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Summary

This study was conducted to investigate the possibility that TP53 mRNA is

variably expressed in chronic lymphocytic leukaemia (CLL) and that

under-expression is associated with TP53 dysfunction and adverse outcome.

Although TP53 mRNA levels did indeed vary among the 104 CLL samples

examined, this variability resulted primarily from over-expression of TP53

mRNA in 18 samples, all of which lacked TP53 deletion/mutation. These

patients had higher lymphocyte counts and shorter overall and treatment-

free survival times compared to cases with low TP53 mRNA expression and

no TP53 deletion/mutation. Furthermore, TP53 mRNA levels did not cor-

relate with levels of TP53 protein or its transcriptional target CDKN1A.

We speculated that the adverse outcome associated with TP53 mRNA over-

expression might reflect variation in levels of MIR15A and MIR16-1, which

are encoded on chromosome 13q14 and target TP53 and some oncogenes

including BCL2. In keeping with our hypothesis, 13q14 copy number and

levels of MIR15A/MIR16-1 correlated positively with one another but nega-

tively with levels of TP53 mRNA and BCL2 mRNA. Our findings support a

model in which loss of MIR15A/MIR16-1 at chromosome 13q14 results in

adverse outcome due to de-repression of oncogenes such as BCL2, and

up-regulation of TP53 mRNA as a bystander effect.

Keywords: CLL, 13q14, MIR15A/16-1, TP53, BCL2.

Chronic lymphocytic leukaemia (CLL) is a clonal expansion

of antigen-experienced mature B cells with a distinctive

immunophenotype. It runs a chronic relapsing course requir-

ing multiple treatment episodes and is notable for its clinical

variability (Chiorazzi et al, 2005). Among the many prognos-

tic factors described in CLL, the most powerful predictor of

adverse outcome is mutation or deletion of TP53, which

occurs in 5–10% of patients requiring frontline therapy and

40–50% of chemo-refractory patients.

The TP53 gene is located on chromosome 17p13 and

encodes the TP53 tumour suppressor protein. TP53 is acti-

vated by and co-ordinates the cellular response to multiple

stresses including DNA damage. Once activated, wild-type

TP53 protein is stabilized and accumulates in the nucleus as

a tetramer transcription factor. Wild-type TP53 tetramers

bind to the promotor sequences of multiple target genes to

regulate their expression. TP53 inactivation in CLL usually

occurs by mutation of one TP53 allele and deletion of the

other and is associated with early disease progression, resis-

tance to chemotherapy and short survival (D€ohner et al,

2000; Grever et al, 2007; Stilgenbauer et al, 2008; Zenz et al,

2008). These associations reflect the pivotal role of TP53 in

regulating important cellular functions including apoptosis,

cell cycle arrest, DNA repair and senescence (Meek, 2009).

The expression of TP53 protein is tightly regulated through

post-translational modifications that influence its interaction

with MDM2, an E3 ubiquitin ligase that targets TP53 for

proteosomal degradation (Haupt et al, 1997; Honda et al,

1997). However, recent studies have shown that TP53 pro-

tein expression may also be regulated at the mRNA level

through the action of microRNAs (miRNAs) (Hermeking,

2012).
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miRNAs comprise a large family of short (20–24 nucleo-

tides) noncoding RNAs that bind to complementary sequences

in the 30 untranslated region (UTR) of mRNAs to reduce sta-

bility and block translation of targeted transcripts (Ambros,

2004). In this way, miRNAs play an important role in regulat-

ing gene expression. It has been estimated that >60% of pro-

tein-encoding genes in the human genome are regulated by

miRNAs (Friedman et al, 2009). Several miRNAs can directly

bind the 30 UTR of TP53 mRNA resulting in reduced expres-

sion of TP53 and the induction of phenotypes associated with

TP53 loss (Hermeking, 2012). Among these TP53-regulating

miRNAs, MIR15A, MIR16-1 and MIR125B-1 have been impli-

cated in the pathogenesis of B-cell malignancies. Specifically,

MIR125B-1, which is encoded at chromosome 11q24, is over-

expressed in B-cell precursor acute lymphoblastic leukaemia as

a result of the t(11;14)(q24;q32) translocation (Enomoto et al,

2011). In contrast, MIR15A and MIR16-1 map to the minimal

deletion region (MDR) of chromosome 13q14 that is lost in

more than 50% of patients with CLL. Cases of CLL with this

deletion have been reported to express reduced levels of

MIR15A and MIR16-1 (Palamarchuk et al, 2010), and have a

favourable outcome (D€ohner et al, 2000).

We have recently demonstrated that TP53 deletion/muta-

tion in CLL cells is accompanied by under-expression of

mRNAs encoding TP53 and other genes on chromosome 17p

(Lin et al, 2013), most likely as a direct result of allelic loss.

Since TP53 dysfunction can arise through mechanisms other

than TP53 mutation/deletion (Pettitt et al, 2001; Jones et al,

2004; Romanov et al, 2005; Lin et al, 2012), we sought to

establish whether TP53 mRNA is under-expressed in some

cases of CLL with wild-type TP53 resulting in adverse outcome

due to TP53 dysfunction. To address this question, TP53

mRNA levels were quantified in a large cohort of unstimulated

CLL samples and correlated with other clinical and laboratory

variables, including 13q14 deletion and levels of MIR15A,

MIR16-1 and MIR125B. Although we found wide variation in

TP53 mRNA levels, our findings did not fit with our original

hypothesis but instead supported a model in which loss of

MIR15A and MIR16-1 at chromosome 13q14 results in

increased TP53 mRNA (but not TP53 protein) and adverse

outcome due to de-repression of oncogenes such as BCL2.

Materials and methods

CLL samples

This study was approved by the Liverpool Research Ethics

Committee (project numbers 01/195, 02/032, 06/Q1505/81

and 06/Q1505/82). All blood samples were obtained with fully

informed written consent and had a typical CLL phenotype

(CD19+, CD5+, CD23+, weak light-chain-restricted-surface

immunoglobulin) with a lymphocyte count of >30 9 109/l.

Mononuclear cells were prepared from whole blood by centri-

fugation on Lymphoprep (d = 1�077) and cryopreserved at

�196°C in 10% dimethylsulfoxide (DMSO) until used.

Detection of chromosomal abnormalities by FISH

As previously described (Carter et al, 2006), interphase fluo-

rescence in situ hybridization (FISH) was used to detect

recurrent chromosomal abnormalities: deletion of TP53 and

ATM and trisomy 12 with Vysis probes specific for 17p13.1,

11q22.3 and the centromeric region of chromosome 12,

respectively, and deletion of 13q14.3 with the Vysis probe

D13S319. For each case, the average 13q14 copy number was

calculated as 2 � [proportion of cells with biallelic dele-

tion 9 2] � proportion cells with monoallelic deletion.

Detection of TP53 mutations by denaturing high pressure
liquid chromatography (DHPLC)

Genomic DNA was prepared from CLL cells using an AllPrep

DNA/RNA mini kit (Qiagen, Crawley, UK) following the

manufacturer’s instructions (Lin et al, 2013). TP53 exons

4–10 were then amplified by polymerase chain reaction

(PCR) from the CLL genomic DNA mixed with a known

wild-type DNA control (20%). TP53 mutations were identi-

fied by DHPLC based on the temperature-dependent differ-

ences in column-retention time of PCR products generated

from homoduplex (wild-type) and heteroduplex (mutated)

DNA. All samples were denatured and cooled slowly to room

temperature before DHPLC to maximize heteroduplex for-

mation (95°C for 2 min, then decreased by 1°C every 40 s to

45°C for 30 min). Oligonucleotide primers and DHPLC con-

ditions were chosen as previously described (Zenz et al,

2008). All samples with heteroduplex formation were

sequenced using the Big Dye Terminator Kit and an ABI

3100 sequencer (Applied Biosystems, Foster City, CA, USA).

Measurement of TP53 and CDKN1A protein levels by
flow cytometry

In vitro un-stimulated CLL cells were fixed, permeabilized and

stained with mouse monoclonal antibodies to either TP53 (clone

DO-1; Oncogene Research, Nottingham, UK) or CDKN1A

(clone EA10; Oncogene Research) in separate tubes followed by

a fluorescein isothiocyanate (FITC) -conjugated goat anti-mouse

antibody and then a phycoerythrin (PE)-conjugated anti-CD19

(BD Biosciences, San Jose, CA, USA). Intracellular TP53 and

CDKN1A protein levels in CD19+ cells were measured by flow

cytometry and presented as mean fluorescence intensity (MFI)

as previously described (Carter et al, 2004).

Measurement of TP53 and BCL2 mRNA by quantitative
reverse transcription polymerase chain reaction (RT-
PCR)

Total RNA extracted from CLL-cell samples using an RNeasy

mini kit (Qiagen) was reverse transcribed using Moloney

murine leukaemia virus (M-MLV)reverse transcriptase

(Promega, Southampton, UK) and an oligo(dT)15 primer
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(Lin et al, 2013). In the PCR step, the resulting cDNA was

mixed with DyNAmo SYBR Green I qPCR master mix

(Finnzymes, Espoo, Finland) and a set of primers for human

TP53 (forward: 50-CCAGTGGTAATCTACTGGGACG;
reverse: 50-CTGACGCACACCTATTGCAAGC), human BCL2

(forward: 50-TGTGGCCTTCTTTGAGTTCG; reverse: 50-ATT
TGTTTGGGGCAGGCATG) or human ACTB (forward: 50- CC
TCGCCTTTGCCGATCC; reverse: 50- GGATCTTCATGAGG

TAGTCAGTC). All reactions were performed on a Stratagene

Mx3005P QPCR System (Stratagene, Amsterdam, Nether-

lands) under optimized cycling conditions consisting of a 10-

min initial denaturing step at 95°C, followed by 44 cycles of

amplification (denaturation at 94°C for 20 s, annealing at

59–61°C for 20 s, extension at 72°C for 30 s, and fluores-

cence data collection at 78°C or 80°C). Following a final 10-

min extension at 72°C, a melting curve was measured from

65 to 98°C. The specificity of each of the PCR products was

confirmed as a single band with the expected molecular size

on agarose gels and as a narrow peak that appeared in the

melting curve when the temperature rose above 78°C. Levels
of TP53 and BCL2 mRNA are presented relative to that of

the control gene ACTB.

Quantification of miRNA expression

Total RNAs were extracted with the miRNeasy kit (Qiagen,

Venlo, Netherlands) according to the manufacturer’s instruc-

tions. The quantity and quality of RNAs were checked with

Nanodrop spectrophotometer and Agilent 2100 Bioanalyser.

cDNAs were prepared in a reverse transcription reaction

using the miScript II RT Kit (Qiagen). Levels of MIR15A,

MIR16-1 and MIR125B-1 were then measured by qPCR on a

Stratagene Mx3005P QPCR System (Stratagene) using the

miScript SYBR Green PCR Kit containing a universal reverse

primer and the miRNA-specific miScript Primer Assay kits

providing specific forward primers for individual miRNAs

(both from Qiagen). These forward primers are MIR15A

(MS00003178): 50-UAGCAGCACAUAAUGGUUUGUG;
MIR16-1 (MS00031493): 50-UAGCAGCACGUAAAUAUU
GGCG and MIR125B-1(MS00006629): 50-UCCCUGAGA
CCCUAACUUGUGA. The amount of target was normalized

to an endogenous reference RNU6-6P.

Statistical analysis

Comparisons of clinical and laboratory enumeration data

were performed using v2 or Fisher’s exact tests. Overall sur-

vival (OS) was calculated from sample collection to death

from any cause. Treatment-free survival (TFS) was timed

from sample collection to time of first treatment or death

from any cause. Survival curves were constructed using the

Kaplan–Meier method and compared using the log-rank test.

Pearson’s correlation test was performed to examine linear

relations between two variables of approximately normal

distribution. Spearman’s rank correlation test was used to

analyse relations between two variables with a skewed distri-

bution of data. The statistical tests were conducted with SSPS

version 20 (IBM, Portsmouth, UK). Statistical significance

was defined by a 2-sided P value <0�05.

Results

TP53 mRNA is over-expressed in a proportion of CLL
samples

We speculated that some cases of CLL with wild-type TP53

might under-express TP53 mRNA resulting in low TP53 pro-

tein levels, TP53 pathway dysfunction and adverse clinical

outcome. To test this hypothesis, we first sought to elucidate

the quantitative variation in TP53 mRNA expression between

individual cases. To do this, TP53 mRNA levels were mea-

sured by RT-qPCR in un-stimulated primary CLL cells from

104 patients. Levels were found to be low (<0�020) in most

of these cases, including all 15 samples with a TP53 deletion

and/or mutation (Fig 1A). However, the distribution of data

was clearly skewed, as 18 cases (20% of those without TP53

deletion/mutation) showed remarkably high levels of TP53

mRNA (0�028–0�310) (Fig 1A). These 18 patients were

regarded as the group with high TP53 mRNA levels in all

subsequent analyses.

Over-expression of TP53 mRNA is associated with
clinically aggressive disease but has no impact on TP53
protein levels or transcriptional activity

Our initial hypothesis predicted that patients with wild-type

TP53 and low TP53 mRNA expression should have an

adverse clinical outcome. To test this prediction, OS and TFS

were compared between patients with high TP53 mRNA

expression (none of whom had a TP53 mutation/deletion),

those with low TP53 mRNA expression and no TP53 muta-

tion/deletion and those with low TP53 mRNA expression

and TP53 mutation/deletion. As expected, cases with TP53

deletion/mutation had the shortest OS and TFS (Fig 1B,C).

Contrary to expectations, OS and TFS were significantly

shorter in patients with high TP53 mRNA levels compared

to those with low TP53 mRNA levels and no TP53 mutation/

deletion (Fig 1B,C). Importantly, among samples with no

TP53 mutation/deletion, TP53 mRNA levels did not correlate

with levels of TP53 protein (Fig 2A) or its transcriptional

target CDKN1A (Fig 2B), although TP53 and CDKN1A pro-

tein levels positively correlated with one other as expected

(Fig 2C). To exclude the possible confounding effects of in-

vivo induction of TP53 by DNA-damaging drugs, protein

levels were compared between CLL samples from patients

who had (n = 18, mean � SD = 6�09 � 3�22) or had not

(n = 67, mean � SD = 6�17 � 2�33) received prior chemo-

therapy; no difference was found (P = 0�90).
To further characterize CLL cases with high TP53 mRNA

levels, they were compared to cases with low TP53 mRNA
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levels and no TP53 deletion/mutation for a range of other clin-

ical and laboratory variables. No differences were detected

between the two groups at the time of sample collection in

terms of age, gender, Binet stage, prior therapy, IGHV muta-

tion status, CD38 status, frequency of 11q- and 13q- or follow-

up time. However, patients with high TP53 mRNA levels had a

more pronounced lymphocytosis and a borderline increase in

the frequency of bi-allelic 13q14 deletion (Table I).

Collectively, these findings indicate that high, rather than

low, TP53 mRNA levels are associated with a more aggressive

form of disease amongst CLL patients without TP53 muta-

tion/deletion, and that this observation cannot be explained

by alterations in TP53 protein expression or function.

TP53 mRNA over-expression is associated with low
13q14 copy number and reduced levels of MIR15A and
MIR16-1

To elucidate the factor(s) responsible for the adverse out-

come associated with high TP53 mRNA levels, we next

sought to establish the mechanisms responsible for this

over-expression. We speculated that it might result from a

reduction in the expression of MIR15A and MIR16-1 due to

deletion of chromosome 13q14. Importantly, 13q14 deletion

can affect a variable proportion of one or both alleles (Van

Dyke et al, 2010; Dal Bo et al, 2011). In keeping with obser-

vations in mouse models (Klein et al, 2010), CLL patients

with a bi-allelic deletion of 13q14 have been reported to have

a worse outcome compared to patients with a mono-allelic

deletion (Pfeifer et al, 2007; Chena et al, 2008), raising the

possibility of a gene dose effect. To test this idea, we calcu-

lated the average 13q14 copy number per cell for each CLL

sample and related the findings to TP53 mRNA expression.

A significant correlation was found between low 13q14 copy

number and high TP53 mRNA levels in cases without TP53

deletion/mutation (Fig 3A,B). Given that MIR15A and

MIR16-1 are encoded at the MDR at 13q14 and are known

to target TP53 mRNA for degradation, we related TP53

mRNA levels and 13q14 copy number to MIR15A and

MIR16-1 levels using 12 available CLL-cell samples selected

A vs B: P = 0·033
B vs C: P = 0·034
A vs C: P < 0·001

A vs B: P = 0·016
B vs C: P = 0·004
A vs C: P < 0·001

 
 
 

 
 

(A)

(B) (C)

Fig 1. High levels of TP53 mRNA are associated with adverse clinical outcome among cases of CLL with wild-type TP53. (A). Levels of TP53

mRNA were measured by quantitative reverse transcription polymerase chain reaction in 104 cases, including 14 with TP53 deletion and mutation

and one with sole TP53 mutation (dark grey bars). The dashed line was used as a cut-off to define high versus low levels of TP53 mRNA. (B)

Kaplan–Meier plots showing overall survival (OS). (C) Kaplan–Meier plots showing treatment-free survival (TFS). Group A = low TP53 mRNA

levels and no TP53 mutation/deletion, group B = high TP53 mRNA levels and no TP53 mutation/deletion; group C = TP53 deletion/mutation. P

values were calculated using the Log-rank test.
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to include a broad range of 13q14 copy number. As pre-

dicted, a significant positive correlation was observed

between 13q14 copy number and levels of MIR15A and

MIR16-1 (Fig 4A,B), whereas a negative correlation was

observed between levels of MIR15A and MIR16-1 and levels

of TP53 mRNA (Fig 5A,B). In contrast, no correlation was

observed between TP53 mRNA levels and levels of MIR125B-

1 (Fig 5C). The latter is another TP53-targeting miRNA, as

shown in animals and in human cell lines, but, unlike

MIR15A and MIR16-1, is located on human chromosome

11q24.1 (Le et al, 2009; Shaham et al, 2012). Together, these

observations support a model in which TP53 mRNA levels in

CLL are determined by levels of MIR15A and MIR16-1,

which, in turn, are determined by 13q14 copy number.

Negative regulation of TP53 mRNA by MIR15A/MIR16-
1 dominates over positive regulation of MIR15A/MIR16-
1 by TP53 protein

In addition to controlling TP53 mRNA expression, MIR15A

and MIR16-1 are also transcriptional targets of TP53 protein.

In order to examine the functionality of this latter compo-

nent of the TP53:MIR15A/MIR16-1 feedback loop, levels of

the two miRNAs were related to levels of TP53 protein and

one of its transcriptional targets, CDKN1A, in CLL samples

without TP53 mutation/deletion. No correlations were

observed between MIR15A/MIR16-1 and TP53/CDKN1A

protein levels (Figure S1). Furthermore, neither TP53 nor

CDKN1A protein levels correlated with 13q14 copy number

(Figure S2). These results suggest that 13q14 copy number is

more important than TP53 protein levels as a determinant of
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Fig 2. TP53 mRNA levels do not correlate with TP53 protein expres-

sion and transcriptional activity. 85 CLL samples without TP53 dele-

tion/mutation were analysed for levels of TP53 mRNA detected by

quantitative reverse transcription polymerase chain reaction and lev-

els of TP53 and CDKN1A proteins as measured by flow cytometry.

(A) Comparison of TP53 mRNA versus TP53 protein using Spear-

man’s rank correlation analysis. (B) Comparison of TP53 mRNA ver-

sus CDKN1A protein using Spearman’s rank correlation analysis. (C)

Comparison of TP53 and CDKN1A proteins using Pearson’s linear

correlation analysis.

Table I. TP53 mRNA expression and other clinical and laboratory

variables in CLL patients without TP53 deletion/mutation.

Variables

Low TP53

mRNA

High TP53

mRNA P

Age at sampling

(years): Mean

(95% CI)

65�1 (62�3–67�9) 67�4 (61�5–73�3) 0�457

Gender: Male/Female 50/21 13/5 0�881
Binet stages: (B+C)/A 18/53 6/12 0�556
Treatment: Yes/No 13/58 5/13 0�312
WBC (9109/l):

Mean (95% CI)

43�1 (30�6–55�5) 94�2 (45�1–143�3) 0�017

IGHV status: UM/M 27/38 (41�5%) 10/6 (62�5%) 0�132
CD38 expression: +/� 15/38 3/9 >0�999
Del 11q22.3: Yes/No 3/64 1/17 >0�999
Del 13q14

Mono- or

bi-allelic: Yes/No

39/28 13/5 0�279

Bi-allelic: Yes/No 11/56 7/11 0�053
Follow-up months:

mean (95% CI)

76 (63–89) 86 (59–114) 0�391

95% CI, 95% confidence interval; WBC, white blood cell count.
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MIR15A and MIR16-1 levels in CLL cells, and that the nega-

tive regulation of TP53 mRNA by MIR15A and MIR16-1

dominates over the positive regulation of the two miRNAs

by TP53 protein.

13q14 and 17p13 deletion have opposing effects on TP53
mRNA levels

We have previously shown that deletion of TP53 at chromo-

some 17p13 in CLL cells is associated with reduced expres-

sion of TP53 mRNA (Lin et al, 2013). We confirmed this

observation in the present study by showing a positive corre-

lation between TP53 copy number and TP53 mRNA levels in

an extended cohort of 14 cases harbouring a monoallelic

TP53 deletion (Figure S3A). Given the negative correlation

between TP53 mRNA levels and 13q14 copy number (Fig 3),

we reasoned that loss of the respective chromosome frag-

ments at 17p13 and 13q14 should have opposing effects on

TP53 mRNA expression. To test this prediction, we divided

the 14 cases with 17p13 deletion into those with low TP53

and high 13q14 copy number (Group 1, predicted to have

low TP53 mRNA levels), those with high TP53 and low

13q14 copy number (Group 2, predicted to have high TP53

mRNA levels) and the rest (Group 3, predicted to have inter-

mediate TP53 mRNA levels). In keeping with our predic-

tions, TP53 mRNA levels were significantly higher in Group

2 than in groups 1 or 3, although the difference between

groups 1 and 3 did not reach statistical significance (Figure

S3B). Overall, these data support the notion that TP53

mRNA levels are governed by the opposing effects of 13q14

and 17p13 loss.

High levels of TP53 mRNA are associated with over-
expression of BCL2

Having established that deletion of MIR15A and MIR16-1 at

13q14 is likely to account for the high TP53 mRNA levels

observed in some CLL samples without TP53 deletion/muta-

tion, we next sought to explain the adverse outcome of these

patients. We speculated that the reduced expression of

MIR15A/MIR16-1 resulting from low 13q14 copy number

would result in an increase not only in TP53 mRNA but

also in mRNA encoding oncogenes targeted by MIR15A/

MIR16-1. To test this idea, CLL samples were analysed for
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Fig 3. High TP53 mRNA levels are associated with low 13q14 copy number. TP53 mRNA levels were compared with 13q14 copy number in 85

CLL samples without TP53 deletion/mutation. (A) Pearson’s linear correlation analysis showing a negative correlation between TP53 mRNA levels

and 13q14 copy number. (B) Comparison of 13q14 copy number in cases with high versus low TP53 mRNA levels (as defined in Fig 1A) using

the student t test. The bars show mean values (+standard deviation).
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Fig 4. Low 13q14 copy number is associated with low levels of MIR15A and MIR16-1. Levels of MIR15A and MIR16-1 were measured in 12 CLL

samples selected to represent a wide spectrum of 13q14 copy number. (A) Pearson’s linear correlation analyses showing positive correlation

between 13q14 copy number and MIR15A levels. (B) Pearson’s linear correlation analyses showing positive correlation between 13q14 copy num-

ber and MIR16-1 levels.
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the expression of one such oncogene, BCL2, and the findings

related to 13q14 copy number and TP53 mRNA levels. In

keeping with our predictions, BCL2 mRNA levels correlated

negatively with 13q14 copy number and positively with TP53

mRNA levels (Fig 6). Given the established role of the anti-

apoptotic BCL2 protein in CLL biology and its regulation at

the mRNA level, our findings may explain why the high lev-

els of TP53 mRNA are associated with adverse outcome in

this disease.

Discussion

Inactivation of TP53 resulting from gene mutation/deletion

is strongly associated with disease progression, drug resis-

tance and short survival in patients with CLL (D€ohner et al,

2000; Grever et al, 2007; Stilgenbauer et al, 2008; Zenz et al,

2008). We have previously shown that dysfunction of the

TP53 pathway can arise in CLL through alternative mecha-

nisms including inactivation of its upstream regulators ATM

(Pettitt et al, 2001) or ATR (Jones et al, 2004), inactivation

of the downstream effector CDKN1A (Johnson et al, 2009),

or suppression by basic fibroblast growth factor (Romanov

et al, 2005), and have shown that some of these defects may

be associated with adverse clinical outcome (Lin et al, 2002,

2012). Following our recent observation that TP53 mRNA

levels are reduced in patients with monoallelic TP53 gene

deletion (Lin et al, 2013), the present study sought to estab-

lish whether TP53 mRNA levels could be reduced by alterna-

tive mechanisms and, if so, whether such under-expression

of wild-type TP53 mRNA might be associated with reduced

TP53 protein levels and adverse clinical outcome due to dys-

function of the TP53 pathway.

In keeping with our hypothesis, we found that un-stimu-

lated primary CLL samples exhibited marked variation in

TP53 mRNA levels. However, this variation resulted from

marked over-expression of TP53 mRNA in 20% (18/89) of

cases who lacked TP53 deletion/mutation. On the other

hand, all samples with a TP53 deletion/mutation expressed

low levels of TP53 mRNA, which was negatively correlated

with the proportion of cells harbouring a TP53 deletion. This

confirmed our previous finding that TP53 transcription is

down-regulated as a result of monoallelic TP53 gene deletion

(Lin et al, 2013).

As expected, TP53 deletion/mutation was associated with

the worst outcome. However, among patients with no such

TP53 defects, those with high levels of TP53 mRNA had a

shorter OS and TFS and a more pronounced lymphocytosis

compared to those with low TP53 mRNA levels. This obser-

vation was contrary to expectations and could not be ade-

quately explained by differences in other clinical or

laboratory variables. Furthermore, no correlation was

observed between TP53 mRNA levels and TP53 protein

expression and function (measured as CDKN1A protein

expression), even when the putative TP53-activating effect of

prior chemotherapy (Groves et al, 2012) was taken into
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Fig 5. High levels of TP53 mRNA are associated with low expression

of MIR15A and MIR16-1 but not MIR125B-1. Levels of MIR15A,

MIR16-1 and MIR125B-1 were measured in the same 12 CLL cases

shown in Fig 4 and compared with TP53 mRNA levels. (A) Pearson’s

linear correlation analyses showing a negative linear correlation

between TP53 mRNA and MIR15A. (B) Pearson’s linear correlation

analyses showing a negative linear correlation between TP53 mRNA

and MIR16-1. (C) Pearson’s linear correlation analyses showing no

correlation between TP53 mRNA and MIR125B-1.
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account. This lack of correlation between TP53 mRNA and

TP53 protein levels is likely to reflect the dominant role of

post-translational regulation in determining TP53 protein

expression (Kruse & Gu, 2009).

Our demonstration amongst CLL patients with no TP53

mutation/deletion, that TP53 mRNA levels did not correlate

with TP53 protein expression and function and that high,

rather than low, TP53 mRNA levels were associated with

adverse outcome, suggests that TP53 mRNA levels have no

effect on clinical outcome but are instead a surrogate for

other factor(s) that are co-regulated with TP53 mRNA and

directly influence the clinical course of the disease. In order

to elucidate these factors, we sought to explore how TP53

mRNA is regulated in CLL cells.

A recent study showed that deletion of chromosome

13q14 in CLL cells results in an increase in TP53 mRNA lev-

els through loss of TP53 repression by MIR15A and MIR16-

1, which are located in the MDR (Fabbri et al, 2011). In

agreement with this observation, we found that the average

13q14 copy number per cell correlated positively with levels

of MIR15A and MIR16-1 and negatively with levels of TP53

mRNA. We also found that levels of MIR15A and MIR16-1

correlated negatively with levels of TP53 mRNA.

In contrast, some of our findings conflicted with those of

Fabbri et al (2011). In particular, the latter study found that

deletion of 13q14 was associated with an increase in TP53

protein levels as well as TP53 mRNA (Fabbri et al, 2011),

whereas we did not find any correlation between levels of

TP53 mRNA and protein or between 13q14 copy number

and TP53 protein expression. One possible explanation for

this discrepancy is that the two studies employed different

methods to measure TP53 protein levels. Another explana-

tion may lie in sample selection. Thus, although we excluded

prior chemotherapy as a theoretical cause of in-vivo TP53

protein up-regulation, it is possible that co-deletion of other

genes at 13q14 had a lowering effect on TP53 protein levels

in our cohort. For example, SETDB2, which is positioned

between the MDR and RB1 at chromosome 13q14.2 and lost

in some CLL samples with 13q14 deletion (Chuikov et al,

2004), encodes a lysine methyltransferase that can regulate

TP53 at the post-translational level through methylation of

lysine 372, resulting in protein stabilization (Chuikov et al,

2004; Parker et al, 2011). Loss of this gene could potentially

reduce TP53 protein levels and thereby oppose the up-regu-

lating effect of MIR15A/MIR-16-1 deletion.

Our observation that high TP53 mRNA levels are associ-

ated with adverse outcome and low 13q14 copy number

needs to be reconciled with fact that 13q14 has historically

been regarded as a favourable prognostic marker in CLL

(D€ohner et al, 2000). In fact, recent evidence suggests that

the situation is considerably more complex than previously

thought. Specifically, the clinical consequences of 13q14 dele-

tion appear to depend on the percentage of cells harbouring

a deletion, the size of deletion and the overall balance

between tumour suppressor and oncogenes loss.

In agreement with our findings, other studies of both ani-

mal and human CLL have shown that 13q14 deletion is asso-

ciated with aggressive disease and poor prognosis if the

deletion is biallelic or present in a high percentage of cells

(Pfeifer et al, 2007; Van Dyke et al, 2010; Dal Bo et al,

2011). Furthermore, co-deletion of genes outside of the

MDR has the potential to affect the clinical impact of 13q14

deletion (Lia et al, 2012). Thus, FISH (Van Dyke et al, 2010)

and single-nucleotide polymorphism array studies (Pfeifer

et al, 2007; Falandry et al, 2010; Ouillette et al, 2011) have

shown that the size of the 13q14 deletion in CLL is highly

variable and that larger deletions are associated with a more

aggressive form of the disease (Falandry et al, 2010; Dal Bo

et al, 2011; Ouillette et al, 2011). Linking these two concepts

together, it is intriguing to note that low 13q14 copy number

has been shown to correlate with deletion of RB1 (Dal Bo

et al, 2011), a tumour suppressor gene that is more than 2

Mbp centromeric to the MDR.

As an alternative to variable co-deletion of genes outside

the MDR, the complex prognostic effect of 13q14

deletion might instead reflect variation in the downstream
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Fig 6. High levels of TP53 mRNA are associated with over-expression of BCL2. 10 CLL samples without TP53 deletion/mutation were analysed

for BCL2 mRNA levels and the results related to 13q14 copy number and TP53 mRNA levels. (A) Pearson’s correlation analyses showing a nega-

tive correlation between BCL2 mRNA levels and 13q14 copy number. (B) Pearson’s correlation analyses showing positive correlation between

BCL2 mRNA levels and TP53 mRNA levels.
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consequences of gene deletion within the MDR. In particular,

MIR15A and MIR16-1 are known to target and inhibit multi-

ple genes, including both tumour suppressors and oncogenes

(Fabbri et al, 2011), with much potential for the balance

between tumour suppressor and oncogene repression to vary

between individual patients.

With regard to oncogenes, we sought to establish whether

the adverse clinical outcome associated with high TP53

mRNA levels might be explained by de-repression of BCL2

due to deletion of MIR15A and MIR16-1 at 13q14. We

focussed our attention on BCL2 as this anti-apoptotic pro-

tein is crucial to the survival of CLL cells (Pepper et al, 1999;

O’Brien et al, 2007), is regulated predominantly at the

mRNA level (Sanz et al, 2004; Otake et al, 2007) and is

known to be repressed by MIR-15 and MIR16-1 (Cimmino

et al, 2005). By showing that BCL2 mRNA levels correlated

negatively with 13q14 copy number and MIR-15/MIR16-1

levels and positively with TP53 mRNA levels, our study pro-

vides evidence that the adverse clinical outcome associated

with high TP53 mRNA levels might result at least in part

from de-repression of BCL2 due to deletion of MIR15A and

MIR16-1 at 13q14.

In summary, our study has shown that high TP53 mRNA

levels are associated with adverse outcome in CLL and sup-

ports a model in which loss of MIR15A and MIR16-1 at

chromosome 13q14 results in adverse outcome due to de-

repression of oncogenes, such as BCL2, along with up-regula-

tion of TP53 mRNA as a ‘bystander effect’. At a broader

level, our findings illustrate the complex role of 13q14 dele-

tion in determining clinical outcome in CLL and pave the

way to future studies to clarify how disease outcome is deter-

mined by the balance between tumour suppressor and onco-

gene deletion or de-repression.
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