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In multiple myeloma (MM) pathogenesis,
hyperdiploidy and nonhyperdiploidy are
recognized as 2 major cytogenetic path-
ways. Here, we assessed the role of hyper-
diploidy in 426 patients with monoclonal
plasma cell disorders, among them 246
patients with AL amyloidosis (AL), by
interphase fluorescence in situ hybridiza-
tion. Hyperdiploidy was defined by a well-
established score requiring trisomies for
at least 2 of the 3 chromosomes 5, 9, and
15. The hyperdiploidy frequency in AL
was a mere 11% compared with 30% in

monoclonal gammopathy of undeter-
mined significance (P < .001) and 46% in
AL with concomitant MM | (P < .001).
Overall, hyperdiploidy was associated
with an intact immunoglobulin, k light
chain restriction, higher age, and bone
marrow plasmacytosis, but was unre-
lated to the organ involvement pattern in
AL. Clustering of 6 major cytogenetic
aberrations in AL by an oncogenetic tree
model showed that hyperdiploidy and t(11;
14) were almost mutually exclusive,
whereas gain of 1q21 favored hyperdip-

loidy. Deletion 13q14 and secondary IgH
translocations were equally distributed
between ploidy groups. We conclude
that the interphase fluorescence in situ
hybridization-based hyperdiploidy score
is also a feasible tool to delineate hyper-
diploid patients in early-stage monoclo-
nal gammopathies and that the cytoge-
netic pathogenetic concepts developed
in MM are transferable to AL. (Blood.
2011;117(14):3809-3815)

Introduction

In symptomatic multiple myeloma (MM), which is character-
ized by the expansion of malignant monoclonal plasma cells,
karyotypic instability has been detected as a major pathogenetic
factor. Numerical and structural chromosome aberrations have
permitted to delineate hyperdiploid and nonhyperdiploid forms
as 2 major pathogenetic pathways, which are approximately
equally distributed.! The hyperdiploid group is characterized by
gains of the odd chromosomes 3, 5, 7, 9, 11, 15, 19, and 21,
whereas the nonhyperdiploid group typically displays chromo-
somal rearrangements and deletions. The biologic validity of
hyperdiploid versus nonhyperdiploid subgroups has been substanti-
ated by studies showing different molecular signatures, methyl-
ation patterns, and prognosis.>*

Ploidy is less well studied in 2 other related plasma cell
dyscrasia entities: monoclonal gammopathy of undetermined sig-
nificance (MGUS), a premalignant clonal plasma cell dyscrasia,
which can progress into overt MM,>® or can lead to systemic light
chain amyloidosis (AL), a disease with deposition of immunoglobu-
lin light chains as amyloid fibrils in different organs.” This paucity
of cytogenetic data in these 2 disease entities is the result of their
small percentages of monoclonal plasma cells and low proliferative

activity in the bone marrow, which has hampered conventional
karyotypic analysis. These limitations have been overcome with
the development of interphase fluorescence in situ hybridization
(iFISH) on sorted CD138" plasma cells, which allows the assess-
ment of chromosomal abnormalities independent of the low degree
of bone marrow plasmacytosis and the low proliferative rate.$-10
iFISH techniques detecting trisomies of odd chromosomes have
been established as a surrogate to identify ploidy subtypes. Two
scores have been established, with hyperdiploidy defined as the
presence of extra copies of at least 2 of the 3 chromosomes 5, 9, and
15" or9, 11, and 15.12

Whereas iFISH-based data suggest that the dichotomy of
hyperdiploid and nonhyperdiploid categories is also applicable to
MGUS,'? previous cytogenetic studies in AL have not addressed
hyperdiploidy.!'3-1¢ Therefore, the aim of our study was to investi-
gate hyperdiploidy as an underlying cytogenetic pathogenetic
mechanism for the development of AL. In detail, we aimed to
determine the hyperdiploidy frequency in AL with an underlying
monoclonal gammopathy or MM stage I (MM I) compared with a
MGUS/MM 1 control group, to characterize the hematologic and
clinical characteristics of the respective ploidy categories, and to
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Table 1. Hematologic and clinical characteristics for each of the patient groups

AL (n = 220) AL + MM (n = 26) MGUS (n = 151) MM (n = 29) AL = MM | vs MGUS/MM |, P
Median age, y (range) 63 (36-82) 57 (41-80) 59 (29-87) 64 (40-82) .38t
Sex, no. male/female 127/93 12/14 74177 17/12 241
Light chain, no. k/x 49/170* 8/18 99/51* 16/13 <.001%
Intact immunoglobulin, no. yes/no 90/129 14/12 144/7 29/0 <.001%
Median plasmacytosis, % (range) 9 (1-29) 23 (4-44) 9 (1-28) 30 (3-50) .50t

*These patient groups include one patient with a gammopathy biclonal for k and \ each.

TExact Wilcoxon rank-sum test.
fFisher exact test.

identify their clustering with other cytogenetic aberrations in an
oncogenetic tree model.

Methods

Patients

We evaluated a series of 246 consecutive AL patients from our institution
who were tested for iFISH abnormalities from June 2003 to August 2010. A
total of 236 patients were untreated, 10 patients had received prior
conventional chemotherapy without achieving a hematologic remission
before referral to our center. Patients in hematologic relapse were not
considered for this study to exclude a bias regarding clonal evolution.
Seventy-seven of the 246 patients had been part of a previous cytogenetic
study, which had not addressed hyperdiploidy.'¢ A total of 180 patients with
MGUS or MM I not requiring therapy were used as a control group. Patients
with an IgM heavy chain subtype!” or MM stage II or III were not included
in this study. For the classification of patients into the MGUS and MM 1
groups, we applied standard diagnostic criteria except for bone marrow
plasmacytosis of 30% instead of 10% as cutoff value between MGUS and
MM 1, according to the Boston group and Mayo Clinic criteria for AL and
our own practice.'®!8-21 Thus, we obtained 4 patient groups: (1) 220 AL
patients with an underlying monoclonal gammopathy; (2) 26 AL patients
with a concomitant MM I (AL + MM I); (3) 151 MGUS “patients”; and
(4) 29 MM 1 patients. Table 1 details the patient characteristics for each of
the 4 groups. As expected, patients with AL = MM I displayed a higher
frequency of X\ light chain restriction and a lower frequency of intact
immunoglobulin detection compared with the MGUS/MM I group (P < .001
each). However, age, sex, and bone marrow plasmacytosis were equally
distributed between AL = MM I and MGUS/MM I (P = .38, P = .24, and
P = .50, respectively).

Informed consent was obtained from the patients in accordance with the
Declaration of Helsinki. The study was approved by the Ethics Committee
of the University of Heidelberg.

Cytogenetic testing

CD138" bone marrow plasma cells were purified by auto-magnetic-
activated cell sorting with anti-CD138 immunobeads as described previ-
ously.?? iFISH analyses were performed using a panel of 2-color probe sets
for the detection of numerical changes for the chromosome loci 1q21/8p21,
5p15/5q35, 9q34/15q22, 11q23/13q14, 11p15/11cen, and 17p13/19q13 as
well as the translocations t(11;14)(q13;q32), t(4;14)(p16;q32), t(14;16)(q32;
q23), and an IgH breakapart probe. Following hybridization according to
the manufacturer’s instructions (Kreatech and Vysis), a total of 100 interphase
nuclei per probe were evaluated using a DM RXA fluorescence microscope
(Leica) or the AST automated iFISH spot counting system (Applied Spectral

Imaging). Hybridization efficiency was validated on interphase nuclei
obtained from the peripheral blood and bone marrow of a healthy donor.
The thresholds for gains, deletions, and translocations were uniformly set at
10%.

For the classification of patients into hyperdiploid versus nonhyperdip-
loid group, we applied the criteria by Wuilleme et al,!' which require
trisomies of at least 2 of the 3 chromosomes 5, 9, and 15 to assign a patient
into the hyperdiploidy group. This score had been validated by concomitant
DNA staining!! and had already been used for ploidy determination by
iFISH in MGUS and MM,*?> although it might underestimate the
frequency of hyperdiploidy.??

Confirmation of monoclonal plasma cell purity

To make sure that in the setting of early monoclonal gammopathies no
cytogenetic aberrations were missed because of the contamination of a
small monoclonal plasma cell population by a substantial number of
polyclonal plasma cells, we evaluated the purity of the plasma cell clone by
assessment of clonal sizes and by light chain restriction analysis.

As for clonal size in the 2 early gammopathy groups (AL and MGUS), a
clonal aberration by iFISH was detected in 210 of 220 (95%) and 138 of
151 (91%) patients, respectively. The largest clonal aberration encompassed
72% and 63% of plasma cells in median, respectively, well above the 10%
threshold. In AL, 198 of 210 (94%) patients displayed an aberration
encompassing at least 20% of plasma cells, as did 130 of 138 (94%) MGUS
“patients.” The remainder, all specimens with a maximum clonal size of
less than 20%, were revisited for possible aberrations below the 10% cutoff
used in our study, and the very few questionable cases were retested by
iFISH staining, leading to a ploidy reassignment in a single patient.

The flow cytometric analysis after plasma cell enrichment was per-
formed in a cohort of 32 patients with AL, which showed a median ratio of
involved versus noninvolved light chains of 10:1 (range, 2.4:1 to 177:1,
with 31 of 32 patients displaying at least a ratio of 4:1). Taken together, the
monoclonal population clearly outweighed possibly contaminating non-
monoclonal plasma cells.

Statistical analysis

To compare frequencies of the aforementioned cytogenetic aberrations and
hyperdiploidy between patient groups, Fisher exact test was performed. The
P values obtained for the distribution of additional cytogenetic aberrations
among hyperdiploidy and nonhyperdiploidy were subsequently adjusted by
the Holm method to control the family-wise error rate at 0.05.2
Oncogenetic tree models derived by maximum likelihood estimation
were applied as previously described.?’” The state of a cytogenetically
normal cell is represented by the root of the tree. Models were built using
the following 2 subsets: (1) gains of 1q21, 5p15/5q35, 9q34, 11q23, 15922,
17p13, and 19q13; and (2) gain of 1q21, hyperdiploidy, t(11;14), t(4;14),

Table 2. Frequencies of extra copies of odd chromosomes for each of the patient groups

1921, % 5p15/5q35, % 9934, % 11923, % 1522, % 17p13, % 19913, % Hyperdiploid,' %
AL (n = 220) 21 9 18 34 13 5 14 11
AL + MM (n = 26) 50 32 58 46 38 15 42 46
MGUS (n = 151) 14 29 32 36 32 5 28 30
MM | (n = 29) 48 28 52 41 52 0 38 45
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IgH rearrangement with unknown partner, and deletion of 13q14. Each
subset provides the leaves of the corresponding tree. The length of the paths
between the root and the corresponding leaves encodes the marginal
probabilities of the observed aberrations. The length (horizontal distance)
from the chromosomal aberration to the root or the next inner node is the
negative logarithm of the conditional probability that this aberration occurs
at this node, given that the hidden events corresponding to this node
happened. Nonoverlapping paths to the root represent independent events.
Anonparametric bootstrap?® is used to assess the uncertainty of the obtained
tree models. Confidence values are given for the internal edges of the
maximum likelihood trees, based on 500 bootstrap datasets. The tree
displays the splits occurring in more than 10% of the bootstrap datasets in
the 2 patient groups. The proposed tree structure has to be interpreted with
caution, still allowing us to formulate hypotheses about the association
between aforementioned chromosomal aberrations.

To compare hematologic and clinical characteristics between hyperdip-
loid and nonhyperdiploid groups, Fisher exact test for categorical variables
and exact Wilcoxon rank-sum test for quantitative variables were per-
formed, respectively. To analyze the number of chromosomal aberrations,
the Cochran-Armitage test for trend was performed. The distribution of
patients with gain of 11q23 defined by t(11;14) and hyperdiploidy was
analyzed by Fisher exact test. Exact 2-sided 95% confidence intervals (CIs)
for the probability of gain of 11p15 and 11cen were estimated according to
Clopper et al.?

All statistical tests were 2-sided at significance level of 5%. Statistical
analysis was carried out using the software environment R Version 2.9.2,30
together with the R packages “oncomodel,” Version 0.7 and “coin,” Version
1.0-6. For the Cochran-Armitage tests, StatXact 7.0 (Cytel Inc) was used.

Results
Frequencies of chromosomal gains

The frequencies of extra copies of 1q21, 5p15/5q35, 9q34, 11923,
15922, 17p13, and 19q13 are specified for each patient group in
Table 2. Applying the score by Wuilleme et al,'! hyperdiploidy was
found in 11% of AL patients, whereas it was detected more
frequently in MGUS with 30% (P < .001). Interestingly, the
transition of monoclonal gammopathy into MM I was paralleled by
an increasing hyperdiploidy rate, namely, from 11% to 46%
(P <.001) in AL patients and from 30% to 45% (P = .1) in the
MGUS/MM I control group. Accordingly, there was no difference
between MM 1 with and without AL (P = 1). When individual
trisomies were assessed in the oncogenetic tree model (Figure 1),
gains of 17p13 (with the lowest frequency in each patient group)
and 19q13, which are not entered into the score by Wuilleme et al,!!
closely clustered with the branches 5p15/5q35, 9934, and 15q22
both in AL = MM I and MGUS/MM 1. Gain of 1q21, known as
progression marker in MM rather than a marker of hyperdiploidy,?!
clustered apart as expected. Most remarkable was the clustering of
gain of 11@23. Particularly in AL = MM I, gain of 11q23 appeared
to represent hyperdiploidy very poorly because it separated even
earlier from the classic hyperdiploidy probes than gain of 1q21.
Based on these results, we added gains of 17p13 and 19q13
to the 3 probes defining the score by Wuilleme et al'! and
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11923

1921 1621

AL amyloidosis ( n = 140) MGUS/MMI(n=104)

Figure 1. The clustering of chromosomal gains (1q21, 5p15/5q35, 9934, 11923,
1522, 17p13, and 19q13) in an oncogenetic tree model of AL = MM | and
MGUS/MM 1. The complete dataset with all 7 branches tested is complete in 243 of
246 AL and in 173 of 180 MGUS/MM | patients. At least one of the 7 investigated
aberrations was detected in 58% (n = 140) of the evaluable AL patients and in 60%
(n = 104) of the MGUS/MM | patients. The length of each horizontal edge e is
proportional to —log(pe). Bootstrap confidence values (in percentage) for the inner
nodes are given, based on 500 bootstrap samples. In addition to the clusters shown
in the graph for gains in the AL group, gains of 15922 and 17p13 were identified as a
separate cluster in 42% of the bootstrap samples and gains of 934 and 17p13 builta
cluster in 41% of samples; in another 23%, 15922 was added to the cluster of 9934
and 17p13. For MGUS/MM | cases, gains of 19913 and 17p13 were grouped together
in 65% of the 500 bootstrap samples, whereas 5p15 and 17p13 were separately
clustered in 21% of samples. In 22% of samples, we observed a terminal cluster of
5p15 together with 15g22.

analyzed the distribution of these 5 chromosomal gain frequen-
cies in the 4 patient groups. This confirmed that the rate of
gained chromosomes was lower in AL compared with MGUS
(P < .001, frequency distribution; Table 3) and was higher when
the plasma cell disorder had reached the stage of MM I (P < .001
for AL; P = .26 for MGUS).

Dichotomy of patients with gain of 11923

We assessed AL = MM I patients with gain of 11q23 in more detail
and could delineate 2 subgroups (Table 4): they displayed either a
concomitant t(11;14) or hyperdiploidy as defined by the score by
Wauilleme et al'! (P < .001). Using additional probes for 11p15 and
11cen, we could show that t(11;14)-positive patients with gain of
11g23 generally present a normal diploid status for the loci 11p15
and 11cen, so that the gain of 11q23 is merely related to the t(11;14)
rearrangement (Figure 2). Because all patients with gain of 11q23
and concomitant hyperdiploidy on the contrary also displayed extra
copies of 11p15 and 11cen, gain of 11923 in these patients reflected
trisomy of the whole chromosome 11. This dichotomy was highly
statistically significant (2-sided 95% Cls for the probability of gain
of 11p15 and llcen between the t(11;14)-positive/hyperdiploidy
negative group and the t(11;14)-negative/hyperdiploidy positive
group were not overlapping; 95% CI, 0.01-0.3 and 0.7-1.0
respectively).

The same dichotomy emerged in our MGUS/MM 1 patients
with gain of 11q23 (P < .001, 2-sided 95% ClIs for gains of 11q15

Table 3. Number of extra copies of the 5 probes 5p15/5¢35, 9934, 1522, 17p13, and 19q13 for each of the patient groups

No extra copy, % 1 extra copy, %

2 extra copies, %

3 extra copies, % 4 extra copies, % 5 extra copies, %

AL (n = 220) 76 8
AL + MM (n = 25%) 44 8
MGUS (n = 144%) 58 7
MM | (n = 29) 41 7

6
12

6
14

4 3 3
8 20 8
9 17 3
17 21 0

*Only patients with all 5 probes available are included.
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Figure 2. Gains of 11p15, 11cen, and 11q13 in pa-
tients positive for gain of 11923 depending on their
t(11;14) and hyperdiploidy status. A chromosomal gain

11"15 is represented by black bars and a normal diploid status
11 it is indicated by white bars. Patient samples are grouped
ce according to t(11;14) and hyperdiploidy subgroups.
11q13
e |

AL amyloidosis +/- MM |

t(11;14) + — + —
hyperdiploid — — + +
MGUS /MM |
11cen
11q13
1(11;14) + - + -
hyperdiploid _— — -+ -+

and 1lcen not overlapping; 95% CI, 0.04-0.7 and 0.9-1.0, respec-  plasmacytosis (P = .007) compared with nonhyperdiploid pa-
tively). However, because of the lower t(11;14) frequency and the  tients. As for clinical parameters, hyperdiploid patients were
higher hyperdiploidy rate in this group, the distribution pattern was  diagnosed at a higher age (P = .04), but no sex predilection was
inversed (Table 4). observed (P = .5).

Finally, we analyzed our samples with gain of 11q13 without In AL = MM 1|, ploidy status proved unrelated to number of
concomitant gain of 11q23. This constellation was invariably  jpyolved organs and the organ involvement pattern.

associated with t(11;14) (65 of 66 patients in AL = MM I, 28 of 28

in MGUS/MM D), and accordingly only a single of 60 patients  aAssociation of hyperdiploid and nonhyperdiploid phenotypes
tested for 11p15 and 11cen had gained chromosome 11 as a whole.  \ith other cytogenetic aberrations

A§s-¢:>ciation of hyperdiploidy with hematologic and Both in the AL = MM I and the MGUS/MM I groups, t(11;14) was
clinical parameters rarely detected in the hyperdiploid group (Figure 3). This inverse
As for hematologic parameters in the overall study population, ~ association was highly significant (P <.001 in both entities). All
hyperdiploid patients displayed higher frequencies of an intact 5 cases with translocation t(14;16) also belonged to the nonhyper-
immunoglobulin (P < .001; Table 5) and k light chain restric-  diploid category; however, the very small number excluded its
tion (P < .001) as well as a higher degree of bone marrow assignment to ploidy groups (P = 1). On the contrary, t(4;14) and

AL amyloidosis, n = 246 l

Frequency % | non-hyperdiploid hyperdiploid

t(11;14) 130/ 246 53% 59%|
t(4;14) 10/246 4%
1(14;16) 3/243 1%

IgH unknown 49/243 20%

del13q14 85/246 35% 34%
del17p13 4/246 2%
gainig21 58 /244 24% 57%

MGUS /MM, n=180 |

| non-hyperdiploid hyperdiploid

Frequency %

t(11;14) 46/180 26% 36% 3%

1(4;14) 20/180 1% 13% 7%

t(14;16) 2/177 1%
Figure 3. The frequencies of cytogenetic aberrations 30%
in hyperdiploid versus nonhyperdiploid patients in IgH unknown | 46/177 26% °
the AL = MM and MGUS/MM | entities. Statistical signifi- del13q14 59/180 33% 35% 28%
cance was reached for the inverse association of hyperdip- del17p13 5/180 3%
loidy with t(11;14) in both AL = MM | (P < .001) and

idy with t( )i ( ) gainig21 35/179 20% 24%

MGUS/MM | (P < .001) as well as for the association of
hyperdiploidy with gain of 1g21 in AL = MM | (P = .02).
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Table 4. Distribution of patients with gain of 11923 in subgroups
defined by t(11;14) and hyperdiploidy

t (11;14) negative

t (11;14) positive

AL = MM I (n = 246)

Hyperdiploidy negative 13* 51

Hyperdiploidy positive 18 5t
MGUS/MM | (n = 180)

Hyperdiploidy negative 13 12

Hyperdiploidy positive 40 1t

*Three patients with a local gain of 11923 without a concomitant gain of 11q13
(see Figure 2) are included in this number.

tIn patients with t(11;14) and hyperdiploidy, the clonal size of both aberrations
was similar, suggesting that the same clone harbors both aberrations.

IgH translocations with an unknown partner were equally distrib-
uted among the ploidy groups (P = 1 in both entities). Both ploidy
groups also displayed similar frequencies of deletion 13q14 (P = 1
in both entities). This cytogenetic aberration pattern is also
visualized by our oncogenetic tree model, which assigns t(11;14)
and hyperdiploidy both in AL = MM I and MGUS/MM 1 to
separate branches originating right from the root of the tree (Figure
4). In addition to t(11;14) and hyperdiploidy, deletion 13q14, with
t(4;14) linked to it, and IgH translocations with an unknown
translocation partner emerged as distinct branches, which separated
very early from the hyperdiploidy branch. Although the oncoge-
netic tree models for AL = MM I and MGUS/MM 1 were largely
overlapping, there was one difference regarding gain of 1q21.
Whereas it clustered with the deletion of 13q14/t(4;14) branch in
MGUS/MM 1, it was associated with hyperdiploidy in AL = MM I
(P = .001; Figure 3).

Because the oncogenetic tree clustering is based on the prin-
ciple of plasma cell clones harboring more than one cytogenetic
aberration, we also used the 6 major cytogenetic aberrations
considered in the oncogenetic tree model as a measure for the
degree of chromosomal instability. The aberration frequencies were
alike in the AL and the MGUS groups (P = .49; Table 6). However,
within both groups, MM I was associated with an increased number
of detected chromosomal aberrations (P < .001 in AL = MM 1,
P <.001 in MGUS/MM I).

Discussion

In this study, we could establish that in AL, as in MGUS and MM 1,
a portion of patients have a hyperdiploid karyotype as underlying
cytogenetic instability assessed by the score of Wuilleme et al.!!
So, hyperdiploidy can be detected at an early stage of plasma cell
dyscrasia best represented by AL, which becomes rather symptom-
atic because of the amyloidogenicity of the light chains, its
“unlucky protein,”'31¢ than because of the malignancy of the
plasma cell clone.

The cytogenetic aberration patterns known to go along with
ploidy groups in MM could be reproduced both in our AL = MM I
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0.95

hyperdiploidy nyperdipioidy

igH unknown 0.53 IgH unknown

t(11;14) Y11;14)

AL amyloidosis ( n =224 ) MGUS /MM (n=157)

Figure 4. The clustering of the major cytogenetic aberrations (gain of 1q21,
hyperdiploidy, t(11;14), t(4;14), IgH split with unknown translocation partner,
and deletion of 13q14) in an oncogenetic tree model of AL = MM | and
MGUS/MM 1. The complete dataset with all 6 branches tested is complete in 241 of
246 AL and in 176 of 180 MGUS/MM | patients. At least one of the 6 investigated
aberrations was detected in 93% (n = 224) of the evaluable AL patients and in 89%
(n = 157) of the MGUS/MM | patients. The length of each horizontal edge e is
proportional to —log(pe). Bootstrap confidence values (in percentage) for the inner
nodes are given, based on 500 bootstrap samples. Besides the clusters shown in this
figure, t(4;14) clustered together with gain 1921, del 13q14, and hyperdiploidy in 46%
of the bootstrap samples for AL cases and in 22% for MGUS/MM | cases.

and our MGUS/MM 1 groups. Accordingly, the oncogenetic trees
for both entities largely overlapped. In detail, we could confirm the
strong inverse association between “primary” IgH translocations,
particularly t(11;14), and hyperdiploidy, which has repeatedly been
described in MM!:17:23:32-37 and supports the concept of dichotomy
of hyperdiploidy and nonhyperdiploidy.>3¢38 In addition, in line
with previous MM studies,®” we could show that the inverse
association of hyperdiploidy and IgH translocations does not apply
to IgH translocations with an unidentified partner, the “secondary”
IgH translocations, which were equally distributed between hyper-
diploidy and nonhyperdiploidy. Despite its association with nonhy-
perdiploidy in most MM studies, '%-11-2425.36 deletion of 13q14 in our
early-stage monoclonal gammopathy groups was rather equally
distributed between hyperdiploidy and nonhyperdiploidy as well.
Overall, the recurring overlap of aberration patterns in AL and
MGUS highlights the common pathogenetic mechanisms underly-
ing these plasma cell dyscrasia entities.

Despite these shared pathogenetic patterns, the frequencies for
individual aberrations widely differed among disease entities. First,
hyperdiploidy was rare in AL compared with MGUS and MM 1.
Vice versa, AL showed its known high prevalence of t(11;
14),13:15.16.39 which is considered a very early and possible initiating
event of clonal immortalization driving the nonhyperdiploid path-
way. However, beyond this AL versus non-AL comparison, the
distribution frequencies of karyotypic aberrations also depended on
the stage of the plasma cell disorder from MGUS to MM L
Strikingly, we observed a markedly higher prevalence of hyperdip-
loid karyotypes in AL with concomitant MM I (46%) compared
with AL without MM I (11%, P < .001). Of note, this hyperdip-
loidy frequency of AL patients with concomitant MM I was close to
the 51% to 60% range consistently reported for symptomatic MM
patients by previous studies using different techniques, such as

Table 5. Association of hyperdiploidy with clinical and hematologic parameters of the entire study population

Age (median, Sex (male vs

Bone marrow

Ig subtype (I9G vs Light chain restricition plasmacytosis, %

range), y female), % Intact Ig, % IgA), % (k Vs ), % (median, range)
Hyperdiploid (n = 95) 63 (40-87) 51-49 89 79-21 57-43 12 (1-50)
Nonhyperdiploid (n = 331) 60 (29-84) 55-45 58 76-24 36-64 9 (1-46)
P .04 B < .001 .6 <.001 .007
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Table 6. Chromosomal instability as determined by the number of major cytogenetic aberrations (IgH translocations, gain of 1g21, deletion

13q14, and hyperdiploidy)

No 1
chromosome chromosome
aberration, % aberration, %

2 3 4
chromosome chromosome chromosome
aberrations, % aberrations, % aberrations, %

AL (n = 217)* 7 54
AL + MM (n = 26) 0 35
MGUS (n = 149)* 11 51
MM | (n = 29) 3.5 28

28 © 2
23 35 8
28 8 2
31 34 3.5

*Only patients with all 4 probes available are included.

conventional karyotyping, iFISH analysis, and flow cytometric
DNA content measurement. !0-12:354041 Vice versa, the frequency of
t(11;14) dropped in AL during disease transition to MM I (55% vs
35%, P = .06).

The high prevalence of hyperdiploidy in the AL + MM I
group suggests that the hyperdiploid karyotypes are biologically
distinct and manifest themselves with a higher plasma cell
burden. Accordingly, the hyperdiploid phenotype in our study
frequently showed an intact immunoglobulin and a k light chain
restriction, mimicking features known to be characteristic of
MM. A second factor may also contribute to the higher
hyperdiploidy frequency of 46% in the AL + MM I group: our
study demonstrates a growing overall karyotypic instability
during progression of the plasma cell dyscrasia (Table 6). It
might be therefore speculated that this growing overall karyo-
typic instability also leads to additional chromosomal gains and
thus contributes to the higher hyperdiploidy frequency in the
AL + MM I group (Tables 2-3). From a biologic viewpoint, it is
probable that chromosomal gains characteristic of hyperdip-
loidy are gained rather step by step than at once.*? AL represents a
particular early stage of monoclonal gammopathy, so inherently
hyperdiploid phenotypes may not have expanded and completed
their chromosomal gains yet, which contributes to a lower hyperdip-
loidy frequency in the AL group compared with the AL + MM I
group. In our study, the association of hyperdiploidy in AL = MM
I with gain of 121 (P < .001; Figure 3), which is a known
progression factor in MM,* supports the concept of hyperdiploidy
as an evolving process in an early stage of myelomagenesis.
Although the dichotomy concept of hyperdiploidy versus nonhyper-
diploidy is well estabilished,** only a few studies have yet
interpreted hyperdiploidy as a possible progression-related event in
plasma cell dyscrasias.®?> The concept of acquiescence of addi-
tional chromosomal gains during disease progression is also
supported by a small follow-up analysis of MGUS “patients” who
acquired slowly gradual chromosome changes.* Our study, again,
was only based on cross-sectional, but not on longitudinal,
individual follow-up data. However, given the validation of
monoclonal plasma cell purity by light chain staining and assess-
ment of clonal sizes in our study, the increasing hyperdiploidy
frequency during disease progression truly reflects a biologic
phenomenon and does not merely mirror the higher degree of bone
marrow plasmacytosis in advanced gammopathies.

As for the assessment of individual trisomies, the oncogenetic
tree model confirmed the strong association of gains of 17p13 and
19q13 with gains of 5p15/5q35, 9934, and 15q22 used in the score
by Wuilleme et al.'! Gain of 11g23, however, had a distinct
branching pattern. For both AL = MM I and MGUS/MM I groups,
we could elaborate the dichotomy of 11q23 gains, which split into
t(11;14)-positive and hyperdiploid karyotypes. In the first group,
gain of 11g23 is the consequence of a complex translocation

involving t(11;14). In the hyperdiploid group, gain of 11q23
represents an additional chromosome 11 as confirmed by gains for
11p15 and 11cen. In AL, t(11;14) has a particularly high frequency
and hyperdiploidy is rare, so 11923 is most frequently detected in
conjunction with t(11;14), which accounts for their common
clustering in the oncogenetic tree model described previously by
our group.'® Vice versa, in MGUS/MM 1, where hyperdiploidy
frequencies prevail more than t(11;14) frequencies, gain of 11q23
truly reflects an additional chromosome 11 in most cases. There-
fore, chromosome 11 iFISH probes should be chosen and inter-
preted cautiously. Beyond that, our chromosome 11 workup again
mirrors the role of t(11;14) and hyperdiploidy as antagonizing
poles in plasma cell neoplasms.

In conclusion, AL, with its particularly early-stage monoclonal
gammopathy, appears to be a suitable model to investigate the
biology of MM oncogenesis.

Acknowledgments

The authors thank Michaela Brough for excellent technical assis-
tance in iFISH analysis and Katrin Heimlich and Maria Dorner for
their excellent technical assistance in plasma cell enrichment.

This work was supported in part by grants from the Tumorzen-
trum Heidelberg/Mannheim (D.10026942) (A.J., K.N.), the Dietmar-
Hopp-Stiftung Heidelberger Konzept zur Optimierung der Diagnos-
tik und Therapie des Multiplen Myeloms (H.G.), and Celgene
Germany (S.0.S.).

Authorship

Contribution: T.B., U.H., AJ., and S.0O.S. conceived and designed
the study; T.B., U.H., K.N., D.H., H.G., and S.O.S. provided study
materials/patients; T.B., U.H., AJ., and S.O.S. collected and
assembled data; S.P.-Z., D.K., D.H., A.S., CR.B., H.G,, and A.J.
conducted plasma cell enrichment and iFISH; T.B., U.H., M.M.,
AlJ., and S.0O.S. analyzed and interpreted data; C.H. and A.B.
performed statistical analysis; T.B., U.H., C.H., A.B., M.M., A.].,
and S.0.S. wrote the manuscript; and T.B., U.H., C.H., A.B., M.M.,
A.S.,KNN.,D.H,CR.B,ADH., HG., A, and S.0.S. gave final
approval of the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Stefan O. Schonland, Amyloidosis Center, Depart-
ment of Internal Medicine, Division of Hematology/Oncology, Univer-
sity of Heidelberg, Im Neuenheimer Feld 410, 69120 Heidelberg,
Germany; e-mail: Stefan.Schoenland @med.uni-heidelberg.de.

20z aunr g0 uo 3sanb Aq Jpd'608€001L L 77108UZ/LG6.LEEL/B08E/YL/LL L/Pd-BIoIE/POO|qARU SUOREDgNdYSE//:d]IY WOl papeojumog



BLOOD, 7 APRIL 2011 - VOLUME 117, NUMBER 14

References

10.

1.

12.

13.

14.

15.

HYPERPLOIDY IN ALAMYLOIDOSIS AND MGUS

3815

Bergsagel PL, Kuehl WM. Molecular pathogene-
sis and a consequent classification of multiple
myeloma. J Clin Oncol. 2005;23(26):6333-6338.

Bergsagel PL, Kuehl WM, Zhan F, Sawyer J,
Barlogie B, Shaughnessy J Jr. Cyclin D dysregu-
lation: an early and unifying pathogenic event in
multiple myeloma. Blood. 2005;106(1):296-303.

Chng WJ, Kumar S, Vanwier S, et al. Molecular
dissection of hyperdiploid multiple myeloma by
gene expression profiling. Cancer Res. 2007;
67(7):2982-2989.

Walker BA, Wardell CP, Chiecchio L, et al. Aber-
rant global methylation patterns affect the mo-
lecular pathogenesis and prognosis of multiple
myeloma. Blood. 2011;117(2):553-562.

Kyle RA, Therneau TM, Rajkumar SV, et al. A
long-term study of prognosis in monoclonal gam-
mopathy of undetermined significance. N Eng/

J Med. 2002;346(8):564-569.

Rasillo A, Tabernero MD, Sanchez ML, et al. Flu-
orescence in situ hybridization analysis of aneup-
loidization patterns in monoclonal gammopathy of
undetermined significance versus multiple my-
eloma and plasma cell leukemia. Cancer. 2003;
97(3):601-609.

Comenzo RL, Zhang Y, Martinez C, Osman K,
Herrera GA. The tropism of organ involvement in
primary systemic amyloidosis: contributions of Ig
V(L) germ line gene use and clonal plasma cell
burden. Blood. 2001;98(3):714-720.

Lee W, Han K, Drut RM, Harris CP, Meisner LF.
Use of fluorescence in situ hybridization for retro-
spective detection of aneuploidy in multiple my-
eloma. Genes Chromosomes Cancer. 1993;7(3):
137-143.

Drach J, Angerler J, Schuster J, et al. Interphase
fluorescence in situ hybridization identifies chro-
mosomal abnormalities in plasma cells from pa-
tients with monoclonal gammopathy of undeter-
mined significance. Blood. 1995;86(10):3915-
3921.

Brousseau M, Leleu X, Gerard J, et al. Hyperdip-
loidy is a common finding in monoclonal gam-
mopathy of undetermined significance and mono-
somy 13 is restricted to these hyperdiploid
patients. Clin Cancer Res. 2007;13(20):6026-
6031.

Wauilleme S, Robillard N, Lode L, et al. Ploidy, as
detected by fluorescence in situ hybridization,
defines different subgroups in multiple myeloma.
Leukemia. 2005;19(2):275-278.

Chng WJ, Van Wier SA, Ahmann GJ, et al. A vali-
dated FISH trisomy index demonstrates the hy-
perdiploid and nonhyperdiploid dichotomy in
MGUS. Blood. 2005;106(6):2156-2161.

Hayman SR, Bailey RJ, Jalal SM, et al. Translo-
cations involving the immunoglobulin heavy-chain
locus are possible early genetic events in patients
with primary systemic amyloidosis. Blood. 2001;
98(7):2266-2268.

Perfetti V, Coluccia AM, Intini D, et al. Transloca-
tion T(4;14)(p16.3;932) is a recurrent genetic le-
sion in primary amyloidosis. Am J Pathol. 2001;
158(5):1599-1603.

Harrison CJ, Mazzullo H, Ross FM, et al. Translo-
cations of 14932 and deletions of 13q14 are com-
mon chromosomal abnormalities in systemic

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

amyloidosis. Br J Haematol. 2002;117(2):427-
435.

. Bochtler T, Hegenbart U, Cremer FW, et al.

Evaluation of the cytogenetic aberration pattern in
amyloid light chain amyloidosis compared with
monoclonal gammopathy of undetermined signifi-
cance reveals common pathways of karyotypic
instability. Blood. 2008;111(9):4700-4705.

. Fonseca R, Barlogie B, Bataille R, et al. Genetics

and cytogenetics of multiple myeloma: a work-
shop report. Cancer Res. 2004;64(4):1546-1558.

. Durie BG. Staging and kinetics of multiple my-

eloma. Semin Oncol. 1986;13(3):300-309.

. Skinner M, Sanchorawala V, Seldin DC, et al.

High-dose melphalan and autologous stem-cell
transplantation in patients with AL amyloidosis: an
8-year study. Ann Intern Med. 2004;140(2):85-93.

Gertz MA, Lacy MQ, Dispenzieri A. Amyloidosis:
recognition, confirmation, prognosis, and therapy.
Mayo Clin Proc. 1999;74(5):490-494.

Bochtler T, Hegenbart U, Heiss C, et al. Evalua-
tion of the serum-free light chain test in untreated
patients with AL amyloidosis. Haematologica.
2008;93(3):459-462.

Hillengass J, Zechmann CM, Nadler A, et al. Gain
of 1921 and distinct adverse cytogenetic abnor-
malities correlate with increased microcirculation
in multiple myeloma. Int J Cancer. 2008;122(12):
2871-2875.

Avet-Loiseau H, Attal M, Moreau P, et al. Genetic
abnormalities and survival in multiple myeloma:
the experience of the Intergroupe Francophone
du Myelome. Blood. 2007;109(8):3489-3495.

Agnelli L, Fabris S, Bicciato S, et al. Up-regula-
tion of translational machinery and distinct ge-
netic subgroups characterise hyperdiploidy in
multiple myeloma. Br J Haematol. 2007;136(4):
565-573.

Chiecchio L, Dagrada GP, Ibrahim AH, et al. Tim-
ing of acquisition of deletion 13 in plasma cell
dyscrasias is dependent on genetic context.
Haematologica. 2009;94(12):1708-1713.

Holm Al, Kohler B, Hoffmann SV, Nielsen SB. A
simple sequentially rejective multiple test proce-
dure. Scand J Stat. 1979;6:65-70.

von Heydebreck A, Gunawan B, Fuzesi L. Maxi-
mum likelihood estimation of oncogenetic tree
models. Biostatistics. 2004;5(4):545-556.

Felsenstein J. Confidence limits on phylogenies:
an approach using the bootstrap. Evolution.
1985;39:783-791.

Clopper CJ, Pearson ES. The use of confidence
or fiducial limits illustrated in the case of the bino-
mial. Biometrika. 1934;26:404-413.

R Development Core Team. R: a language and
environment for statistical computing. Vienna,

Austria: R Foundation for Statistical Computing.
www.R-project.org. Accessed August 24, 2009.

Hanamura |, Stewart JP, Huang Y, et al. Frequent
gain of chromosome band 1921 in plasma-cell
dyscrasias detected by fluorescence in situ hy-
bridization: incidence increases from MGUS to
relapsed myeloma and is related to prognosis
and disease progression following tandem stem-
cell transplantation. Blood. 2006;108(5):1724-
1732.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Cremer FW, Bila J, Buck |, et al. Delineation of
distinct subgroups of multiple myeloma and a
model for clonal evolution based on interphase
cytogenetics. Genes Chromosomes Cancer.
2005;44(2):194-203.

Smadja NV, Leroux D, Soulier J, et al. Further
cytogenetic characterization of multiple myeloma
confirms that 14q32 translocations are a very rare
event in hyperdiploid cases. Genes Chromo-
somes Cancer. 2003;38(3):234-239.

Gutierrez NC, Garcia JL, Hernandez JM, et al.
Prognostic and biologic significance of chromo-
somal imbalances assessed by comparative
genomic hybridization in multiple myeloma.
Blood. 2004;104(9):2661-2666.

Chiecchio L, Protheroe RK, Ibrahim AH, et al. De-
letion of chromosome 13 detected by conven-
tional cytogenetics is a critical prognostic factor in
myeloma. Leukemia. 2006;20(9):1610-1617.

Fonseca R, Debes-Marun CS, Picken EB, et al.
The recurrent IgH translocations are highly asso-
ciated with nonhyperdiploid variant multiple my-
eloma. Blood. 2003;102(7):2562-2567.

Chng WJ, Santana-Davila R, Van Wier SA, et al.
Prognostic factors for hyperdiploid-myeloma: ef-
fects of chromosome 13 deletions and IgH trans-
locations. Leukemia. 2006;20(5):807-813.

Avet-Loiseau H, Facon T, Grosbois B, et al. On-
cogenesis of multiple myeloma: 14q32 and 13q
chromosomal abnormalities are not randomly dis-
tributed, but correlate with natural history, immu-
nological features, and clinical presentation.
Blood. 2002;99(6):2185-2191.

Bryce AH, Ketterling RP, Gertz MA, et al. Translo-
cation t(11;14) and survival of patients with light
chain (AL) amyloidosis. Haematologica. 2009;
94(3):380-386.

Smadja NV, Bastard C, Brigaudeau C, Leroux D,
Fruchart C. Hypodiploidy is a major prognostic
factor in multiple myeloma. Blood. 2001;98(7):
2229-2238.

Garcia-Sanz R, Orfao A, Gonzalez M, et al. Prog-
nostic implications of DNA aneuploidy in 156 un-
treated multiple myeloma patients: Castelano-
Leones (Spain) Cooperative Group for the Study
of Monoclonal Gammopathies. Br J Haematol.
1995;90(1):106-112.

Chng WJ, Ketterling RP, Fonseca R. Analysis of
genetic abnormalities provides insights into ge-
netic evolution of hyperdiploid myeloma. Genes
Chromosomes Cancer. 2006;45(12):1111-1120.

Fonseca R, Van Wier SA, Chng WJ, et al. Prog-
nostic value of chromosome 1921 gain by fluo-
rescent in situ hybridization and increase CKS1B
expression in myeloma. Leukemia. 2006;20(11):
2034-2040.

Fonseca R, Bergsagel PL, Drach J, et al. Interna-
tional Myeloma Working Group molecular classifi-
cation of multiple myeloma: spotlight review. Leu-
kemia. 2009;23(12):2210-2221.

Zandecki M, Lai JL, Genevieve F, et al. Several
cytogenetic subclones may be identified within
plasma cells from patients with monoclonal gam-
mopathy of undetermined significance, both at
diagnosis and during the indolent course of this
condition. Blood. 1997;90(9):3682-3690.

20z aunr g0 uo 3sanb Aq Jpd'608€001L L 77108UZ/LG6.LEEL/B08E/YL/LL L/Pd-BIoIE/POO|qARU SUOREDgNdYSE//:d]IY WOl papeojumog



