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Summary
Detection of a 17p13.1 deletion (loss of TP53) or 11q22.3 deletion (loss of ATM), by fluorescence
in situ hybridization (FISH), in chronic lymphocytic leukaemia (CLL) patients is associated with a
poorer prognosis. Because TP53 and ATM are integral to the TP53 pathway, we hypothesized that
17p13.1- (17p-) and 11q22.3- (11q-) occurring in the same cell (clonal 17p-/11q-) would confer a
worse prognosis than either 17p- or 11q-. We studied 2184 CLL patients with FISH (1995–2012)
for the first occurrence of 17p-, 11q-, or clonal 17p-/11q-. Twenty (1%) patients had clonal 17p-/
11q-, 158 (7%) had 17p- (including 4 with 17p- and 11q- in separate clones), 247 (11%) had 11q-,
and 1759 (81%) had neither 17p- nor 11q-. Eleven of 15 (73%) tested patients with clonal 17p-/
11q- had dysfunctional TP53 mutations. Overall survival for clonal 17p-/11q- was significantly
shorter (1.9 years) than 17p- (3.1 years, p = 0.04), 11q- (4.8 years, p = <0.0001), or neither 17p-
nor 11q- (9.3 years, p = <0.0001). Clonal 17p-/11q- thus conferred significantly worse prognosis,
suggesting that loss of at least one copy of both TP53 and ATM causes more aggressive disease.
Use of an ATM/TP53 combination FISH probe set could identify these very-high risk patients.
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Introduction
Chronic lymphocytic leukaemia/small lymphocytic lymphoma (CLL) is a heterogeneous
disease with a diverse clinical presentation, response to treatment and survival. In addition to
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clinical staging, there are now well-validated biological prognostic markers that can be used
in the management of CLL (Damle, et al 1999, Dohner, et al 2000, Hamblin, et al 1999).
One of the most useful tests in current clinical practice is interphase fluorescence in situ
hybridization (FISH) to detect chromosomal defects. The hierarchical risk model of FISH-
detected chromosomal defects in CLL considers patients with chromosome 17p13.1
deletions (17p-), which includes loss of the TP53 gene locus, to have the highest risk of
disease progression and the worst prognosis followed by those patients with deletion of
11q22.3 (11q-), including loss of the ATM gene locus (Dohner, et al 2000). These lesions are
nearly always monoallelic in patients with CLL (Zenz, et al 2008).

The prognostic consequences of either 17p- or 11q- are considerably influenced by the
integrity of the remaining allele of TP53 or ATM, respectively. In patients with progressive
CLL, there is a dysfunctional mutation in the remaining TP53 allele in the majority of
patients with 17p- (80 – 90%) and in the remaining ATM allele in approximately one-third of
patients with 11q- (Austen, et al 2007, Dohner, et al 1995, Pospisilova, et al 2012, Zenz, et
al 2010). Because TP53 and ATM are integral components of the TP53 DNA damage
response pathway, we hypothesized that patients with both 17p- and 11q- in the same CLL
cells would have a worse prognosis than patients with either of these deletions alone. To test
this hypothesis, we compared the clinical outcome of patients with 17p- and 11q- in the
same cells, 17p- alone, 11q- alone and neither 17p- or 11q-.

Materials and methods
Patients

This study was performed with approval of the Mayo Clinic Foundation Institutional
Review Board according to the principles of the Declaration of Helsinki. Of the 3711 CLL
patients seen in the Division of Hematology between 1 January 1995 and 29 March 2012,
2184 (59%) had at least one FISH assay and were included in this study. We used the Mayo
Clinic CLL and Cytogenetics Laboratory databases to collect data on demographics, date
and stage at diagnosis, prognostic factors (IGHV somatic hypermutation, CD38 and ZAP70
expression, and FISH), treatment, vital status, and last known alive date. The detection of
first occurrence of 17p-, 11q-, or 17p- and 11q- by FISH was considered the sentinel event.
Patients were grouped into four cohorts based on the sentinel event and the hierarchical
classification of FISH defects (Dohner, et al 2000): 1) 17p- and 11q- in the same clonal CLL
cells (“double hit”), 2) 17p-, 3) 11q-, and 4) neither 17p- nor 11q-. Patients with 17p- and
11q- in different clones were considered to have 17p-, and patients with either 17p- or 11q-
who were subsequently found to have clonal evolution with both 17p- and 11q- in the same
CLL cells were considered to have 17p- and 11q-.

FISH
Interphase FISH studies were performed on blood or bone marrow specimens processed by
standard methods for uncultured samples (Dewald, et al 2003). All samples were studied
with the standard Mayo Clinic CLL FISH panel that includes probes for D6Z1 (centromere
6) and MYB (6q23.3), D11Z1 (centromere 11) and ATM (11q22.3), D12Z3 (centromere 12)
and MDM2 (12q15), D13S319 (13q14.3) and LAMP1 (13q34), D17Z1 (centromere 17) and
TP53 (17p13.1) and translocations involving IGH at 14q32. Two technologists each
independently scored 100 nuclei, for a total of 200 nuclei per probe set. All patients positive
for both 17p and 11q deletions were reflexed to testing with the Abbott Molecular (Des
Plaines, IL) ATM/TP53 combination probe set to determine whether the 17p and 11q
deletions were present in the same cells or different cells (Figure 1). A validation study was
performed using the combination ATM/TP53 probe set to determine normal cutoffs for the
various patterns seen, including the 1 red, 1 green (1R1G) pattern seen when a deletion of
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both probes is detected. Blood or bone marrow fixed cell pellets from 25 cytogenetically
normal patients were each scored by two independent technologists. Each scorer analysed
100 consecutive nuclei for a total of 200 nuclei per sample. The maximum number of false
positive cells for each signal pattern was put into the beta inverse formula using a 95%
confidence interval and rounded to the next highest half number to determine the normal
cutoff value. Normal cutoffs values include; 17p- <7.0%, 11q- <6.0% and 17p- and 11q-
together <2.5%.

TP53 Sequencing
TP53 was sequenced in 15 of the 20 patients in the cohort with clonal deletions of both 17p
and 11q and available DNA. Frozen white blood cell pellets or methanol-acetic acid fixed
cell pellets were washed two times with phosphate-buffered saline before extracting DNA
with the EZ1 tissue cartridges (Qiagen GmbH, Hilden, Germany). Genomic DNA was
amplified by polymerase chain reaction (PCR) with Go Taq Hot Start Polymerase (Promega,
Madison, WI) using 4 sets of PCR primers to cover TP53 exons 4 through 9 (Figure S1).
Products were analysed on the QIAxcel (Qiagen), treated with Exo SAP-IT (USB,
Cleveland, OH) and sequenced with the BigDye v1.1 sequencing kit (Applied Biosystems,
Grand Island, NY). The same primers used for amplification were also used for sequencing.
Sequencing reactions were run on the ABI 3130×l Genetic Analyzer (Applied Biosystems)
and analysed in the Sequencher™ software (Gene Codes, Ann Arbor, MI). All mutations
found were confirmed with a second PCR and sequencing reaction. Mutations were also
analysed for the predicted effect using the UMD TP53 database: http://p53.fr/
Database_download/Database_download.html.

Statistical Considerations
For the four groups, descriptive statistics and comparisons were computed using the
appropriate statistical test (Chi-square, Fisher’s exact, or Kruskal-Wallis tests). Overall
survival (OS) and time to next treatment (TTT) were calculated from the CLL sentinel FISH
event until last known alive date or death date for OS and until next treatment or last known
untreated date for TTT. OS and TTT are displayed using Kaplan-Meier curves, and
significance between the four groups was determined using log-rank tests. A second
measurement of OS, from time of CLL diagnosis, was run on patients who ultimately
acquired a “double hit”. Only treatments following the sentinel FISH date were considered
for calculation of TTT. Descriptive characteristics of the 20 individuals who had both
mutations in the same clone were reviewed and updated as of 29 August 2012. P-values
≤0.05 were considered statistically significant, and all statistical analyses were performed
using SAS 9.2 (SAS Institute; Cary, NC).

Results
Of the 2184 CLL patients studied (median follow-up from diagnosis of 5.1 years, range 0–
30.4 years; median follow-up from sentinel event of 3.4 years, range 0 – 17.6 years), 20
(1%) had both 17p- and 11q- in the same cells (“double hit”) at some point during the course
of their disease, 158 (7%) had 17p-, 247 (11%) had 11q-, and 1759 (81%) had neither 17p-
nor 11q- (Table I). Four patients had both 17p- and 11q- in separate clones and were
included in the 17p- group for analysis. The 20 patients with clonal 17p- and 11q- comprised
11% of all patients with 17p- and 7% of all patients with 11q-. Only 2/20 (10%) had never
received therapy for CLL before the censor date (Table I). An additional cell population
with only 17p- (15–65% of interphase nuclei) was found in 7/20 patients and 3/20 had a cell
population with only 11q- (8–20% of interphase nuclei). In 1/20 patients there were
additional cell populations with 17p- (10% of interphase nuclei) and 11q- (10% of nuclei)
(Table II).
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Patients with both 17p- and 11q- were more likely to be males diagnosed with more
advanced stage disease and 60% had received treatment prior to the discovery of their
“double hit” FISH event (Table II). A “double hit” was observed in the diagnostic FISH
study of 14 (70%) patients and was documented to be a result of clonal evolution in six
patients, as detailed in Table III. Four of these six patients (Patients 7, 17, 18, and 20)
experienced serial evolution with at least one clonal evolution event prior to acquisition of a
“double hit”. Two of the six patients (Patients 11 and 16) had at least one negative FISH
study prior to acquiring a “double hit”. Median time from diagnosis to the sentinel FISH
event was 3.5 years (range 0 – 26 years) for 17p- and 11q-, 3.2 years for 17p-, 1.8 years for
11q- and 0.3 years for neither 17p- nor 11q-.

Median OS from the sentinel FISH event was significantly shorter for the patients with 17p-
and 11q- (1.9 years) compared to those with 17p- (3.1 years, p = 0.04), 11q- (4.8 years, p =
<0.0001), and neither 17p- nor 11q- (9.3 years, p = <0.0001) (Figure 2). The median OS
from the time of diagnosis of their CLL for the patients who developed a “double hit” lesion
was 7.1 years (Figure 3). Because repeat FISH analysis is usually performed when patients
have progressive disease requiring therapy, TTT from the sentinel FISH event was not
significantly shorter for patients with 17p- and 11q- (0.07 years) compared to those with
17p- (0.2 years, p = 0.36), or 11q- (0.6 years, p = 0.15). TTT in patients with neither 17p-
nor 11q- was 5.2 years (Figure S2).

TP53 exons 4–9 were sequenced in 15 of the patients in the 17p- and 11q- cohort. Eleven
(73%) patients had DNA changes predicted to be deleterious to normal TP53 protein
function (http://p53.free.fr/Database/p53_database.html). These included 9 patients with
somatic point mutations. Five of these point mutations involved the TP53 DNA binding
motifs (4 within the major groove binding region, 1 in the minor groove region), and 4 were
located near these structural motifs. Two patients had frameshift alterations resulting from
partial exon deletions, including one patient with a concurrent point mutation. One patient
had a point mutation that altered the splice site after exon 9 and is of unknown significance.
Median OS (Figure 4) for patients with TP53 mutations were not significantly different to
patients without TP53 mutations (2.1 years vs. 0.9 years, p = 0.06) (Table SI).

Discussion
We found that clonal 17p-and 11q-, which occurs in 1% of patients with CLL, predicts a
significantly shorter survival than either 17p- or 11q- alone. These data support our
hypothesis and show the value of using the dual ATM/TP53 FISH probe set to examine CLL
cell populations that have 17p- and 11q-. In CLL cells, 17p- or 11q- only rarely involve both
chromosomes, and the biological consequences of these lesions are largely dependent in part
on the integrity of the remaining allele. In patients with previously untreated progressive
CLL, approximately 80% of those with 17p- have a dysfunctional mutation in their
remaining TP53, (Dohner, et al 1995, Pospisilova, et al 2012, Zenz, et al 2010) and 36% of
those with 11q- have a dysfunctional mutation in ATM (Austen, et al 2007, Skowronska, et
al 2012). These patients have poor responses to purine analogue-containing
chemoimmunotherapy and, thus, shorter survival (Austen, et al 2007). In addition, patients
without 17p- or 11q- who have TP53 or ATM mutations predicted to cause gene dysfunction
also have a poor response to chemoimmunotherapy and shorter survival (Dicker, et al 2009,
Rossi, et al 2009, Skowronska, et al 2012, Zenz, et al 2010, Zenz, et al 2008). Our data
shows that CLL patients with clonal 17p- and 11q- have a very poor prognosis. In addition,
we were able to sequence exons 4–9 of TP53 in 15 of these patients: 11 had mutations
predicted to result in a dysfunctional TP53 protein. In this small sample, patients with TP53
mutations, unexpectedly, did not have a worse outcome. This is an intriguing finding and if
validated, generates several hypotheses on the relationship between TP53 and ATM
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abnormalities in the pathobiology of CLL. The poor prognosis of patients with clonal 17p-
and 11q- could imply an additive or synergistic effect of haploinsufficiency for both genes.
Alternatively, the poor prognosis of these patients could be attributable to loss of other genes
included in these deletions. The data on the poorer prognosis of patients with 11q- without
mutations in the remaining ATM allele compared to patients without 11q- and a monoallelic
ATM mutation suggests a role for loss of additional genes within this deletion (Ouillette, et
al 2012). These hypotheses could be tested in future studies using cells from patients with
clonal 17p- and 11q-.

The value of the data from this study derives from the size of the population studied, the
prospective collection of data from 1995 to 2012, and the ability to include all FISH studies
done at a single large centre over this period of time. The weaknesses of the study include
the retrospective collection of some data, the non-uniform timing of FISH assays, and the
incomplete set of prognostic data. For the population of patients with clonal 17p- and 11q-,
we had insufficient high quality DNA to conduct TP53 mutation analysis on 5 patients and
were not able to perform ATM mutation analysis on any of the samples. The small size of
this population also limited our ability to perform subgroup analysis. One potential
limitation of the clinical value of our finding that clonal 17p- and 11q- is associated with
very poor prognosis could be that this is a late event in CLL, and it reflects genomic
instability rather than the adverse biological consequences of both deletions in the same
cells. While the finding of clonal 17p- and 11q- was a late event in several patients in our
study, we have recently detected clonal 17p- and 11q- in a patient with newly diagnosed
clinical monoclonal B-cell lymphocytosis (MBL) with CLL immunophenotype who has
subsequently progressed to CLL. This patient was not included in our study cohort because
she was diagnosed after our analysis end date. In this patient, FISH done at diagnosis
showed that 50% of circulating blood nuclei had a 17p deletion and 30% had clonal 17p-
and 11q- (“double hit”). TP53 exon 4–9 sequencing showed a TP53 mutation (insertion/
deletion with frameshift). This case shows that development of clonal 17p- and 11q- can
occur in clinically early stage CLL. Finally, our practice of repeating FISH analysis to detect
clonal evolution in patients with progression of disease who require treatment could have
biased our study population outcome by selection of patients with clinically more aggressive
disease. However, 14 patients in our study were found to have the “double hit” at time of
first FISH analysis, and this underscores that clonal 17p- and 11q- can occur in clinically
early stage CLL.

In conclusion, we report the novel finding that clonal 17p- and 11q- in CLL is associated
with a very poor prognosis and suggest that this is important for both understanding the
biology of the disease and management of patients with CLL. Although there is currently no
specific treatment for this group of patients, further examination of the contributing genetic
defects could provide important data for future targeted therapy strategies. In addition, our
study suggests that in a clone of CLL cells, loss of both a single TP53 and a single ATM
gene could have similar consequences to the previously described complete loss of function
of TP53 or ATM (Austen, et al 2007, Rossi, et al 2009, Skowronska, et al 2012,
Stilgenbauer and Zenz 2010) and further molecular analysis of these “double hit” cells could
provide novel insights into the biology of CLL.
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Figure 1. Representative FISH images from three patient samples hybridized with the Abbott
Molecular ATM/TP53 combination probe set
A) Patient with 17p- and 11q- in the same cells (“double hit”). B) Patient with isolated 17p-
as well as 17p- and 11q- (“double hit”) in a sub-clone. C) Patient with isolated 11q- as well
as 17p- and 11q- (“double hit”) in a sub-clone. Nuclei identified with a red arrow have loss
of both TP53 and ATM. The yellow arrows show nuclei with loss of TP53 only. The white
arrows indicate nuclei with loss of ATM only. All images were captured at room temperature
with a Leica DM5000B microscope at 1000× magnification (100×/1.40-0.70 oil immersion
APO objective) and processed using Cytovision software version 4.5.2.Probes were labelled
with Spectrum Orange (TP53) and Spectrum Green (ATM) and cells were counterstained
with 4',6-diamidino-2-phenylindole (DAPI).
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Figure 2. Overall survival (OS) stratified by the 4 FISH cohorts
OS was significantly different between the four groups (p <0.0001) with median survival of
1.9 years in the both 17p- and 11q- group (“double hit”), 3.1 years in 17p-, 4.8 years in 11q-,
and 9.3 years (p <0.0001) in the neither 17p- nor 11q- group. OS was significantly shorter in
the patients with both 17p- and 11q- in the same cells (“double hit”) compared to those with
17p- (p = 0.04).
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Figure 3. Median overall survival (OS) from diagnosis of CLL for patients who ultimately
acquire “double hit” is poor (7.1 years)
Patients who ultimately acquire both 17p and 11q deletions (“double hit”) have a poor
prognosis from time of diagnosis of CLL with a median OS of 7.1 years. When median
survival for these patients is considered from the time-point of sentinel FISH event (when
17p- and 11q- are acquired), their prognosis is very poor (median OS 1.9 years). See Figure
2.
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Figure 4. Overall survival stratified by TP53 mutation analysis
TP53 analysis performed in samples from 15 patients with clonal 17p- and 11q- (“double
hit”) showed that 11 patients had mutations in the remaining TP53 allele predicted to be
deleterious to normal TP53 protein function. Median overall survival was 2.1 years for those
with TP53 mutations and 0.9 years for those without mutations (p = 0.06).
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