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The purpose of the present study was to investigate the prog-
nostic significance of murine double minute 4 (MDM4) in chronic
lymphocytic leukemia (CLL) and to characterize the role of MDM4
in the p53 pathway. Full-length MDM4 (FL-MDM4), a splicing
variant of MDM4 (S-MDM4) and murine double minute 2 (MDM2)
mRNA expressions were detected by quantitative PCR in 140
Chinese patients with CLL, and primary CLL cells were treated
in vitro with either fludarabine or Nutlin-3 to explore the interac-
tion between p53 status and MDM4 or MDM2 expression. A
marked increase of FL-MDM4 and S-MDM4 expressions were
observed in the CLL patients with p53 aberrations (deletion and/
or mutation) (P = 0.024, P < 0.001). A high level of S-MDM4
mRNA expression was associated with short treatment free sur-
vival (TFS) (P = 0.004). FL-MDM4 expression was significantly
decreased after fludarabine treatment (P = 0.001) but increased
after Nutlin-3 treatment (P = 0.008) of primary CLL cells without
p53 aberrations. Both S-MDM4 and MDM2 expressions were
significantly increased after fludarabine treatment of CLL cells
without p53 aberrations (P = 0.013 and P = 0.030). MDM2 overex-
pression also occurred in CLL cells with p53 wild type after
Nutlin-3 treatment (P = 0.018). FL-MDM4 and S-MDM4 overex-
pression are indicators of p53 aberrations in CLL patients,
suggesting that those patients have a poor prognosis. FL-MDM4
inhibitory effects on p53 can be removed by MDM2-p53 and
saved by Nutlin-3. (Cancer Sci 2012; 103: 2056–2063)

T he clinical course of chronic lymphocytic leukemia (CLL)
is highly variable;(1) hence, an appropriate treatment pro-

tocol is essential. Chemotherapy drugs, for example fludara-
bine, exert anti-tumor functions dependent on the normal
function of p53. CLL patients with del(17p13) have a poor
response to the present regimes, and there is no standard treat-
ment.(2) Therefore, p53 status is associated with the appropri-
ate treatment protocols for CLL patients.
The tumor suppressor p53 plays a central role in the regula-

tion of cell cycle, apoptosis, DNA repair and senescence.(3–7)

Once the p53 gene is inhibited or inactivated, it promotes
tumor development. Distinct pathways have been identified
that cause p53 activation, and ataxia telangiectasia mutated
(ATM)-dependent response to DNA damage is one of them.
ATM kinase as a key molecule activates p53 after DNA dam-
age.(8) There are several regulators taking part in p53 activa-
tion, such as murine double minute 2 (MDM2) and murine
double minute 4 (MDM4). After DNA damage, phosphoryla-
tion of full-length MDM4 (FL-MDM4), in an ATM-dependent
manner, increases binding, ubiquitination and degradation of
MDM2, and eliminates its inhibition on p53.(9)

The purpose of this study was to investigate the prognostic
significance of MDM4, and to characterize the role of MDM4
in the p53 pathway. We detected the expressions of FL-
MDM4, a splicing variant of MDM4 (S-MDM4) and MDM2

mRNA by quantitative PCR (qPCR) in 140 Chinese CLL
patients, and analyzed the correlation between those murine
double minute (MDM) expressions and CLL prognostic markers.
Furthermore, primary CLL cells were treated in vitro with
either fludarabine or Nutlin-3, to explore the interaction
between p53 status and the MDM.

Materials and Methods

Patients. The present study enrolled 140 previously-untreated
CLL patients between January 2004 and June 2011. All
patients provided informed consent and the research project
was approved by the university and institutional review boards.
Diagnosis and response were based on the revised National
Cancer Institute criteria.(10) The staging of CLL was performed
according to the Binet stage system.(11) Date collected at diag-
nosis included: age, gender, Binet stages, b2-microglobulin
(b2-MG) and lactate dehydrogenase (LDH). A range of other
prognostic markers was also analyzed for the majority of
patients: immunoglobulin heavy-chain variable region (IGHV)
and p53 mutation status, ZAP-70 and CD38 expression, and
cytogenetics by FISH.

Immunoglobulin heavy-chain variable region mutation status
analysis. IGHV mutation status was detected by IGHV gene pri-
mer and IGH Somatic Hypermutation Assay for Gel Detection
kit (InVivoScribe, San Diego, CA, USA). The multiplex PCR
products of IGHV were detected by direct sequencing, as previ-
ously described.(12) A germline homology of 98% was used as
the cut-off between IGHV mutated and unmutated cases.

Analysis of p53 mutations. The p53 mutation status was stud-
ied by PCR and direct sequencing. We used the same primers
as previously described.(13) PCR products of p53 were purified
using standard methods (Invitrogen, Carlsbad, CA, USA) and
directly sequenced using the ABI3730XL 96-capillary DNA
Analyzer (Applied Biosystems, Foster City, CA, USA).

Detection of CD38 and ZAP-70 by flow cytometry. The expres-
sions of ZAP-70 and CD38 protein were measured using CD5-
FITC (BD Biosciences, San Jose, CA, USA), CD19-Per-
CPCy5.5 (BD Biosciences), CD38-PE (clone HB-7; BD Bio-
sciences) and ZAP-70-PE (clone 1F7.2; Caltag, Burlingame,
CA, USA). This technique was performed as previously
described.(14) Data acquisition and analysis were performed
using a BD FACSCalibur flow cytometer (BD Biosciences)
and Cell Quest software (BD Biosciences). Cut-off points of
30% and 20% were used to define positivity for CD38 and
ZAP-70, respectively.

Detection of molecular cytogenetic aberrations by FISH. Tri-
somy 12, 14q32 translocation, and 6q23, 11q22.3, 13q14 and
17p13 deletion were detected by FISH analysis, as previously
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described.(15) The cut-off levels for positive values (mean of
normal control ± 3 SD), determined from samples of eight
cytogenetically normal persons, were 3.3% for trisomy 12,
7.9% for 14q32 translocation, 7.4% for del(6q23), 7.5% for del
(11q22.3), 10.0% for del(13q14) and 5.2% for del(17p13),
respectively.

Protocol of primary cell culture. For preparation of primary
cell cultures, CLL cells from 22 untreated patients were
isolated from heparinized venous blood by density gradient
centrifugation. The isolated cells were predominantly CLL B
cells (>90% CD5+CD19+), as assessed by flow cytometry
(FACScan, Becton Dickinson, San Jose, CA, USA). Freshly
isolated CLL cells were seeded in six-well plates (5–
10 9 106 cells/well), treated by 3.5 lM fludarabine (Sigma) or
10 lM Nutlin-3 (Sigma, St. Louis, MO, USA) or not, and cul-
tured in RPMI-1640 medium supplemented with 10% FCS in
a humidified atmosphere containing 5% CO2 at 37°C.

Detection of the p53/p21 function by flow cytometry. The func-
tion of p53/p21 gene was detected by flow cytometry.(16) Cells
were harvested after 24 h in in vitro culture with fludarabine
treatment. 5 9 106 cells were fixed in 2% paraformaldehyde, at
�4°C for 30 min, washed with PBS, and left in 80% ethanol at
�20°C. Fixed cells were washed with PBS and cell membranes
were ruptured using a cell permebilization kit (BD Biosciences
FIX&PERM) at room temperature for 30 min. CLL cells were
labeled with CD19-APC (BD Biosciences), kept away from
light for 15 min, and washed with PBS. Fixed cells were stained
with p53-phycoerythrin antibody (BD Biosciences) and p21-
fluorescein isothiocyanate (Calbiochem, San Diego, CA, USA)
or the corresponding isotype controls. After incubation at ambi-
ent temperature for 15 min away from light, cells were detected
on the BD FACSCalibur (BD Biosciences) and data were ana-
lyzed using the CellQuest Pro software (BD Biosciences).

Real-time quantitative PCR analysis for murine double minute-
and murine double minute 2. MDM4 and MDM2 mRNA
expression was investigated by qPCR. Total RNA was isolated
from peripheral blood mononuclear cells or culture cells, which
had >90% B-lymphocytes measured by flow cytometry.
Expression of MDM4 or MDM2 was analyzed using 1 lg of
purified total RNA, 59 M-MLV buffer, M-MLV, DTT,
specific primer sets and SYBR Green I (Invitrogen). Reactions
for qPCR were conducted in triplicate, using the Applied Bio-
systems ABI 7300 Real Time PCR system (Applied Biosys-
tems software: SDSv2.0). Each reaction mixture contained
1 lL of cDNA (normalized to 1000 ng), 10 lL SYBR Green
PCR Master Mix (Applied Biosystems), 1 lL MDM2, MDM4
or b-actin primers (Table S1), and deionized water to a total
volume of 20 lL. Cycle conditions for MDM2, MDM4 and
b-actin were one cycle for 4 min at 95°C, 40 cycles for 30 s at
95°C, 30 s at 60°C (58°C for FL-MDM4), 30 s at 72°C, and,
finally, 1 cycle for 10 min at 72°C. The threshold cycle (Ct)
was defined as the fractional cycle number at which the fluores-
cence passes the fixed threshold, and each sample was normal-
ized based on its endogenous b-actin RNA content. Sequences
of amplified products were verified by DNA sequencing.

Statistical analysis. All statistical analyses were performed
using the SPSS program for Windows (version 17.0, SPSS Inc.,
Chicago, IL, USA). DCt was calculated by subtracting the Ct

of the reference gene (b-actin) from the Ct of the genes of
interest. The relative amount of MDM2, FL-MDM4 and S-
MDM4 mRNA was calculated using the equation 2�Ct .
MDM2, FL-MDM4 and S-MDM4 mRNA expression levels
were compared by Mann–Whitney U-test. Differences of gene
expression levels between primary CLL cells treated with or
without fludarabine and Nutlin-3 were analyzed by matched-
pairs t-test. The receiver operating characteristic (ROC) curve
was used to determine the cut-off value. Treatment-free sur-
vival (TFS) was defined as the period from the diagnosis date

to the time either of the first CLL-specific treatment or the last
follow-up date. The Kaplan–Meier method was used to con-
struct survival curves, and results were compared using the
log-rank test. For all tests, a P-value of 0.05 was considered
significant.

Results

Clinical characteristics of chronic lymphocytic leukemia
patients. The characteristics of 140 CLL patients are summa-
rized in Table 1. Of the 140 patients, 96 were men and 44
were men (male:female ratio, 2.2), and the median age was

Table 1. Clinical and biological characteristics of 140 patients with

chronic lymphocytic leukemia

Clinical features Value

Age (years old)

<60 63 (45%)

� 60 77 (55%)

Gender

Male 96 (69%)

Female 44 (31%)

Binet stages

A or B 102 (73%)

C 38 (27%)

LDH (n = 102)

<250 U/L 65 (64%)

� 250 U/L 37 (36%)

b2-MG (n = 90)

<3 mg/L 40 (44%)

� 3 mg/L 50 (56%)

CD38 (n = 130)

� 30% 93 (72%)

>30% 37 (28%)

ZAP-70 (n = 121)

� 20% 95 (79%)

>20% 26 (21%)

IGHV mutation status (n = 125)

Mutated 78 (62%)

Unmutated 47 (38%)

Del(6q23) (n = 68)

Negative 59 (87%)

Positive 9 (13%)

Del(11q22.3) (n = 105)

Negative 88 (84%)

Positive 17 (16%)

Trisomy 12 (n = 93)

Negative 75 (81%)

Positive 18 (19%)

Del(13q14) (n = 86)

Negative 55 (64%)

Positive 31 (36%)

14q32 translocation (n = 83)

Negative 62 (75%)

Positive 21 (25%)

Del(17p13) (n = 105)

Negative 88 (84%)

Positive 17 (16%)

p53 mutation status (n = 125)

Unmutated 104 (83%)

Mutated 21 (17%)

p53 aberrations (n = 131)

Positive 28 (21%)

Negative 103 (79%)

IGHV, immunoglobulin heavy-chain variable region; LDH, lactate
dehydrogenase.
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61 years (range: 33–84 years). According to the Binet staging
system,(11) 49 (35%) patients were in stage A, 53 (37.9%) in
stage B and 38 (27.1%) in stage C. p53 aberrations were
defined as del(17p13) and/or p53 mutations. At the time of
enrollment, p53 aberrations occurred in 28 of 131 CLL
patients (21.4%). Some information is unavailable because of
limited biological material or the absence of clinical data.
Among these patients, 99 patients were treated with chemo-
therapy or chemoimmunotherapy, and 14 patients died of
disease progression. With the median follow-up duration of
21.5 months (range, 2–90 months), the median TFS of 140
CLL patients was 13 months (range, 0–89 months).

Full length murine double minute 4, splicing variant of murine
double minute 4 and murine double minute 2 mRNA expression
in 140 chronic lymphocytic leukemia patients. The qPCR prod-
ucts were sequenced, and the presence of S-MDM4 as an
MDM4 variant with a short internal deletion of 68 bp was val-
idated, as shown earlier.(17,18) The median expression levels of
FL-MDM4, S-MDM4 and MDM2 were 0.05274 (0.1101–
0.01342), 0.01689 (0.03349–0.00645) and 0.01172 (0.02717–
0.00539), respectively.

Correlation of full length murine double minute 4, splicing
variant of murine double minute 4 and murine double minute 2
expressions with prognostic factors. FL-MDM4 and S-MDM4
expressions were significantly increased with the del(17p13)
(P = 0.037 and P = 0.006), p53 mutations (P = 0.023 and
P < 0.001) and p53 aberrations (P = 0.024 and P < 0.001)
(Fig. 1). The correlation between the level of MDM2 expres-
sion and p53 status was not observed (P = 0.196, P = 0.095
and P = 0.092, respectively) (Fig. 1). A marked increase of
S-MDM4 expression was observed in CLL patients with
advanced Binet stage (P = 0.020), higher level of LDH
(P = 0.001) and b2-MG (P = 0.026). The clinical and biologi-
cal characteristics are presented in Table 2.

Prognostic impact of murine double minute 4 expression level
on treatment-free survival. To determine an optimal threshold
cut-off value for MDM4 mRNA level, ROC curve analysis
was used based on the positivity or negativity of del(17p13).
This allowed for dividing FL-MDM4 or S-MDM4 expression
level into two subtypes. According to ROC curve analysis for
FL-MDM4 and del(17p13), the area under the curve (AUC)
was 0.669 (95% CI, 0.528–0.811; P = 0.032), and the optimal
cut-off value of FL-MDM4 mRNA was 0.0644, with a 75.0%
sensitivity and a 63.9% specificity. According to ROC curve

analysis for S-MDM4 mRNA and del(17p13), the AUC was
0.820 (95% CI, 0.687–0.953; P < 0.001), and the optimal
cut-off value of S-MDM4 mRNA 0.0223, with an 87.5%
sensitivity and a 77.1% specificity.
A univariate analysis was used to assess the associations

between TFS and potential risk factors, including MDM4
expression level. As expected, high level expression of
S-MDM4 (P = 0.004) was an adverse factor in determining
the TFS (Fig. 2), but FL-MDM4 has no significance in deter-
mining the TFS (P = 0.278). Binet stage (P = 0.035), p53
mutation (P = 0.037) and del(17p13) (P = 0.001) were also
prognostic factors with statistical significance. A multivariate
Cox analysis was used, which included S-MDM4, FL-MDM4,
MDM2, Binet stage, p53 mutation and del(17p13), to show
prognostic independence. This analysis included 63 patients.
Del(17p13) (P = 0.006) was an independent prognostic factor
and strongly associated with TFS.

Clinical characteristics of the chronic lymphocytic leukemia
patients with cell culture. For preparation of primary cell
cultures, CLL cells were from 22 untreated patients. The clini-
cal and biological characteristics of these patients are pre-
sented in Table 3. Three cases showed p53 mutations paired to
del(17p13), six cases showed p53 mutations in the absence of
del(17p13). The function of p53/p21 was detected by flow
cytometry both at the beginning of incubation and after 24-h
fludarabine treatment. The level of p53 protein did not increase
after treatment with fludarabine in seven patients. The level of
p21 protein of 10 patients showed no increase after fludarabine
treatment, implying p53 dysfunction. In the rest of the cases,
the increased level of p21 protein was observed after fludara-
bine treatment, suggesting that p53 function was normal and
the median increased level was 32.5% (range: 7.3–61.8%).(16)

Expression levels of full length murine double minute 4, splic-
ing variant of murine double minute 4 and murine double minute
2 after fludarabine or Nutlin-3 treatment. To assay the interac-
tion of p53 and FL-MDM4, S-MDM4 and MDM2 expressions,
we detected the expression of those genes in fludarabine-trea-
ted (n = 22) or Nutlin-3-treated (n = 16) CLL cells by qPCR.
In the primary CLL cells without p53 aberrations or with nor-
mal p53 function, FL-MDM4 mRNA expression was signifi-
cantly decreased after 24 h fludarabine treatment (P = 0.001
and P = 0.002) (Figs 3 and 4), but increased after Nutlin-3
treatment (P = 0.008 and P = 0.011) (Figs 3 and 4). A marked
increase of S-MDM4 expression was observed in the CLL

(A) (B) (C)

Fig. 1. The correlations between murine double minute (MDM) expression and del(17p13), p53 mutations and p53 aberrations. (A) The level of
full-length MDM4 (FL-MDM4) and splicing variant of MDM4 (S-MDM4) expression in chronic lymphocytic leukemia (CLL) patients with del(17p13)
was significantly higher than in the patients without del(17p13) (P = 0.037 and P = 0.006). However, MDM2 expression is not correlated with del
(17p13) (P = 0.196). (B) The level of FL-MDM4 and S-MDM4 expression in CLL patients with p53 mutations was significantly higher than in the
patients without p53 mutations (P = 0.023, P < 0.001). However, MDM2 expression is not correlated with p53 mutations (P = 0.095). (C)
FL-MDM4 and S-MDM4 mRNA expressions in CLL patients with p53 aberrations were significantly higher than in the patients without p53 aber-
rations (P = 0.024 and P < 0.001). However, MDM2 expression was not correlated with p53 aberrations (P = 0.092).
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cells after 24 h treatment with fludarabine (P = 0.013 and
P = 0.017), but was not observed with Nutlin-3 (P = 0.183
and P = 0.102) (Figs 3 and 4). The level of MDM2 expression
was elevated after 24 h incubation with fludarabine (P = 0.030
and P = 0.007) and Nutlin-3 (P = 0.018 and P = 0.038)
(Figs 3 and 4). This indicated that FL-MDM4 is deregulated
by MDM2, removing the inhibition to p53 after fludarabine
treatment in CLL cells, which decreases FL-MDM4 expression
and increases MDM2 expression. When Nutlin-3 selectively
inhibits p53-MDM2 interaction, FL-MDM4 mRNA expression
can never be deregulated by MDM2, and be upregulated by
Nutlin-3 in CLL cells. Because p53-MDM2 interaction does
not exist, MDM2 is free and its mRNA expression is increased

in CLL cells. S-MDM4 mRNA expression is only increased in
CLL cells after fludarabine treatment. In the primary CLL cells
with p53 aberrations or p53 dysfunction, the levels of FL-
MDM4, S-MDM4 and MDM2 expressions were not signifi-
cantly increased or decreased after fludarabine or Nutlin-3
treatment.

Discussion

Protein 53 is one of the most frequently mutated proteins in
human tumors.(19) In fact, approximately 50% of human
cancers have aberrations in the p53 gene, resulting in inactiva-
tion or dysfunction of p53 protein.(4,20) It is reported that p53

Table 2. The differences of FL-MDM4, S-MDM4 and MDM2 expressions between various groups of patients

Clinical features Cases FL-MDM4 [M (P5–P95)] S-MDM4 [M (P5–P95)] MDM2 [M (P5–P95)]

Age (years) 140 P = 0.164 P = 0.407 P = 0.654

<60 63 0.03492 (0.10682–0.01289) 0.01686 (0.06046–0.00330) 0.01332 (0.11585–0.00088)

� 60 77 0.04972(0.10095–0.01136) 0.01807 (0.05992–0.00191) 0.00942 (0.10034–0.00135)

Gender 140 P = 0.191 P = 0.838 P = 0.408

Male 96 0.05158 (0.23611–0.00350) 0.01820 (0.06371–0.00190) 0.01222 (0.10234–0.00093)

Female 44 0.07591 (0.40579–0.00831) 0.01613 (0.05985–0.00372) 0.00983 (0.10701–0.00142)

Binet stages 140 P = 0.167 P = 0.020 P = 0.788

A or B 102 0.04152 (0.30254–0.00323) 0.01478 (0.05954–0.00192) 0.01160 (0.09948–0.00090)

C 38 0.09043 (0.32731–0.00530) 0.02146 (0.09113–0.00434) 0.01375 (0.13301–0.00129)

LDH 102 P = 0.218 P = 0.001 P = 0.339

<250 U/L 65 0.04152 (0.35232–0.00226) 0.01360 (0.05487–0.00212) 0.01160 (0.10108–0.00087)

� 250 U/L 37 0.08391 (0.18235–0.00667) 0.03082 (0.06813–0.00363) 0.01360 (0.10203–0.00254)

b2-MG 90 P = 0.906 P = 0.026 P = 0.457

<3 mg/L 40 0.05123 (0.41123–0.00205) 0.01409 (0.05692–0.00191) 0.01172 (0.10264–0.00071)

� 3 mg/L 50 0.05038 (0.15312–0.00561) 0.02238 (0.07698–0.00369) 0.00860 (0.10866–0.00113)

CD38 130 P = 0.437 P = 0.932 P = 0.084

� 30% 93 0.04803 (0.24155–0.00658) 0.01686 (0.06142–0.00238) 0.00942 (0.10245–0.00085)

>30% 37 0.08839 (0.30763–0.00274) 0.01833 (0.06356–0.00181) 0.01640 (0.15070–0.00188)

ZAP-70 121 P = 0.559 P = 0.729 P = 0.242

� 20% 95 0.05042 (0.23849–0.00374) 0.01652 (0.05962–0.00305) 0.01053 (0.10561–0.00085)

>20% 26 0.06293 (0.49583–0.00505) 0.01965 (0.09150–0.00041) 0.013424 (0.11728–0.00176)

IGHV mutation status 125 P = 0.382 P = 0.626 P = 0.131

Mutated 78 0.05007 (0.31161–0.00354) 0.01505 (0.06106–0.00192) 0.00892 (0.10645–0.00093)

Unmutated 47 0.04803 (0.28006–0.00480) 0.01833 (0.05873–0.00327) 0.01332 (0.09911–0.00162)

Del(6q23) 68 P = 0.906 P = 0.625 P = 0.278

Negative 59 0.04152 (0.23816–0.00395) 0.01652 (0.06058–0.00180) 0.01234 (0.10295–0.00224)

Positive 9 0.02120 (0.40054–0.00362) 0.03082 (0.06561–0.00317) 0.00765 (0.02076–0.00086)

Del(11q22.3) 105 P = 0.811 P = 0.465 P = 0.431

Negative 88 0.05123 (0.35408–0.00369) 0.01613 (0.06212–0.00222) 0.01118 (0.11182–0.00142)

Positive 17 0.08839 (0.14359–0.00792) 0.01833 (0.09087–0.00072) 0.01686 (0.10013–0.00086)

Trisomy 12 93 P = 0.815 P = 0.115 P = 0.189

Negative 75 0.04972 (0.30246–0.00374) 0.01438 (0.06909–0.00189) 0.01184 (0.13842–0.00085)

Positive 18 0.05441 (0.40754–0.00749) 0.02826 (0.06058–0.00372) 0.01538 (0.11908–0.00455)

Del(13q14) 86 P = 0.798 P = 0.090 P = 0.511

Negative 55 0.05274 (0.40839–0.00374) 0.01652 (0.08461–0.00305) 0.01234 (0.12026–0.00081)

Positive 31 0.04269 (0.24682–0.00539) 0.00714 (0.05724–0.00124) 0.01209 (0.11648–0.00131)

14q32 translocation 83 P = 0.575 P = 0.402 P = 0.376

Negative 62 0.05158 (0.28868–0.00425) 0.01686 (0.05139–0.00182) 0.01222 (0.10284–0.00094)

Positive 21 0.05274 (0.40684–0.00915) 0.01184 (0.09475–0.00222) 0.01858 (0.18540–0.00148)

Del(17p13) 105 P = 0.037 P = 0.006 P = 0.196

Negative 88 0.03822 (0.34428–0.0067) 0.01370 (0.06218–0.00215) 0.01118 (0.10270–0.00137)

Positive 17 0.09408 (0.29730–0.0085) 0.03396 (0.09087–0.00720) 0.01734 (0.10013–0.00095)

p53 mutation status 125 P = 0.023 P < 0.001 P = 0.095

Unmutated 104 0.02988 (0.28252–0.00382) 0.01230 (0.04362–0.00209) 0.00956 (0.09479–0.00102)

Mutated 21 0.10584 (0.23279–0.00563) 0.04109 (0.08784–0.02112) 0.01640 (0.11719–0.00245)

p53 aberrations 131 P = 0.024 P < 0.001 P = 0.092

Positive 28 0.09869 (0.27143–0.00652) 0.03653 (0.07724–0.00350) 0.01515 (0.11055–0.00317)

Negative 103 0.02916 (0.30610–0.00365) 0.01176 (0.02988–0.00514) 0.00982 (0.10281–0.00101)

FL-MDM4, full-length murine double minute 4; IGHV, immunoglobulin heavy-chain variable region; LDH, lactate dehydrogenase; MDM2, murine
double minute 2; S-MDM4, splicing variant of murine double minute 4.
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mutations or deletions are observed in 10–15% of CLL
patients.(2) A deletion of 17p13 is usually correlated with a
mutation of p53, and these diseases are aggressive and drug-
resistant.(21–24) The status of p53 is important in treatment
selection for CLL patients. Many inhibitors take part in regu-
lating p53 activation, such as MDM4 and its analogue MDM2.
MDM4 inhibits transcriptional activities mediated by p53, such
as cell-cycle arrest and apoptosis.(25–28) Although MDM2 and
MDM4 are oncogenes, they are crucial for development and
are needed to regulate p53 function during development when
expression is moderate.(29) MDM2 gene overexpression has

been found in CLL.(30) Excess MDM2 and MDM4 expressions
are detrimental to long-term survival.(29) It has been confirmed
that the MDM4 protein is overexpressed in several human
tumor cell lines (31,32) and MDM4 gene is amplified in soft tis-
sue sarcoma(33) and breast carcinoma.(34) This evidence sug-
gests that the dysregulation of the MDM4 gene might
contribute to tumor development or progression in human can-
cers.(17,35) MDM2 mediates p53 stability predominantly by
degradation through its E3 ubiquitin ligase activity, which dif-
fers from MDM4. MDM2 also mediates MDM4 degradation.
However, determining the exact mechanism resulting in
MDM4 gene amplification or protein overexpression requires
further study.
MDM4, besides FL-MDM4, have seven transcript vari-

ants.(36) S-MDM4 and FL-MDM4 were selected in the present
study, because both contain p53 BD. S-MDM4 is obtained
from the deletion of exon 6, which produces a shift of the
reading frame and results in an internal deletion of 68 bp.(37)

S-MDM4 is a truncated protein containing only the p53 BD,
and has no region to interact with MDM2, which protects S-
MDM4 from MDM2-mediated degradation and makes S-
MDM4 more stable than FL-MDM4.(38) In addition to having
a higher affinity than FL-MDM4 for p53 and its increased
nuclear localization, S-MDM4 appears to be an evaluable
inhibitor of p53.(37,39)

An antagonizing function of MDM4 toward MDM2-degrada-
tive activity is reported when the levels of overexpressed
MDM4 exceed those of MDM2.(26) That is, if the FL-MDM4:
MDM2 ratio is approximately 1:1, p53 undergoes MDM2-medi-
ated p53 degradation. However, when the levels of overexpres-
sed FL-MDM4 are higher, FL-MDM4 inhibits MDM2-mediated
p53 degradation. Furthermore, the binding between MDM4 and
MDM2 leads to the formation of a heterodimer, which
possesses higher stability in comparison to the homodimer of
each protein. However, MDM2 interacts with MDM4 through
their ring finger domains, which are deleted in S-MDM4.

Fig. 2. Treatment free survival (months) curve of patients with low
level and high levels of splicing variant of murine double minute 4
(S-MDM4) mRNA. FL-MDM4, full-length MDM4.

Table 3. Clinical and biological characteristics in 22 chronic lymphocytic leukemia patients

Number Gender Age
Binet

stage

IGHV

mutation

status

Fludarabine-

treated
p53

mutation

status

p53

deletion
p53 p21

1 Female 45 C Unmutated No No Mutated Yes

2 Male 54 B Mutated Yes Yes Wild type No

3 Female 80 B Unmutated Yes Yes Wild type No

4 Male 69 B Unmutated Yes Yes Wild type No

5 Female 80 C Unmutated No No Mutated Yes

6 Female 68 C Mutated Yes Yes Mutated No

7 Male 57 B Mutated No No Mutated No

8 Female 48 C Mutated No No Mutated No

9 Female 70 B Mutated Yes Yes Wild type No

10 Female 82 A Unmutated Yes No Mutated No

11 Male 49 B Mutated Yes Yes Wild type No

12 Female 52 C Unmutated Yes No Wild type No

13 Female 63 B Mutated Yes Yes Wild type No

14 Female 56 B Unmutated No No Mutated No

15 Male 71 C Mutated Yes Yes Wild type No

16 Female 68 A Unmutated No No Mutated No

17 Female 67 A Mutated Yes Yes Wild type No

18 Female 61 A Mutated Yes Yes Wild type No

19 Female 67 C Mutated Yes Yes Wild type No

20 Male 85 A Mutated Yes Yes Wild type No

21 Female 50 C Unmutated No No Mutated Yes

22 Female 52 A Mutated Yes No Wild type No

“Yes” stands for raise up or positive; “No” stands for no change or negative. IGHV, immunoglobulin heavy-chain variable region.
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Bo et al.(40) report that FL-MDM4 mRNA is overexpressed
in CLL cells detected by qPCR. Transcript expression levels
of MDM4 gene in “non-responder” p53 wild-type CLL
samples were much higher than that in “responder” p53 wild-

type CLL samples (P = 0.004).(40) In this study, 140 CLL
patients were selected to detect expression levels of
FL-MDM4, S-MDM4 and MDM2 by qPCR. The expression
level of FL-MDM4 and S-MDM4 was elevated in CLL

Fig. 3. In the chronic lymphocytic leukemia (CLL) cells without p53 aberrations, full-length MDM4 (FL-MDM4) expression was significantly
decreased after 24 h incubation with fludarabine compared with the control (P = 0.001) (A), but increased after 24 h incubation with Nutin-3
(P = 0.008) (B). A marked increase of splicing variant of MDM4 (S-MDM4) was observed in CLL cells after 24 h treatment with fludarabine com-
pared with the control (P = 0.013) (C), but was not observed with Nutin-3 (P = 0.183) (D). MDM2 expressions were significantly increased after
24 h incubation with fludarabine and Nutin-3 compared with the control (P = 0.030 and (P = 0.018) (E and F).

Fig. 4. In the chronic lymphocytic leukemia (CLL) cells with normal p53 function, full-length MDM4 (FL-MDM4) expression was significantly
decreased after 24 h incubation with fludarabine compared with the control (P = 0.002) (A), but increased after 24 h incubation with Nutin-3
(P = 0.011) (B). A marked increase of splicing variant of MDM4 (S-MDM4) was observed in CLL cells after 24 h treatment with fludarabine com-
pared with the control (P = 0.017) (C), but was not observed with Nutin-3 (P = 0.102) (D). MDM2 expressions were significantly increased after
24 h incubation with fludarabine and Nutin-3 compared with the control (P = 0.007 and (P = 0.038) (E and F).
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patients with p53 aberrations, while the level of MDM2
expression was not correlated with p53 status. FL-MDM4 and
S-MDM4 overexpression is an indicator of p53 aberration in
CLL patients, suggesting those patients might have a poorer
prognosis than the patients with lower level expression.
In fact, MDM4 is a structural homologue of MDM2, which,

like MDM2, is able to bind p53, preventing p53-dependent
transcription;(17) as opposed to MDM2, however, interaction of
MDM4 with p53 cannot be inhibited by Nutlin-3 treatment.(41)

In this study, we treated primary CLL cells with fludarabine
and Nutlin-3 in vitro and analyzed the differences in
FL-MDM4, S-MDM4 and MDM2 expression. In the primary
CLL cells without p53 aberrations or with p53 normal func-
tion, the level of S-MDM4 expression was elevated after 24 h
incubation with fludarabine, but was not observed with Nutlin-
3. The level of MDM2 expression was increased after 24 h
incubation with fludarabine and Nutlin-3. However, in the
primary CLL cells with p53 aberrations or p53 dysfunction,
the levels of S-MDM4 and MDM2 expressions were not sig-
nificantly increased or decreased after fludarabine or Nutlin-3
treatment. Therefore, it is conceivable that the patients with
p53 aberrations did not respond to the in vitro treatment with
fludarabine and Nutlin-3.
The S-MDM4 expression was increased after fludarabine

treatment in CLL cells with normal gene type and function of
p53, with no change after Nutlin-3 treatment. It has been
reported that S-MDM4 affinity to p53 is approximately 10-fold
higher than that of FL-MDM4.(37,39) Moreover, the overexpres-
sion of S-MDM4 has no relation with that of FL-MDM4.(36) It
has been reported that its overexpression is significantly corre-
lated with an unfavorable prognosis in soft-tissue sarcoma
patients.(33) To date, S-MDM4 expression has not been
reported in CLL. The results of the present study suggested
that that S-MDM4 is a more potent regulator to p53 transcrip-
tional activity.

MDM2, an ubiquitin E3 ligase for p53, promotes p53 degra-
dation in normal cells. After 24 h treatment with fludarabine
in CLL cells, MDM2 expression was higher in the CLL cells
with normal function of p53. Owing to p53 activation, DNA
damage rapidly induces MDM2 expression. If DNA damage
takes place over 12 h, high levels of MDM2 co-exists with sta-
bilized p53 in the cells, indicating that p53 degradation is no
longer mediated by MDM2. In the meantime, DNA damage
induces MDM2 phosphorylation on serine 395 by ATM,(42)

and phospho-mimic mutations of the site lead to MDM2’s
inability to mediate p53 degradation or nuclear export.(42,43) It
can be concluded that p53 degradation mediated by MDM2 is
correlated with time, and p53 inhibited by MDM2 is transient.
The present study indirectly demonstrates that MDM2 is not
the real inhibitor of p53 when DNA damage exists.
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