10 11 12 13 15 17 18 Xm

Trisomies at diagnosis 10/31 7/23 8/34 10/38 0/33 16/36 3/32 7/24 1/32 0/3 8/15 7/34 5/27 1/18
32.2% 30.4% 23.5% 26.3% 0% 44.4% 9.3% 29.1% 3.1% 0% 53.3% 20.5% 18.5% 5.5%

Trisomies at relapse/ 4/7 2/6 5/7 3/8 3/6 6/6 0/6 3/6 0/7 2/6 2/7 3/7 0/4
progression 57.1% 33.3% 71.4% 37.5% 50% 100% 0% 50% 0% 33.3% 28.6% 42.9% 0%

Results are expressed as number of cases from the patients analyzed and as number and percentage of cases displaying trisomy. Xm,
chromosome X in males.
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Table 3. Correlation between the Percentage of PCs
and the Proportion of Cells Displaying
Numerical Chromosomal Abnormalities

Coefficient of y Slope of the
Chromosome correlation intercept best linear fit

3
6
7
8
9
10
11
13
15
17
18
x

0.939
0.967
0.855
0.892
-0.548
0.843
0.999
0.966
0.951
0.952
0.885
0.882
0.945

7
3
10
7

39
10
0.3

-4
-2
-2
12
5
15

0.859
0.778
0.587
0.660

-0.249
0.727
0.854
1.267
1.029
1.032
0.642
0.968
0.565

0.003), respectively. Based on these findings, and
after excluding these associations, we investigated
which were the simplest combinations of chromo-
somes that would allow the detection of the highest
number of MM patients displaying numerical chro-
mosome changes. In this sense, the combined as-
sessment of chromosomes 1 and 9 together with
either chromosome 13 or 15 would allow the identi-
fication of all abnormal cases analyzed in this study.

The analysis of PC DNA content was assessed
simultaneously by flow cytometry in the 52 patients
studied using a propidium iodide/CD38 double-
staining technique. DNA aneuploidy was found to be
present in 67% of the cases, with 65% correspond-

ing to hyperdiploid MMs and 2% to hypodiploid
cases. A significant correlation was observed be-
tween the DNA index obtained by flow cytometry and
the chromosome index as analyzed by FISH and
calculated according to two different mathematical
formulas described in Materials and Methods. Ac-
cordingly, upon considering the 41 cases in which
numerical abnormalities for at least 7 chromosomes
were simultaneously explored, the coefficient of cor-
relation was 0.81754 (slope of the best linear fit =
0.99705, y intercept = 0.05255, P < 0.0001) (Figure
2a). The significance of the correlation increased
(coefficient of correlation = 0.91371, slope of the
best linear fit = 1.16884, y intercept = -0.13199,
P < 0.0001) when only those cases in which a
minimal number of 12 chromosomes was assessed
(Figure 2b). Interestingly, similar results were ob-
tained by using each of the two mathematical
formulas for the calculation of the chromosome index
(Figure 2).

Discussion
In MM patients, complex karyotypes with frequent
numerical and structural abnormalities have been
reported.12422-25 However, the real incidence of
these aberrations remains to be established as quite
variable results have been published. This is mainly
due to methodological problems inherent in conven-
tional cytogenetic studies that require abnormal
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metaphase cells, which in turn are difficult to obtain
in MM patients due to the low proliferative rate of
myelomatous PCs.26 Moreover, as residual normal
BM cells display a higher rate of cell turnover than
malignant PCs,26 metaphases derived from normal
cells may lead to an overestimation of normal karyo-
types in MM patients. Accordingly, interphase cyto-
genetics using FISH represents a major advantage
in these cases, as it allows the determination of
numerical chromosome aberrations in nondividing or

interphase cells as well as in metaphases.27 32 Un-
der the best cytokine stimulation conditions (ie, gran-

ulocyte/macrophage colony-stimulating factor plus
interleukin-6),3 the reported frequencies of numerical
changes assessed by conventional cytogenetic
analysis range from 20 to 47%.1-4 By contrast, flow
cytometry studies of cell DNA contents clearly show
that between 50 and 80% of MM patients display
DNA aneuploidy.5-7
To gain insight into the real incidence of numerical

chromosome changes as well as into the cause of
the discrepancies observed between conventional
cytogenetics and flow cytometry studies in MM, we

have analyzed by FISH the incidence of numerical
chromosome abnormalities in a group of 52 MM
patients. Although the overall frequency was 67%, it
should be noted that when 7 or more chromosomes
were analyzed it increased to 80%. Therefore, ac-

cording to these results, most patients with MM have
numerical changes. In the present FISH study it was
observed that trisomies were significantly more com-

mon than monosomies, which is consistent with the
cell DNA content studies by flow cytometry showing
a similar predominance of hyperdiploidy over hypo-
diploidy.5-7 Flow cytometry has now been used for
more than 20 years for the detection of abnormal cell
DNA contents in many types of tumors including MM
patients. Although several attempts have been made
to correlate the flow cytometry DNA aneuploidy with
the cytogenetic results, this type of study has long
been hampered by the aforementioned problems
inherent in cytogenetic studies. To study whether or

not the amount of abnormal total cell DNA contents
obtained by flow cytometry really reflects numerical
chromosome changes, the FISH results were corre-

lated with the DNA index obtained by flow cytometry
for the same patients. For that purpose, two different
mathematical formulas were used in which the rela-
tive DNA content weight of each numerical chromo-
some abnormality detected was taken into account.
Interestingly, a high degree of correlation was ob-
tained between both types of information, clearly
indicating that the flow cytometric DNA index ob-
tained with the techniques used largely reflects the

numerical chromosome abnormalities present in MM
patients. However, it should be noted that in approx-
imately one-half of MM patients displaying a diploid
flow cytometry DNA histogram, numerical chromo-
some changes exist, but either the gains and losses
of chromosomes were balanced or, more frequently,
they were single aberrations that in both cases re-
main undetectable by conventional flow cytometry.

Apparently MM patients do not display specific
chromosomal abnormalities. However, in the present
study it is shown that there is a preferential involve-
ment of some chromosomes, such as gains of chro-
mosomes 9 and 15 detected in one-half of the pa-
tients and losses of chromosome 13 observed in
one-fourth of the patients. Interestingly, these chro-
mosomes are known to carry genes that may play an
important role in the pathogenesis of the disease
such as p16 in chromosome 933 and Rb in chromo-
some 13.3 By contrast, chromosomes 12, 10, and 8
are rarely involved in MM. These findings, although
at a higher incidence, confirm previous reports
based on cytogenetic studies.1-4 The most striking
result concerning individual chromosomes in our
FISH study is the high frequency at which three spots
for the chromosome 1 probe were detected (37%),
which contrasts with the lower incidence reported by
Facon (2%)23 and Sawyer (1%)4 using conventional
cytogenetics. However, structural aberrations of
chromosome 1 have been reported in nearly one-half
of MM patients with abnormal karyotypes.35 In addi-
tion, the existence of three copies of the long arm of
chromosome 1, either reflecting direct 1q duplica-
tions, isochromosomes lq, or extra copies translo-
cated to different chromosomes, is a common fea-
ture in many types of cancer.36'37 Moreover, Philip et
a138 have reported the existence of three copies for
1q21-q3 in 31% of his myeloma patients. The a-cen-
tromeric probe used in the present study for the
identification of chromosome 1 was initially isolated
from human satellite Ill DNA after an EcoRI diges-
tion.10 Satellite Ill DNA consists of relatively short
oligonucleotide tandem repeats that are arranged to
chromosome-specific repeats of a higher order lead-
ing to unique sequences of different lengths in the
heterochromatic peri(centric) region of the human
chromosomes 1, 9, 16, and y.1 1,12 The hybridization
signal is specific for chromosome 1 when appropri-
ate stringent conditions are used. Therefore, the re-
sults obtained in the present paper for chromosome
1 would reflect the detection of extra copies of lq
whenever the heterochromatic pericentric region is
also involved. An alternative explanation for this dis-
crepancy between FISH and conventional cytoge-
netics, regarding trisomy 1, would be that those
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cases displaying such aberration would have an
especially low PC proliferative index during cell cul-
ture, which would make cytogenetic analysis diffi-
cult. One additional observation was the higher fre-
quency of numeric chromosome aberrations in those
patients studied at relapse or displaying a progres-
sive disease state, which is in accordance with pre-
vious cytogenetic observations.1' 24 Nevertheless, it
should be noted that sequential samples from indi-
vidual patients were not analyzed in the present
study. Interestingly, none of the cases analyzed at
diagnosis displayed trisomy 8, whereas one-half of
those in relapse/progression showed this aberration.
This observation would support the notion that tri-
somy 8 in MM patients would be a secondary event
and a marker of clonal evolution as it has been
suggested for other hematological malignancies
such as the acute leukemias following a myelodys-
plastic or a myeloproliferative syndrome.30'39'40 Ad-
ditional studies in which sequential samples are ex-
amined are needed to elucidate this question.

LaT et a13 have shown that in the majority of MM
patients with an abnormal karyotype, there is a mix-
ture of normal and abnormal metaphases and only 3
out of 129 patients had exclusively abnormal cells.
However, whether the chromosome abnormalities
detected are common to all PCs present in each
patient's' BM or they are present in only a subpopu-
lation of myelomatous PCs remains to be elucidated.
Our data show that, with the exception of chromo-
some 8, the numeric chromosome changes are
present in nearly all malignant PCs. As mentioned
before, trisomy 8 was exclusively detected in pa-
tients studied either at relapse or progression; thus,
it is logical that this abnormality should be present in
only a subpopulation of PCs, which would account
for the low correlation observed between total num-
ber of PCs and PCs with trisomy 8.

Interestingly, the present study shows that there
were some associations between the detected chro-
mosomal abnormalities. By excluding these associ-
ations we were able to define two triple combinations
of chromosome-specific probes (chromosomes 1
and 9 together with either chromosome 13 or 15) that
would allow the detection of most myeloma patients
displaying numerical changes. Accordingly, the use
of these triple combinations by FISH could become a
useful marker tool for both the analysis of clonal
involvement of B cells and B cell precursors as well
as for the detection of residual disease in myeloma
patients. Its sensitivity limit ranges from 10-2 to 10-5
depending on which chromosomes display numeri-
cal changes.
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