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Intratumoral genetic heterogeneity and number of
cytogenetic aberrations provide additional prognostic
significance in chronic lymphocytic leukemia
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Purpose: Chronic lymphocytic leukemia (CLL) is a heterogeneous
disease with cytogenetic aberrations that are still considered the
gold standard of prognostic factors. However, heterogeneity remains
within each cytogenetic group, especially in patients with concomi-
tant cytogenetic aberrations.

Methods: A panel of DNA probes was used to detect cytogenetic
aberrations, including RB1/D13S25 at 13q14, ATM at 11q22, TP53
at 17p13, CEP12 and IGH translocation at 14932, by fluorescence in
situ hybridization. A comprehensive method integrating the num-
ber of cytogenetic aberrations and intratumoral genetic heterogene-
ity was used to analyze the prognosis for patients with concomitant
aberrations.

Results: Within the conventional favorable or neutral prognos-
tic groups (i.e., with del 13q, trisomy 12, and/or t(14q32)), the

INTRODUCTION
Chronic lymphocytic leukemia (CLL) is the most common
adult leukemia in the Western world, but it is rare in the East.*?
It is known to be a heterogeneous disease with a strikingly
variable clinical course. The cytogenetic abnormalities present
are major determinants of the outcome for patients with CLL.
More than 80% of CLL patients harbor recurrent genetic aber-
rations identified by interphase fluorescence in situ hybridiza-
tion (FISH),** and detecting the presence of these cytogenetic
aberrations remains the gold standard and basis for the long-
standing hierarchical classification of CLL:® the deletion of
TP53 (17p) and the deletion of ATM (11q) are adverse predic-
tors, whereas the deletion of 13q14 alone is favorable. Trisomy
12 and IGH translocation (14q32) are neutral. However, even in
subgroups with an unfavorable outcome, the prognosis is het-
erogeneous. A subset of CLL patients with del 17p was reported
to have stable disease.” Intratumoral genetic heterogeneity
(ITH) may partially contribute to this nonuniformity. ITH is

coincidence of these three aberrations worsened survival in terms of
time to first therapy, progression-free survival, and overall survival.
However, within the conventional unfavorable prognostic group
(i.e., del 11q or del 17p), patients with a minor unfavorable clone
had an unexpected survival advantage compared with patients with
a major unfavorable clone. A new cytogenetic prognostic system that
integrates the number of cytogenetic aberrations and intratumoral
genetic subclones was more precise than the conventional system.

Conclusion: The number of cytogenetic aberrations and the size of
intratumoral genetic subclones should be comprehensively consid-
ered to determine the prognosis for CLL.
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defined as nonhomogeneity of genotypic/epigenetic status and
the variable expression of different markers by separate cell
groups within the same tumor, also known as clonal diversity.**

Although the existence of intratumoral subclones has long
been appreciated, little is known about the evolution of sub-
clonal genetic alterations or their impact on the clinical course
of CLL. Interestingly, in clinical FISH examinations, individual
patients might exhibit several cytogenetic aberrations simulta-
neously, but with asymmetric percentages of abnormal tumor
cells presenting the aberrations. For example, in one patient,
90% of cells were positive for del 13q, but only 30% were posi-
tive for del 17p or trisomy 12. This phenomenon indicates that
two cytogenetic subclones may exist in which tumor cells exhib-
iting del 17p or trisomy 12 may constitute a minor intratumoral
subclone. Using this algorithm, we identified intratumoral
cytogenetic subclones and numbers of cytogenetic aberrations
that could add to the prognostic significance of detected con-
ventional cytogenetic aberrations in CLL.
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MATERIALS AND METHODS

Patients

The study cohort consisted of 330 nonselected CLL patients
from the Institute of Hematology and Blood Disease Hospital,
Chinese Academy of Medical Sciences (CAMS), and the Peking
Union Medical College (PUMC). A diagnosis of CLL was made
according to the World Health Organization classification'® and
the Working Group of the National Cancer Institute criteria.'
Evidence of persistent lymphocytosis and a compatible immu-
nophenotype were required for the diagnosis. In all cases, an
immunophenotypic analysis was performed by flow cytometry,
including the following monoclonal antibodies (at minimum):
CD19, CD3, CD5, CD22, CD23, CD38, CD25, CD103, CDl11c,
FMC?7, BCL2, CD10, CD20, and surface immunoglobulins x
and A. All patients provided written informed consent in accor-
dance with the requirements of the Declaration of Helsinki,
and the research project was approved by the institutional eth-
ics review boards. The treatment applied during the course
of the disease was heterogeneous and included chlorambucil,
fludarabine, CHOP (cyclophosphamide, doxorubicin, vincris-
tine, and prednisone), or COP (cyclophosphamide, vincristine,
and prednisone); this was sometimes combined with rituximab.
The indications for treatment were standardized per the CLL
criteria."

Fluorescence in situ hybridization

Interphase FISH analysis was performed on peripheral blood or
bone marrow samples at diagnosis. The median tumor cell con-
tent of the peripheral blood/bone marrow samples was 72.2%
(range, 22.0 to 99.2%), as detected by flow cytometry. The CLL
FISH “panel” included probes for the following loci: chromo-
some 12 centromere (CEP12), 13q14.3 (LSI D13S25 and RB-1),
14932 (LSI IGHC/IGHYV), 17p13 (LSI TP53), and 11q22 (LSI
ATM) (all probes were purchased from Vysis, Abbott, Downers
Grove, IL). All the analyses were performed separately. In six
cases with more than two abnormalities, probes with differ-
ent colors were hybridized together. Sample preparation and
hybridization were conducted following the manufacturer’s
recommendations and as previously described.’*"* An LSI
CCND1/IGH Dual Color, Dual Fusion Translocation Probe
was used to exclude the possibility of mantle cell lymphoma
in the case of t(14q32) positivity. All probes were purchased
from Vysis. Signal screening was performed on at least 200
cells with well-delineated signals. The cutoffs for positive values
(the mean of the normal control +3 SD) were determined from
the samples of 10 cytogenetically normal people to be 7.5% for
CEP12; 6.5% for deletions of D13525, Rb1, ATM, and P53; and
4.5% for IgH translocation and CCND1/IGH.

Survival and statistical analysis

Overall survival (OS) was measured as the interval between
the date of diagnosis or obvious disease-related symptoms and
the date of death or last follow-up. Progression-free survival
(PFS) was measured as the interval between the date of diagno-
sis or obvious disease-related symptoms and the date of death
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from any cause or from disease progression. The time-to-first-
therapy (TTT) survival is defined as the time from diagnosis
or the appearance of obvious disease-related symptoms to the
first time chemotherapy was administered. Fisher’s exact test or
the chi-squared test was used to determine statistically signifi-
cant differences between the clinical characteristics of the two
groups. Survival curves were constructed using the Kaplan-
Meier method, and prognostic features were evaluated by uni-
variate analysis (i.e., the log-rank test). P < 0.05 was considered
statistically significant. All calculations were performed using
the SPSS statistical software package (version 13.0).

RESULTS

Clinical and cytogenetic characteristics

In total, 330 patients were enrolled in the study and analyzed
based on integral clinical records and cytogenetic results. The
median age of the patient cohort was 58 years (range, 26-86
years). The baseline characteristics are detailed in Table 1. Of
these patients, 259 exhibited at least one cytogenetic aberra-
tion out of the five genetic loci, with total positivity of 78.5% (as
shown in Table 1); 77 patients (23.3%) exhibited only del 13q.
The median positive rates for each cytogenetic aberration were
as follows: 49.75% (range, 7 to 99%) for del 13q; 36.4% (range,
7.5 to 86.0%) for trisomy 12; 40.75% (range, 5.0 to 99.5%) for
t(14q32); 52.5% (range, 8.0 to 95.0%) for del 11q; and 73.0%
(range, 7.5 to 99.5%) for del 17p.

One hundred ninety-nine patients had available conven-
tional karyotype results. Twenty-eight patients (14.1%) had
an abnormal karyotype, 142 had a normal karyotype, and 26
did not have analyzable mitotic cells. Among these 28 patients
with an abnormal karyotype, 16 had —13/-13q, +12, -11/-11q,
—-17/-17p, or t(14); among these 16 patients, 14 had counter-
part FISH abnormalities (87.5%). Of the 42 patients with nega-
tive FISH results, 38 (90.5%) had a normal karyotype. This
indicated a good correlation between conventional karyotype
and FISH.

Cytogenetic aberrations and their prognostic significance
The median follow-up was 51.5 months (range, 2 to 288
months). Four patients were lost to follow-up, 220 patients
(66.7%) received chemotherapy, 122 patients (37.4%) exhib-
ited disease progression, and 79 patients (24.2%) died. The
estimated median TTT for this cohort was 24.0 months (95%
CI: 19.3-28.7), with an estimated median PFS of 90.0 months
(95% CI: 73.9-106.1) and a median OS of 131.0 months (95%
CI: 93.2-168.8).

We analyzed the prognostic factors for this cohort of patients.
As shown in Table 1, del 11q and del 17p were adverse factors
for TTT and PFS, but only del 17p had a significant adverse
impact on OS. Del 13q was an advantageous factor for TTT
and PFS, but not for OS; patients with only del 13q exhibited
longer survival than other patients in terms of TTT, PFS, and
OS. Classification using the Rai risk-staging system also sig-
nificantly influenced survival, but sex and age did not. Because
the percentage of del 13q clones could impact the survival of
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Table 1 Clinical and cytogenetic characteristics and univariate analysis of their prognostic role in the entire patient cohort

Total number

Characteristics of cases (%) N T P PFS P (o} P

Sex 0.231 0.887 0.725
Male 223(67.6) 222 21.0(14.4-27.6) 92.0(75.7-108.3) 162.0(91.5-232.5)

Female 107 (32.4) 104 27.0(21.4-32.6) 72.0 (44.1-100.0) 128.0 (Not estimated)

Age (years) 0.644 0.601 0.154
>60 139(42.1) 137  22.0(16.5-27.5) 92.5(57.5-126.5) Not reached
<60 191(57.9) 189 24.0(17.3-30.7) 89.0(70.3-107.7) 131.0(93.5-168.5)

Rai risk stage 0.000 0.000 0.013
Low risk 51(15.5) 49 78.0(37.2-118.8) 193.0 (Not estimated) Not reached
Intermediate risk 176 (53.3) 175 28.0(19.3-36.7) 84.0(58.5-109.5) 128.0(85.9-170.1)

High risk 103(31.2) 102 9.0(4.2-13.8) 63.0(47.4-78.6) 118.5(76.6-160.4)

Del 13q 0.010 0.045 0.244
Positive 155 (47.0) 150 32.0(24.0-40.0) 94.0(71.7-116.3) 162.0(76.4-247.6)

Negative 175 (53.0) 176 20.0(13.2-26.8) 75.0(58.5-91.5) 131.0 (Not estimated)

Only del 13q 0.006 0.000 0.002
Yes 77 (23.3) 73 45.0(22.9-67.1) 193.0(34.6-351.4) Not reached

Total negative 71(21.5) 74 24.0(7.5-40.5) 107.0 (Not estimated) Not reached
Other aberrations 182 (55.2) 179  21.0(14.0-28.0) 69.0(57.9-80.1) 100.0(76.1-124.0)

Trisomy 12 0.205 0.192 0.686
Positive 70(21.2) 69 20.0(10.2-29.8) 90.0(60.5-119.5) 118.5(66.8-170.2)

Negative 260 (78.8) 257 24.0(17.9-30.1) 93.0(75.5-110.5) Not reached
Del 11q 0.003 0.014 0.133

Positive 42(12.7) 42 9.0(2.2-15.8) 56.0(41.6-70.4) 94.0 (Not estimated)

Negative 288(87.3) 283 24.5(17.2-31.8) 94.0(78.4-109.6) 131.0(97.3-164.7)

Del 17p 0.000 0.000 0.000
Positive 48 (14.5) 46 12.5(0-25.3) 35.0(18.2-51.8) 78.0(57.3-98.7)

Negative 282 (85.5) 280 25.5(18.5-32.5) 100.0(82.1-117.9) 210.0(104.1-315.9)
t(14q) 0.726 0.491 0.922

Positive 74 (22.4) 73 24.0(11.5-36.5) 84.0(61.3-106.7) 129.0(91.6-166.4)

Negative 256 (77.6) 253 24.0(19.0-29.0) 92.0(72.3-111.7) 131.0(60.0-202.0)

Total positivity 0.853 0.108 0.189
Yes 259 (78.5) 256  24.0(19.5-28.5) 84.0(69.3-98.7) 129.0(107.0-151.0)

No 71(21.5) 70 23.5(6.1-40.9) 107.0 (Not estimated) Not reached
Conventional cytogenetic 0.000 0.000 0.000
stratification

Favorable group 148 (44.8) 147  36.0(23.0-49.0) 193.0(72.2-313.8) Not reached

Neutral group 97 (29.4) 96 25.0(13.4-36.2) 92.0(77.2-106.8) 131.0(85.7-176.3)

Unfavorable group 85(25.8) 83 12.5(3.8-21.2) 51.0(34.2-67.8) 83.0(61.2-104.8)

New cytogenetic risk model 0.000 0.000 0.000
New favorable group 161 (48.8) 160 36.0(21.0-51.0) 193.0(72.4-313.6) Not reached
New medium group 92 (27.9) 91 25.5(13.1-37.9) 92.0(78.9-105.1) 162.0(89.3-234.7)

New unfavorable group 77 (23.3) 75 12.5(2.4-22.6) 39.0(20.9-57.1) 74.0 (57.7-90.3)

Total positivity, exhibiting one or any combination of del 13q, 11q, 17p, trisomy 12, or t(14q32); favorable group, patients without any cytogenetic aberrations or with

only del 13q; neutral group, patients with trisomy 12 and/or t(14g32) but without del 11q or del 17p; unfavorable group, patients with del 11q and/or 17p; new favorable
group, patients without any aberration or with only del 13q or with a minor unfavorable clone; new medium group, patients with trisomy 12 and/or t(14932) and/or del 13q
with fewer than three aberrations; new unfavorable group, patients with one poor clone, a major poor clone, or simultaneous trisomy 12 and either t(14q32) or del 13q.

Del, deletion; OS, overall survival; PFS, progression-free survival; TTT, time to first therapy.
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patients with CLL, high percentages of del 13q clones were asso-
ciated with adverse outcome.'*'* We evaluated the impact of the
del 13q clone size in this study at cutoffs of 60, 70, and 85%.
However, the percentage of del 13q clones was not found to
have a significant impact on TTT, PFS, or OS (data not shown).

Because patients without any cytogenetic aberrations had
similar TTT, PFS, and OS compared with those harboring only
del 13q (Supplementary Table S1 online and Supplementary
Figure S1 online), we combined these two populations into one
group referred to as the “favorable group” We also compared
the survival of patients with del 11q but without del 17p with
that of patients with del 17p. The results of the survival analy-
sis for these two groups were similar (Supplementary Table S1
online and Supplementary Figure S2 online), so these patients
were combined into an “unfavorable group” Because trisomy
12 and/or t(14q32) did not significantly influence survival
(Table 1), we combined these patients into a “neutral group.”
The survival curves revealed significant differences among the
three prognostic groups in terms of TTT, PFS, and OS based on
this cytogenetic prognostic model (Figure la-c).

Intratumoral genetic clone analysis

Among the 259 patients with at least one cytogenetic aberra-
tion, 152 patients had only one aberration, 84 patients had two
aberrations, 19 patients had three aberrations, and 4 patients
had four aberrations. Among the patients with more than
one aberration, there was a great disparity in the percentage
of tumor cells involved in each aberration. For example, in
one patient, the positivity of del 13q could be 90% concur-
rent with 20% trisomy 12, which might indicate the presence
of at least two different cytogenetic subclones. In our experi-
ence, the positive rate of each probe between different observ-
ers or at different times is always less than 30%. Thus, if the
difference in the positive rate between two probes is more
than 30%, then we consider there to be two cytogenetic clones.
As shown, tumor cells with del 13q and/or trisomy 12 and/or
t(14q32) had a favorable or neutral impact on prognosis and
were defined as “favorable clones,” whereas tumor cells with
del 11q and/or 17p were linked to unfavorable prognosis and
were defined as “unfavorable clones.” Six cytogenetic categories
were thereby defined: no cytogenetic clones (all negative), one
favorable clone, two favorable clones, one unfavorable clone,
unfavorable clones as the major constituent, and unfavorable
clones as a minor constituent (indicated in Figure 2A). Thus,
71 patients were defined as having no cytogenetic clones, 152
patients had one favorable clone, 23 patients had two favorable
clones, 56 patients had one unfavorable clone, 15 patients had
major unfavorable clones, and 13 patients had minor unfavor-
able clones (Figure 2B). In total, 175 patients were classified
into the “favorable clone” group, and 84 patients were classified
into the “unfavorable clone” group.

To determine whether the intratumoral subclones were pres-
ent in the same cells, we hybridized two probes with the dis-
crepant percentage of involved cells together in six cases. All
of these results showed the coexistence of two abnormalities
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in one hybridization (Supplementary Figure S3A,B online),
which supported the presence of intratumoral subclones.

Survival analysis based on intratumoral genetic clone
analysis

The prognostic role of these complicated cytogenetic aber-
rations has not yet been explored. For example, whether the
survival exhibited by patients with trisomy 12 and t(14q32) is
similar to that of patients with trisomy 12 and both del 13q and
t(14q32) is unknown; also unknown is whether the prognosis
for patients with del 17p as the minor clone differs from that for
patients with del 17p as the major clone. We therefore further
analyzed the prognostic factors of patients categorized as hav-
ing “favorable” or “unfavorable” clones.

Greater numbers of cytogenetic aberrations worsened the
survival of patients with favorable clones

Of the 175 patients with favorable clones, 129 had one aberra-
tion, 41 had two aberrations, and 5 had three aberrations. The
survival of the five patients with three aberrations was worse
than that of those with one or two aberrations, but statistical
significance was achieved only for OS, as shown in Table 2
and Supplementary Figure S4 online. Because the survival of
patients with one or two aberrations was not significantly differ-
ent, we combined these patients into one group. We determined
that both PFS and OS were significantly different between
patients with three aberrations and those with fewer aberra-
tions (Table 2 and Supplementary Figure S5A-C online).
However, the number of intratumoral subclones did not influ-
ence the survival of patients with favorable clones (Table 2 and
Supplementary Figure S6 online). These results indicate that
the number of cytogenetic aberrations is a prognostic factor
within the favorable clone group.

Of the 129 patients with only one aberration, 77 patients
exhibited only del 13q. Because del 13q alone is an advantageous
predictor, we omitted these data to validate the prognostic role
of the number of cytogenetic aberrations. As shown in Table 2,
patients with three aberrations exhibited worse survival than
patients with fewer than three aberrations, especially in terms
of OS (Supplementary Figure S7 online). Furthermore, the
number of intratumoral cytogenetic subclones did not influ-
ence survival (Table 2).

Minor intratumoral cytogenetic clones did not affect the
survival of patients with unfavorable clones

Of the 84 patients with unfavorable clones, 56 (66.7%) were
classified into the “one unfavorable clone” group, 15 (17.9%)
were classified into the “unfavorable clone as major” group, and
13 (15.5%) were classified into the “unfavorable clone as minor”
group. There were significantly different TTT, PFS, and OS
values between these three groups (Table 2, Supplementary
Figure S5E-G online), and patients with an unfavorable clone
as minor exhibited significantly better survival. In this conven-
tional unfavorable group, the number of cytogenetic aberra-
tions had no significant influence on survival (Table 2).
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Figure 1 A survival diagram comparison of two different cytogenetic stratification methods. Using conventional stratification, three prognostic

groups were distinguished based on time to first therapy (a), progression-free survival (b), and overall survival (c). When we integrated the number of
cytogenetic aberrations and intratumoral subclones, the discrimination improved (d-f).
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A Diagram of the definition of the intra-tumoral clones
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Figure 2 Intratumoral cytogenetic clones algorithm and distribution. (A) Diagram of the intratumoral cytogenetic clones: a discrepancy of more than
30% between each cytogenetic aberration was the cutoff for subclone definition. If the discrepancy of involved cells between each aberration is less than
30 percentage points, then one cytogenetic clone is considered (a, ¢, and e). If the discrepancy is more than 30 percentage points, then the cytogenetic
aberration with the maximal percentage of involved cells is defined as the major clone, whereas that with the least is defined as the minor clone (b, d, and e).
The aberrations in the middle are defined as intermediate clones (d). (B) Distribution of intratumoral cytogenetic subclones among the 330 patients.

A new cytogenetic prognostic model integrating
intratumoral clones and number of cytogenetic
aberrations performs better than the conventional model
Because there were prognostic subgroups within both con-
ventional cytogenetic “favorable” and “unfavorable” groups,
we reclassified the entire patient cohort into five groups: all
negative or with only del 13q (n = 148), trisomy 12 and/or
t(14q32) and/or del 13q but fewer than 3 aberrations in total
(n = 92), concomitant trisomy 12 and t(14q32) and del 13q
(n = 5), one unfavorable clone or unfavorable clone as major
(n = 72), or unfavorable clone as minor (n = 13). As shown
in Figure 3, patients with an unfavorable clone as minor had
survival similar to that of patients with only del 13q or without
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any cytogenetic aberration (Supplementary Table S2 online).
Patients with concomitant trisomy 12 and t(14q32) and del 13q
had adverse survival compared with patients with one unfa-
vorable clone or unfavorable clone as major (Supplementary
Table S2 online). Then, we restratified patients into three cyto-
genetic risk groups. The new favorable group included patients
without any aberration, with only del 13q, or with the unfavor-
able clone as minor (n = 161). The new medium group included
patients with trisomy 12 and/or t(14q32) and/or del 13q with
fewer than three aberrations (n = 92). The unfavorable group
included patients with one unfavorable clone, an unfavorable
clone as major, or simultaneous trisomy 12, t(14q32), and del
13q (n = 77). This new cytogenetic risk model was better able
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Table 2 Prognostic significance of cytogenetic aberration number and intratumoral subclone types in subgroups of

patients designated “favorable clone” or “unfavorable clone”

Cytogenetic aberration N TTT P value PFS P oS P value
Subgroup of patients with “favorable clone”
Cytogenetic aberration number 0.319 0.098 0.019
1 128 34.5(24.1-44.9) 193.0(62.4-323.6) 210.0(90.9-329.1)
2 41 67.0(8.7-125.4) 104.0(82.1-125.9) 162.0(84.1-239.9)
3 5 25.0(5.9-44.1) 45.0(32.1-57.9) 88.0(20.9-155.1)
Cytogenetic aberrational number 0.238 0.032 0.006
1-2 169 36.0(17.9-54.1) 104.0(72.5-135.5) 162.0(92.0-232.0)
3 5 25.0(5.9-44.1) 45.0(32.1-57.9) 88.0(20.9-155.1)
Intratumoral subclone numbers 0.766 0.217 0.460
One favorable clone 151 36.0(17.3-54.7) 131.0(80.8-181.2) 131.0(93.9-168.1)
Two favorable clones 23 29.0(0-84.6) 92.0(59.1-124.9) Not reached
Deleting patients with only del 13q in subgroup with “favorable clone”
Cytogenetic aberrational numbers 0.302 0.167 0.024
1-2 92 28.0(16.6-39.4) 92.0(78.9-105.1) 162.0(89.3-234.7)
3 5 25.0(5.9-44.1) 45.0(32.1-106.8) 88.0(20.9-155.1)
Intratumoral subclone numbers 0.360 0.991 0.126
One favorable clone 78 25.5(11.2-39.8) 92.0(68.3-111.7) 110.5(79.4-141.6)
Two favorable clones 23 29.0(0-84.6) 92.0(59.1-124.9) Not reached
Subgroup of patients with “unfavorable clone”
Intratumoral clone analysis 0.005 0.002 0.013
One unfavorable clone 56 14.0(5.7-22.3) 50.0(31.2-68.8) 78.0(61.5-94.5)
Unfavorable clone as major 13 1.0(0-2.9) 27.0(26.0-28.0) 53.0(14.5-91.5)
Unfavorable clone as minor 13 31.0(3.4-58.6) Not reached Not reached
Cytogenetic aberrational numbers 0.807 0.776 0.301

1-2 64
3-4 18

13.0(4.5-21.5)
8.0(2.8-13.2)

51.0(31.0-71.0)
60.0 (20.0-100.0)

78.0(62.9-93.1)
129.0(33.1-224.9)

Favorable clone indicates tumor cells involving del 13q, trisomy 12, and/or t(14g32) without del 11q or 17p; unfavorable clone indicates tumor cells involving del 11q and/

or 17p.
0S, overall survival; PFS, progression-free survival; TTT, time to first therapy.

to predict survival than the conventional model (Figure 1d-f
and Table 1).

DISCUSSION
A hallmark of CLL is its tremendously variable clinical course,
with survival ranging from months to decades. A long-standing
goal of CLL studies has been to gain a better understanding of the
basis of this clinical variability, especially to distinguish groups
with a highly unfavorable prognosis. Recurrent chromosomal
aberrations as detected by FISH have a reproducible prognostic
power in terms of survival. There are several doctrines regarding
the prognostic role of cytogenetic aberrations. The first is that
del 17p and/or del 11q CLL are involved in a universally aggres-
sive disease with an unfavorable prognosis. By contrast, del 13q,
trisomy 12, and t(14q32) are thought to be favorable or neutral
prognostic factors,’ regardless of the concurrent cytogenetic
aberrations and clone size. In this study, we first distinguished
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the unfavorable survival of patients in the conventional favor-
able prognostic group and identified a population with long-
term survival in the conventional unfavorable prognostic group
by integrating the analysis of the concomitant cytogenetic aber-
rations and the intratumoral cytogenetic subclones.

Deletion of 13q14 as the sole abnormality is a favorable prog-
nostic marker in CLL. Survival of patients with concomitant FISH
abnormalities, such as del(13q) in the presence of trisomy 12 or
patients with three or more FISH abnormalities with or without
loss of 17p/11g, has been reported less frequently. Davids et al.'¢
reported that the TTT of the trisomy 12 plus del(13q) cohort was
more similar to that of trisomy 12, consistent with the Dohner
hierarchy characterization.” Van Dyke et al.'” further found that
concomitant del 13q and trisomy 12 had no influence on either
TTT or OS compared with trisomy 12 only. However, patients
with three or more cytogenetic aberrations without del 17p had
shorter TTT (5.0 months) compared with others.' In this study,
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Figure 3 Survival charts of the reclassified cytogenetic groups. Patients with poor clone as minor had comparable survival with patients with sole del
13q or without any cytogenetic aberration, while patients with concomitant trisomy 12 and t(14g32) and del 13q had adverse survival similar to patients with
one poor clone or poor clone as major, in aspect of time to first therapy (a), progression free survival (b) and overall survival (c).

there were 12 patients with del 13q plus trisomy 12 and 30 patients
with only trisomy 12. The survival rates of these two groups were
similar in terms of TTT, PFS, and OS (Supplementary Table S3
online). We further analyzed the survival of other pairs of con-
comitant cytogenetic aberrations among del 13q, trisomy 12, and
t(14q32) compared with only one aberration. Survival did not
significantly differ between patients with one or two aberrations
(data not shown). We also found that patients with concomitant
del 13q, trisomy 12, and t(14q32) had significantly unfavor-
able PFS and OS compared with patients with fewer than three
abnormalities. These results, together with the results of a previ-
ous report,'® indicated that higher numbers of cytogenetic aber-
rations could worsen the survival of CLL patients.

CLL patients with del 17p or 11q are thought to exhibit rapid
disease progression and to have an unfavorable prognosis.*'
The clinical implications of other concomitant cytogenetic
abnormalities have been deemed to be overshadowed in these
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high-risk patients. However, the overall survival of patients
with three or more FISH abnormalities was longer than that
of patients with del 17p with one or no additional abnormali-
ties,'® and concomitant deletion of 17p and 11q conferred a sig-
nificantly worse prognosis,'® indicating that heterogeneity also
existed in this population. In this study, we did not reproduce
these results. The number of additional abnormalities in the
unfavorable group (del 17p and/or del 11q) did not significantly
influence the survival (Table 2). Then, we reanalyzed the addi-
tional abnormalities only in patients with del 17p, as described
in the literature.®'® The number of additional abnormalities also
did not significantly influence the PFS or OS of patients with
del 17p (data not shown). However, when we carefully analyzed
concomitant cytogenetic aberrations in the unfavorable prog-
nosis group, the proportion of each cytogenetic aberration var-
ied greatly, which indicated that the pathogenetic contribution
of del 17p/11q in each patient might be different. Therefore, we
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introduced the concept of intratumoral cytogenetic subclones
to distinguish the different prognostic role of these cytogenetic
aberrations.

CLL is characterized by the coexistence of multiple popula-
tions within a tumor. Such ITH has previously been proposed
for CLL" and can be detected using a variety of experimental
methods.? Whether this ITH can be used to further classify
CLL has been less rigorously investigated. In early cytogenetic
studies using FISH, intratumoral heterogeneity was revealed
by the acquisition of recurrent aberrations during CLL pro-
gression, which is referred to as clonal evolution.? With the
relatively recent application of next-generation sequencing
technology, intratumoral heterogeneity could be determined at
diagnosis and could fuel and predict clonal evolution and even
the generation of therapy-resistant subpopulations over time by
providing a comprehensive approach to detecting subclones at
an unprecedented resolution.”* Collectively, next-generation
sequencing-based sequencing has revealed the most commonly
mutated genes across various studies, including TP53, SF3B1,
MYD88, BIRC3, NOTCH1, and ATM."** MYD88, NOTCHI1,
and SF3B1 mutations are considered early driver mutations in
CLL and lead to evolutionarily preferred clones.***” The prog-
nostic roles of these mutant genes are different. Mutation of
TP53 is an established adverse predictor, but mutation of ATM,
NOTCHI, SF3B1, and BIRC3 is dependent on the specific
situation.”® Efforts have been made to integrate these mutant
genes into the existing FISH prognostic model, which treats the
deletion and/or mutation of TP53 and BIRC3 as the high-risk
group, mutation of NOTCHI and/or SF3B1 and/or del 11q as
the intermediate-risk group, trisomy 12 and normal genetics as
the low-risk group, and harboring del 13q only as the very-low-
risk group.”

However, because it is currently not feasible to apply genome-
wide sequencing in routine clinical practice, the patterns of
intratumoral subclones and/or clonal evolution and the effects
on disease course have not been fully elucidated. By taking note
of the nonequilibrium percentages of tumor cells and the differ-
ent cytogenetic aberrations involved, ITH can be analyzed using
FISH, which was utilized in this study as reported previously.***!
In this study, we found that two genetic subclones could be dis-
tinguished in the presence of two or more aberrations detected
by FISH. In patients with unfavorable clones (i.e., containing
del 11q/del 17p), three genetic subclones could be defined. In
terms of survival, there were no significant differences between
patients with one favorable clone and those with two favorable
clones (Supplementary Figure S6 online) or between patients
with one unfavorable clone and a major unfavorable clone
(Supplementary Figure SSE-G online). However, patients with
a minor unfavorable clone had an unexpected survival advan-
tage compared with patients with an unfavorable clone and/
or a major unfavorable clone (Supplementary Figure SS5E-G
online). This result seems to differ from those of two recent stud-
ies that reported that minor mutant TP53 subclones detected by
ultra-deep next-generation sequencing showed poor survival,
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similar to that with the clonal TP53 mutation detected by con-
ventional Sanger sequencing.’>** However, both studies focused
only on the TP53 lesion and did not analyze the concurrence
of other cytogenetic aberrations. Thus, the concept of minor
clones is absolute in those studies but is relative in our study.
In our study, there were several cases of low proportions (7.5
to 15.5%) of TP53-deletion cells within the group with TP53
deletion as the major clone. By contrast, several patients had
high percentages (up to 46.0%) of cells with TP53 deletion in
the group with the unfavorable clone as a minor clone.

It is unclear why patients with an unfavorable clone as a
minor clone experienced a survival advantage, but in the case
of two separate clones, it might be related to the dominance
of the 13q-/trisomy 12 clone in terms of growth potential,
whereas the del 17p/del 11q subclones may be suppressed. Del
13q and trisomy 12 are considered early-acquisition and driver
cytogenetic events in the history of individual CLL tumors and
provide a clonal advantage to B cells.**** It is known that the
adverse prognosis of del 17p is related to its effects on the p53
pathway. It would therefore be of interest to examine whether
patients with a minor unfavorable clone exhibited alterations
in the p53 pathway (i.e., mutations in ATM or the p53 allele).
However, the absence of suitable patient materials precluded
these experiments in this retrospective study.

Although we found that initial cytogenetic aberrations
present at diagnosis provided significant information regard-
ing intratumoral heterogeneity and prognosis, we emphasize
the importance of the longitudinal assessment of cytogenetic
markers to follow disease evolution, particularly in relation to
therapy. The tracking of intratumoral heterogeneity over time
can provide critical information regarding clonal dynamics.'**

In conclusion, FISH cytogenetics remains a useful clinical
genetic tool. By integrating analyses of the number of cytoge-
netic aberrations and intratumoral cytogenetic heterogeneity,
prognostic stratification will become more precise. As such,
our data provide valuable new insights for consultation with
patients.
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