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C lonal heterogeneity is defined as the presence of several
subclones possessing different genomic alterations within
a tumor."? Clonal heterogeneity has been associated with
invasion and metastasis,

tumor development,(3 )

“)

Clonal heterogeneity in lymphoid malignancies has been recently reported in
adult T-cell lymphoma/leukemia, peripheral T-cell lymphoma, not otherwise spec-
ified, and mantle cell lymphoma. Our analysis was extended to other types of
lymphoma including marginal zone lymphoma, follicular lymphoma and diffuse
large B-cell lymphoma. To determine the presence of clonal heterogeneity, 332
cases were examined using array comparative genomic hybridization analysis.
Results showed that incidence of clonal heterogeneity varied from 25% to 69%
among different types of lymphoma. Survival analysis revealed that mantle cell
lymphoma and diffuse large B-cell lymphoma with clonal heterogeneity showed
significantly poorer prognosis, and that clonal heterogeneity was confirmed as
an independent predictor of poor prognosis for both types of lymphoma. Inter-
estingly, 8924.1 (MYC) gain, 9p21.3 (CDKN2A/2B) loss and 17p13 (TP53, ATP1B2,
SAT2, SHBG) loss were recurrent genomic lesions among various types of lym-
phoma with clonal heterogeneity, suggesting at least in part that alterations of
these genes may play a role in clonal heterogeneity.

chromosomal translocations and copy number alterations
(CNA). Tumors with many somatic mutations in general tend
to lack CNA, while tumors with CNA have fewer somatic
mutations."'® Therefore, it is important to choose an appropri-
ate method to analyze genomic alterations for each tumor.
Tumors with many somatic mutations require next-generation

and poor
sequencing analysis, while tumors with CNA such as lym-

clinical outcome.”® In regards to malignant lymphoma, there
are some previous studies on clonal heterogeneity,®” includ-
ing our recent reports.*'” We analyzed adult T-cell leukemia
/ lymphoma and found that clonal heterogeneity existed in
approximately 70% of investigated cases.'" It was also
found that cases of peripheral T-cell lymphoma not other-
wise specified (PTCL-NOS) with clonal heterogeneity had
a  poorer Pro nosis compared with cases  without
heterogeneity.'°

Genomic alterations in cases with clonal heterogeneity are
believed to contribute to clonal heterogeneity and several
methods can be used to identify these alterations. Genomic
alterations found in malignancies are somatic mutations,
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phoma are suitable for analysis by metaphase cytogenetics and
/or array comparative genomic hybridization (CGH).*

Array CGH analysis is a powerful tool that can explore
CNA in detail and evaluate tumor cell populations in biopsy
samples, which comprise tumor cells with genomic alterations
and normal cells without alterations. In this study, we devel-
oped a method of evaluating clonal heterogeneity by taking
into account tumor cell populations, and extended our study
to other types of lymphoma including Burkitt lymphoma,
follicular lymphoma and diffuse large B-cell lymphoma
(DLBCL) to investigate the relationship between clonal hetero-
geneity and clinicopathological features.
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Fig. 1. Results of array comparative genomic hybridization (CGH)
analysis for cases with and without clonal heterogeneity. (a) A case
without clonal heterogeneity showing a constant log, ratio for all
copy number alterations (CNA). (Top) The result of array CGH analysis
with chromosomal regions on the x-axis and log, ratios on the y-axis.
There are four CNA (arrowheads) whose log, ratios are —0.57. (Bot-
tom) Log, ratio and tumor cell population. The population of tumor
cells with the CNA whose log, ratio is —0.57 is calculated as 65%
(Fig. S1a—c). This case is assessed as a sample without clonal heteroge-
neity since populations of tumor cells with each and every CNA in this
sample are the same. (b) A case with clonal heterogeneity showing dif-
ferent log, ratios. (Top) The result of array CGH analysis. There are
two CNA (red up arrowheads) whose log;, ratio is 0.25, five CNA (red
down arrowheads) whose log, ratios are —0.30, and two CNA (black
down arrowheads) whose log, ratios are —0.62. (Bottom left) Log,
ratios and assessed tumor cell populations. This case is assessed as a
sample with clonal heterogeneity because of the different tumor cell
populations. (Bottom right) The simplest model of a tumor biopsy sam-
ple with different log, ratios explained by clonal evolution. The solid
box shows a tumor biopsy sample from a patient. It consists of 30% of
normal cells (30%) and 70% of tumor cells (70%, dotted box). The
tumor cells consist of a subclone (32%, left) and the other subclone
(38%, right), which can have evolved from the subclone in the left.

Materials and Methods

Patients for array comparative genomic hybridization analy-
sis. We studied previously untreated 332 cases of lymphoma,
comprising 29 cases of mantle cell lymphoma, 117 cases of
DLBCL, 79 cases of Follicular lymphoma, 25 cases of Burkitt
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Table 1. Sample number for array CGH analysis and incidence of
clonal heterogeneity for each types of lymphoma

Samples with CNA

Number of
T P Total Number of samples
ype o sample samples with CNA Clonal
lymphoma number without CNA (number of heterogeneity
samples (%)
with clonal
heterogeneity)
MCL 29 0 29 (20) 69%
DLBCL 117 0 117 (55) 47%
FL 79 13 66 (19) 29%
BL 25 5 20 (5) 25%
MALT 31 21 10 (3) 30%
PTCL-NOS 51 12 39 (16) 41%
Total 332 51 281 (118) 42%

CGH, comparative genomic hybridization; CNA, copy number altera-
tions; BL, Burkitt lymphoma; DLBCL, diffuse large B-cell lymphoma; FL,
follicular lymphoma; MALT, mucosa-associated lymphoid tissue
lymphoma; MCL, mantle cell lymphoma; PTCL-NOS, peripheral T-cell
lymphoma, not otherwise specified.

lymphoma, 31 cases of mucosa-associated lymphoid tissue
(MALT) lymphoma and 51 peripheral T-cell lymphoma, not
otherwise specified (PTCL-NOS). The patients were selected
from those hospitalized between 1983 and 2004 at the Aichi
Cancer Center hospital and hospitals related to Nagoya Univer-
sity Hospital. Lymphoma was diagnosed in accordance with
World Health Organization classification criteria.'* The clini-
cal features, hematologic characteristics, histology and immun-
ophenotypes were reviewed by an expert hematopathologist
(SN). Patients had received standard chemotherapy (mainly
CHOP-like regimen). Clinical information is summarized in
Table S1. This study was approved by the ethics committee of
the Aichi Cancer Center Research Institute.

Analysis procedure of array comparative genomic hybridization
data. Array comparative genomic hybridization data. We ana-
lyzed data obtained from previous results of BAC array CGH
for these 332 lymphoma samples."*'® The array CGH glasses
contained from 1778 to 2163 BAC clones (1.4—1.7 Mb resolu-
tions). These clones were aligned with each of the chromo-
somes based on data from the National Center for
Biotechnology Information (GRCh37) or from the University
of California Santa Cruz (hg 19). Data can be accessed at
http://www.ncbi.nlm.nih.gov/gds: Accession Number
GSE54303.

Background signal removal. In an effort to remove back-
ground signals from the array CGH data, the data obtained
from 332 samples were treated individually. One objective
sample was selected and Pearson’s correlation coefficients
between the objective sample and the other 331 samples were
calculated, where the correlation was computed based on log,
ratios after manually removing obvious CNA. A subset of
samples were then selected where the correlation coefficients
to the object sample were >0.5 (P = 4E-113). The median
value of those selected samples for each probe was then taken
as the background signal, and this value was subtracted from
the log, ratio of the objective sample. This procedure was
repeated 332 times.

Identification of copy number alterations and log, ratio. We
defined CNA on array CGH data by interactively updating and
labeling a maximum likelihood segmentation model using
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Table 2. Number of CNA regions for each type of lymphoma
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Type of lymphoma Clonal heterogeneity (—) Clonal heterogeneity (+) P
MCL 49 + 46 11.4+75 0.03
DLBCL 1 7.8 +43 % 12.7 + 6.1 5E-06
FL * ¥ % 46 + 4.8 N N 9.0+ 64 0.003
BL 3.1+ 2.1 * 7.8 +5.38 0.01
MALT 24 +1.3 * : 53+ 15 0.01
PTCL-NOS *| 7.2 + 6.6 * 16.9 + 6.6 5E-06
Total 6.0 + 49 12.1 + 6.8 3E-16

Average of number of CNA regions + standard deviation *P-value < 0.05 using Student’s t-test; **P-value < 0.01; ***P-value < 0.001. CNA, copy
number alterations; BL, Burkitt lymphoma; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; MALT, mucosa-associated lymphoid
tissue lymphoma; MCL, mantle cell lymphoma; PTCL-NOS, peripheral T-cell lymphoma, not otherwise specified.

SegAnnDB software."” On each continuous CNA, an average
of the log, ratios was calculated.

Calculation of tumor cell population from log, ratio. The
tumor cell population was calculated from the log, ratio based
on the functional relationship between the tumor cell popula-
tion to the total cells in the sample (X) and the log, ratio of
CNA from array CGH data (Y):

Y =log[{(2+n) xX+2x(1-X)}/2
for gain, while
Y =log[{(2—n) x X+2x (1 —X)}/2]for loss,

where n is the gained or deleted chromosomal copy number on
the CNA in tumor cells.

Definition of clonal heterogeneity. We defined a case indicat-
ing the same log, ratio for all CNA as a sample without clonal
heterogeneity (Fig. 1a) because the single tumor cell population
was calculated from the log, ratio(s) of all CNA in this sample.
We defined a case having different log, ratios in one sample as a
sample with clonal heterogeneity (Fig. 1a). Differences in log,
ratios were evaluated using Student’s #-test (P < 0.001) as previ-
ously described.”” In a few cases, the same tumor cell popula-
tion was applied when the log, ratios were proportional at
variable copy numbers (one copy gain versus two copy gain) in
the same sample. For example, a log, ratio of 0.685 indicates a
tumor cell population of 61% in a case of one copy gain and
0.39 is 63% in two copy gain (Fig. S1d). We defined such a case

Table 3. Differences in CNA between samples with and without clonal heterogeneity (more than 25% differences)

Clonal heterogeneity (—)

Clonal heterogeneity (+)

Types of lymphoma Detailed in
Gain Loss Gain Loss
MCL — — 6921, 89q13.3-q24.237 1p22.1-912, 5923.1,§ 7936.3, Figure S2
8p23.3-11.21, 9p24.3-q31.1,9
17p13.3-11.2++
DLBCL — — 19913.12-.43 9p21.3,9 17p13. 2-11. 2+ Figure 2
FL — — 2p16.1-14, 7p11.1, 7931.1-.2, § — Figure S3
8q22.1-24.23,1 9q12-34.3,}
10p15.3-13, 12p13.33-921.1,
18p11.21-g23
BL 1944, 12p13.33-¢24.33, — 1925.2, 3926.33-29, 6p25.3-22.3, q13-21, Figure S4
15922.32-15925.1 13931.3-32.3, 17923.1-24.1 10923.33-24.1, 11923.3-25,
14911.1-32.33,11 16q24.3,
17p13.3-q 121
MALT 1p36.33-.32, 2q14.3, — 13934, 20p11.22-q12, 22q11.21 7931.31-934, 20p12.1 Figure S5
3p26.3-929' 5931.1,
10p12.31-.1, 18q11.2 -q23
PTCL-NOS 5p15.1 — 7q921.11-935,1 8924.13-.21,1 2p23.3, q21.3-37.3, 4p16.1-15.2, Figure S6
9q33.3-34,1 16p13.3-11.1, 5914.3-34,§ 9p21.3-931.1,9
17921.2-25.3 10911.1-923.31, 12p13.1-.13,
13921.31-34, 14913.1-32.12,{}
15923, 17p13.3-11.2}7
All lymphomas — — — 9p21.3,9 17p13.3-11.2%+ Figure S7

Common aberrations more than two lymphomas are indicated in bold with underline.fAberration is found in MCL, FL and PTCL-NOS; }aberra-
tion found in FL and PTCL-NOS; §aberration found in MCL and PTCL-NOS; Yaberration found in MCL, DLBCL and PTCL-NOS; {faberration found
in MCL, DLBCL, BL and PTCL-NOS; ttaberration found in BL and PTCL-NOS. —, no region is identified; BL, Burkitt lymphoma; DLBCL, diffuse large
B-cell lymphoma; FL, follicular lymphoma; MALT, mucosa-associated lymphoid tissue lymphoma; MCL, mantle cell lymphoma; PTCL-NOS, periph-

eral T-cell lymphoma, not otherwise specified.
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Fig. 2. Chromosomal regions and frequencies of copy number altera-

tions (CNA) for DLBCL with and without clonal heterogeneity. (a) CNA
for 55 diffuse large B-cell lymphoma (DLBCL) cases with clonal hetero-
geneity. The x-axis represents chromosomal regions and the y-axis rep-
resents frequencies of gain (above 0) or loss (below 0). (b) CNA for 62
DLBCL cases without clonal heterogeneity. The profile of cases with-
out clonal heterogeneity resembles those of cases with clonal hetero-
geneity (a) while loss of 9p and 17p are less common in cases without
heterogeneity than in those with (arrowheads). (c) Differences in CNA
between DLBCL with and without clonal heterogeneity. (Top) Subtrac-
tion of frequencies of gain in cases without clonal heterogeneity (b,
red area) from those with (a, red area). The y-axis represents differ-
ences in frequency (>0: higher frequencies in cases with clonal hetero-
geneity; <0: higher frequencies in those without clonal
heterogeneity). The characteristic gain in DLBCL cases with clonal het-
erogeneity is 19p (arrowhead) with more than 25% differences
between cases with and without clonal heterogeneity. (Bottom) Sub-
traction of frequencies of loss in cases without clonal heterogeneity
(b, blue area) from those with clonal heterogeneity (a, blue area). The
y-axis represents differences (>0: higher frequencies in cases with clo-
nal heterogeneity; <0: higher frequencies in those without clonal het-
erogeneity). The characteristic loss in DLBCL cases with clonal
heterogeneity are 9p and 17p (arrow heads). All gain and loss with
differences >25% are summarized in Table 3.

with different log, ratios showing one tumor cell population as a
sample without clonal heterogeneity.

Statistics. Statistical analysis included Student’s r-test, Fish-
er’s exact test, the Cox proportional hazard model and Kap-
lan—Meier analysis, which were performed using the free
software R (http://www.r-project.org/).

Analysis of published data. We also studied the existence
of clonal heterogeneity in MALT lymphoma samples using inde-
pendently published data.?” Data was obtained from http:/
www.ncbi.nlm.nih.gov/gds; Accession Number GSE35278.

Results

Assessment of clonal heterogeneity using array comparative
genomic hybridization data. Identification of copy number
alterations. We identified CNA for 332 malignant lymphoma
cases using array CGH data. Of these, 51 cases showed no
CNA and were removed from further analysis. The removed
cases were 13 of the 79 cases of follicular lymphoma, five of
the 25 cases of Burkitt lymphoma, 21 of the 31 cases of
MALT lymphoma, and 12 of the 51 cases of PTCL-NOS. In
the remaining 281 samples, one to 38 (8.5 4+ 6.5, mean 4+ SD)

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Fig. 3. Various types of lymphoma cases with or without 8g24.1
gain, 9p21.3 loss and 17p13.1 loss. Cases without clonal heterogeneity
(left) are compared with those with clonal heterogeneity (right). Lym-
phoma types are shown over each box. Red, black and white boxes
indicate cases with gain, with loss, and without loss and gain, respec-
tively; the upper, middle and lower lanes of the boxes represent
8p24.1 (MYC locus), 9p21.3 (CDKN2A) and 17p13.1 (TP53), respectively.
*P < 0.05 and **P < 0.01 by Fisher's exact test.

CNA per sample were identified. When the log, ratio of each
CNA was examined, some cases showed different log, ratios
in a sample (Fig. 1a). Detailed analysis suggested that several
subclones with different CNA existed in such cases.

Assessment of clonal heterogeneity. The average log, ratios
of identified CNA were used to calculate tumor cell popula-
tions for the examination of clonal heterogeneity. When a
sample does not contain any normal tissue components (e.g.
cell lines), the log, ratio is calculated as shown in Figure S1
(a). However, a tumor biopsy sample consists of tumor cells
with CNA and normal cells without any CNA (Fig. S1b).
We can evaluate an average chromosomal copy number for
a sample containing a mixture of tumor cells and a normal
tissue component using the formula shown in Figure S1(c).
Therefore, the percentage of tumor cells can be assessed by
the log, ratio of such CNA. When all CNA in a sample
show the same log, ratio, the case is assessed as a sample
without clonal heterogeneity because the population of tumor
cells with each CNA is the same in that case (Fig. la). A
case with different log, ratios is assessed as a sample with
clonal heterogeneity because there were different populations
of tumor cells with different CNA in most cases. Clonal
evolution is suggested to have taken place in such cases
(Fig. 1a).

Assessment by G-banding of method for the examination of
clonal heterogeneity. Assessment of the method employed for
the examination of clonal heterogeneity based on array CGH
analysis was performed using G-banding analysis. Sometimes
the same tumor cell population was determined from different
log, ratios of array CGH analysis in a sample, indicating that
there are CNA with different chromosomal copy numbers in a
tumor clone. G-banding revealed that CNA were present with
different copy numbers in such cases (Fig. S1d), indicating
that the method employed for the examination of clonal heter-
ogeneity accurately reflected the karyotype.

Incidence of clonal heterogeneity. The 281 cases of six types
of lymphoma were assessed for clonal heterogeneity based on

Cancer Sci | July 2014 | vol. 105 | no.7 | 900
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the method described above. Incidence of clonal heterogene-
ity varied significantly among lymphoma types, from 25%
(Burkitt lymphoma) to 69% (mantle cell lymphoma; Table 1,
P =0.003 by Fisher’s exact test). Incidence of clonal hetero-
geneity also varied among lymphoma subtypes. It differed
between GCB-DLBCL and ABC-DLBCL (Table S2, 28%
and 64%, P = 0.007). It was correlated with stages in follicu-
lar lymphoma (Table S3, 17%, 29%, 33% and 44% in stage
I, II, IIa and IIIb, respectively). In cases of MALT
lymphoma, any CNA did not exist in cases with t(11:18) and
clonal heterogeneity was only found in cases without
t(11:18). This result was confirmed using independent pub-
lished data (Table S4).%

Numbers of copy number alterations for samples with and
without clonal heterogeneity. Numbers of CNA were compared
between cases with and without clonal heterogeneity (Table 2).
The average numbers of CNA were significantly higher for the
cases with clonal heterogeneity than those without clonal het-
erogeneity for any types of lymphoma (Table 2). The averages
varied significantly among each type of lymphoma, from 2.4
(MALT) to 7.8 (DLBCL) in cases without clonal heterogeneity
and from 5.3 (MALT) to 16.9 (PTCL-NOS) in cases with
clonal heterogeneity.

Differences of chromosomal regions and frequencies of copy
number alterations between cases with and without clonal heter-
ogeneity. Chromosomal regions and frequencies of CNA were
compared between cases with and without clonal heterogeneity
(Fig. 2, Fig. S2-7; Table 3). Recurrent CNA among various
types of lymphoma with clonal heterogeneity were found to be
8g24.1 (minimal overlapping lesion: MYC) gain, 9p21.3
(CDKN2A/2B) loss and 17p13 (TP53, ATP1B2, SAT2, SHBG)
loss. The 8p24.1 (MYC) gain was found in significantly more
cases with clonal heterogeneity than in those without clonal het-
erogeneity in follicular lymphoma and PTCL-NOS. The 9p21.3
loss was found in mantle cell lymphoma, DLBCL and PTCL-
NOS. The 17pl13 loss was found in mantle cell lymphoma,
DLBCL, Burkitt lymphoma and PTCL-NOS (Fig. 3).

Relationship between clonal heterogeneity and clinical out-
comes. Survival analysis revealed that clonal heterogeneity
was correlated with poor prognosis in several types of lym-
phoma. Significantly poor prognosis was found in mantle cell
lymphoma (P = 0.005) and DLBCL (P = 6e-5; Fig. 4). Burkitt
lymphoma and PTCL-NOS also showed a poorer prognosis in
cases with clonal heterogeneity than those without clonal het-
erogeneity, although the differences were not statistically sig-
nificant (P = 0.17 and P = 0.15, Fig. S10b,c). There was no
difference between cases with clonal heterogeneity and those
without for cases involving follicular lymphoma (P = 0.7,
Fig. S10a). Because all patients with MALT lymphoma were
alive, statistical analysis was not performed.

Monovariate analysis was conducted on the factors affecting
prognosis in mantle cell lymphoma and DLBCL. The results
revealed that IPI (international prognostic Index; P = 0.03 for
mantle cell lymphoma, P = 0.002 for DLBCL) and clonal het-
erogeneity (P = 0.02 and P = 0.00005, respectively) were cor-
related with prognosis in both of mantle cell lymphoma and
DLBCL (Table 4). 9p21.3 (CDKN2A) loss was correlated with
poor prognosis in DLBCL (P = 0.001) and 17p13.1 (TP53)
loss was correlated in mantle cell lymphoma (P = 0.02). Mul-
tivariate analysis compared IPI, number of CNA, clonal heter-
ogeneity, 8q24.1 (MYC) gain, 9p21.3 loss and 17p13.1 loss. It
demonstrated that IPI (P = 0.0009), clonal heterogeneity
(P =0.006) and 8q24.1 gain (P = 0.005) were associated
with a poor prognosis for mantle cell lymphoma while clonal

Cancer Sci | July 2014 | vol. 105 | no.7 | 901
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heterogeneity (P = 0.0003) and 9p21.3 loss (P = 0.003) were
associated with a poor prognosis for DLBCL (Table 4). Clonal
heterogeneity was confirmed by multivariate analysis as an
independent predictor of poor prognosis for both types of lym-
phoma.

Discussion

We have developed a method for the assessment of clonal het-
erogeneity by taking into account the normal tissue compo-
nents in a tumor sample. Based on such an analysis, we
investigated the presence of clonal heterogeneity in 332 cases
comprising six types of lymphoma, and found relationships
between clonal heterogeneity and poor prognosis and recurrent
CNA.

a
@ 10- Mantle cell lymphoma
P =0.005
0.8
— 0.6 1
©
2 Clonal
g e o e e heterogeneity (-)
v 0.4 X n=9
1
R e e R R +
0.2 )
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T T T T T T T
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(b) 104+
10 DLBCL P=6e5
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— 0.6 T The
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2 |
2 B
0.4
0.2 ' ’
Clonal heterogeneity (+)
n=42
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| I I I I I
0 4 8 Years
Fig. 4. Clonal heterogeneity correlated with poor prognosis. (a) Kap-

lan-Meier analysis to compare survival in mantle cell lymphoma
patients with and without clonal heterogeneity. Patients with clonal
heterogeneity demonstrated a poorer prognosis than those without.
(b) Kaplan-Meier analysis in diffuse large B-cell lymphoma (DLBCL)
patients. Patients with clonal heterogeneity demonstrated poorer
prognosis than those without clonal heterogeneity.
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Table 4. Monovariate and multivariate analysis of prognostic factors affecting overall survival

Unfavorable

Mantle cell lymphoma (n = 26) DLBCL (n = 84)

Variable
factors

Monovariate IPI High intermediate/High
analysis Number of CNA(s) More than 7

Clonal heterogeneity Heterogeneity (+)

8q924.2 (MYC locus) Gain

9p21.3 (CDKNZ2A locus) Loss

17p13.1 (TP53 locus) Loss

Multivariate IPI High intermediate/High
analysis Number of CNA(s) More than 7
Clonal heterogeneity Heterogeneity (+)
8q24.2 (MYC locus) Gain
9p21.3 (CDKN2A locus) Loss
17p13.1 (TP53 locus) Loss

Odds ratio (95% Cl) P Hazard ratio (95% Cl) P
2.67 (1.12-6.37) 0.03 2.66 (1.45-4.88) 0.002
4.25 (1.56-11.55) 0.005 1.89 (0.97-3.68) 0.06
3.81 (1.25-11.63) 0.02 3.70 (1.97-6.96) 0.00005
2.16 (0.9-5.22) 0.09 1.06 (0.55-2.02) 0.9
2.32 (0.94-5.76) 0.07 2.78 (1.51-5.13) 0.001
3.14 (1.18-8.38) 0.02 1.26 (0.69-2.29) 0.4
7.15 (2.25-22.77) 0.0009 1.66 (0.87-3.18) 0.1
3.59 (0.96-13.36) 0.06 1.72 (0.8-3.72) 0.2
8.06 (1.8-36.15) 0.006 4.16 (1.93-8.98) 0.0003
8.11 (1.86-35.42) 0.005 1.4 (0.67-2.92) 0.4
4.94 (1.02-24.03) 0.05 2.69 (1.4-5.14) 0.003
1.54 (0.3-7.75) 0.6 2.03 (0.9-4.61) 0.09

Cl, confidence interval; DLBCL, diffuse large B-cell lymphoma; IPI, International Prognostic Index.

Clonal heterogeneity was associated with poor prognosis
in several types of lymphoma. Cases with clonal heterogene-
ity showed significantly poorer prognosis in mantle cell lym-
phoma and DLBCL (Fig. 4). Cases with clonal heterogeneity
also showed poorer prognosis, although not significantly, in
Burkitt lymphoma and PTCL-NOS (Fig. S10b,c), and
showed no difference in prognosis in follicular lymphoma
(Fig. S10a). One reason for the poor prognosis may relate to
clonal evolution of the tumor cells, which could have taken
place in cases with clonal heterogeneity (Fig. 1b). Recently,
prognostic biomarkers in several types of lymphoma have
been identified by analysis based on next-generation
sequencing or SNP array,*"?” such as somatic mutations of
notch 1 and 2%°*® and TP53.%” In addition to somatic
mutations, CNA,®%*D aberrant mRNA expression,m’“) and
cell surface markers®> have also been identified as prognos-
tic biomarkers. Our current analysis examined the presence
of clonal heterogeneity in lymphoma cases and found a cor-
relation between clonal heterogeneity and poor clinical out-
come. Therefore, the evaluation of clonal heterogeneity
could potentially be adopted as a new biological marker and
the combination of this marker and previously established
prognostic biomarkers could contribute toward the more
accurate prediction of clinical outcome for B and T-cell
lymphoma.

Cases with clonal heterogeneity irrespective of lymphoma
type indicated recurrent CNA: gain of MYC, loss of CDKN2A/
2B and loss of TP53 (Table 3; Fig. 3). Messenger RNA
expression of TP53 was lower in DLBCL cases (P = 0.04,
data not shown). Aberrations of these oncogene and tumor
suppressor genes could contribute toward clonal heterogeneity
by promoting and/or progressing lymphoma in various ways.
For example, overexpression of MYC stimulates tumor cell
proliferation, TP53 loss inhibits apoptosis, including apoptosis
induced by overexpression of MYC, and CDKN2A/2B loss
damages cell cycle checkpoint responses. Although it is not
known whether these CNA were generated during clonal evo-
lution or as an early event during lymphoma development, it is
important to note that these oncogene and tumor suppressor
genes reported in a variety of tumors®*®>® were also involved
in cases with clonal heterogeneity.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Although the relationships between clonal heterogeneity and
recurrent CNA and poor prognosis irrespective of lymphoma
type were shown, distinctive features of each lymphoma types
were also shown in our analysis. The incidence of clonal heter-
ogeneity varied among lymphoma types (Table 1) and sub-
types (Table S2—4). In addition to the incidence of clonal
heterogeneity, the numbers of CNA also varied among lym-
phoma types (Table 2). Moreover, examination of chromo-
somal regions and frequency of CNA indicated distinct
differences among lymphoma types (Fig. 2; Fig. S2-S7) and
subtypes (Fig. S8-9). These distinctive differences might
reflect physiological and pathological differences among lym-
phoma types. Beyond these differences, clonal heterogeneity
was present in all types of lymphoma.

In summary, we have developed a method of evaluating
clonal heterogeneity based on array CGH analysis by taking
into account tumor cell populations and found in the present
study that clonal heterogeneity was present in every type of
lymphoma. The relationships between clonal heterogeneity
and poor prognosis and recurrent CNA were identified. These
findings suggest that the evaluation of clonal heterogeneity
could potentially be adopted as a new biological marker, and
that the combination of this marker and previously established
prognostic biomarkers could contribute toward the more accu-
rate prediction of clinical outcome for B and T-cell
lymphoma.
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Fig. S1. Method for calculating a tumor cell population using the result of array comparative genomic hybridization (CGH) analysis.

Fig. S2. Chromosomal regions and frequencies of copy number alterations (CNA) for mantle cell lymphoma with or without clonal heterogeneity.

Fig. S3. Chromosomal regions and frequencies of copy number alterations (CNA) for follicular lymphoma with and without clonal heterogeneity.

Fig. S4. Chromosomal regions and frequencies of copy number alterations (CNA) for Burkitt lymphoma with or without clonal heterogeneity.

Fig. S5. Chromosomal regions and frequencies of copy number alterations (CNA) for mucosa-associated lymphoid tissue (MALT) lymphoma with
and without clonal heterogeneity.

Fig. S6. Chromosomal regions and frequencies of copy number alterations (CNA) for peripheral T-cell lymphoma, not otherwise specified (PTCL-
NOS) with and without clonal heterogeneity.

Fig. S7. Chromosomal regions and frequencies of copy number alterations (CNA) for all lymphoma with and without clonal heterogeneity.
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Fig. S8. Chromosomal regions and frequencies of copy number alterations (CNA) for ABC-diffuse large B-cell lymphoma (DLBCL) with and
without clonal heterogeneity.

Fig. S9. Chromosomal regions and frequencies of copy number alterations (CNA) for GCB-diffuse large B-cell lymphoma (DLBCL) with and
without clonal heterogeneity.

Fig. S10. Survival differences between cases with and without clonal heterogeneity in each type of lymphoma.
Table S1. Clinical information and summary of analysis for 332 malignant lymphoma cases.

Table S2. Incidence of clonal heterogeneity for diffuse large B-cell lymphoma (DLBCL) subgroups.

Table S3. Incidence of clonal heterogeneity for follicular lymphoma.

Table S4. Incidence of clonal heterogeneity of mucosa-associated lymphoid tissue (MALT) lymphoma with or without MALT1 translocation.
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