Relationship of p53, bcl-2, and Tumor Proliferation to Clinical Drug
Resistance in Non-Hodgkin’s Lymphomas
By Wyndham H. Wilson, Julie Teruya-Feldstein, Thierry Fest, Cynthia Harris, Seth M. Steinberg, Elaine S. Jaffe,
and Mark Raffeld
clinical characteristic, bcl-2 expression, or tumor proliferation. A significant correlation was found between low tumor
proliferation and drug resistance in a univariate (P2 Ú .006)
but not multivariate analysis. Patients with tumor proliferation of less than 80% were significantly more likely to have
no response to therapy (31% v 6%) or to fail to achieve a
complete response (16% v 44%) and tended to have shorter
PFS and OS than did patients with higher proliferation. No
significant association was found between bcl-2 expression
and drug resistance, PFS or OS, although patients with intermediate-grade histologies and high bcl-2 expression tended
to be drug resistant as compared with low level expressors
(P2 Ú .065). Of interest was the finding of a significant association between high bcl-2 and low tumor proliferation (P2 !
.0045). In studies that have found an association between
high bcl-2 expression and short PFS, bcl-2 may have been a
surrogate for low tumor proliferation. Further studies are
warranted to examine this question. These results suggest
that p53 mutation and low tumor proliferation, but not bcl2, may be important causes of clinical drug resistance in
NHL.
q 1997 by The American Society of Hematology.
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relationship of bcl-2 expression or p53 mutation to drug
resistance in lymphomas. Although several studies assessed
the association between bcl-2 expression and disease-free
survival (DFS), they reached conflicting conclusions.3,8-11
Furthermore, studies have shown an association between p53
mutation/overexpression and decreased survival, but they
could not assess whether mutated p53 was a marker of drug
resistance or another biological feature of the tumor.4,9,12
Abnormalities in cell cycle control pathways can also affect cellular proliferation. For example, suppression of the
apoptotic-enhancing effect of deregulated c-myc by either
bcl-2 or mutated p53 allows expression of an unopposed
proliferative signal.13,14 Such changes in tumor proliferation
may have a significant impact on the sensitivity of tumors
to chemotherapy, as shown in vitro for phase- and cyclespecific agents.15-17 Although several studies have assessed
the clinical relationship between tumor proliferation and survival in patients with NHL, they reached contradictory conclusions and none assessed the relationship between tumor

OST PATIENTS WITH non-Hodgkin’s lymphoma
(NHL) ultimately develop resistance to chemotherapy and die of disease. Recently, significant efforts have
focused on identifying and understanding mechanisms of
drug resistance in NHL to aid the development of more
effective therapy. Additionally, the identification of molecular/biological markers of drug resistance may allow the development of a prognostic index based on actual measures
of drug resistance.
Accumulating evidence suggests that abnormalities in the
control of the cell cycle and programmed cell death
(apoptosis), a final common pathway through which cytotoxic agents may exert their lethal effects, can lead to drug
and/or radiation resistance.1,2 Abnormalities in specific cell
cycle control genes, such as p53, and regulators of apoptosis,
such as p53 and bcl-2, are commonly found in lymphoid
neoplasms.3-5 Overexpression of bcl-2 protein is observed
both in follicular lymphomas, in which bcl-2 has usually
undergone a translocation t(14;18), as well as in other subtypes of lymphoma that lack the translocation.3 The experimental findings that transfection of bcl-2 into murine
lymphoid cells confers resistance to nitrogen mustard and
camptothecin by inhibiting apoptosis suggests that bcl-2
overexpression may confer clinical drug resistance in
lymphomas.6 In contrast to bcl-2, p53 arrests cells exposed
to DNA-damaging agents in G1 to allow DNA repair or,
if essential repairs are not possible, promotes apoptosis.7
Experimentally, loss of p53 function produces cellular resistance to alkylating and topoisomerase-II drug classes, suggesting that loss of p53 function in lymphomas may cause
drug resistance.1,2
These observations led to the hypothesis that bcl-2 and
p53 play a role in the development of drug resistance in
lymphoma. However, no studies have examined the clinical
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Although the cause(s) of clinical drug resistance in nonHodgkin’s lymphomas (NHL) is unknown, in vitro studies
suggest that abnormalities of the p53 gene, bcl-2 overexpression, and low tumor proliferation rates may increase
chemotherapy resistance. We analyzed tumor tissue from
75 patients with relapsed/refractory NHL (Working Formulation A through H) for p53 mutation/overexpression (abnormality), bcl-2 expression, and tumor proliferation and correlated them with multiple clinical characteristics, response to
therapy, disease-free survival, and overall survival (OS). All
tumor biopsy specimens were obtained within 6 weeks of
treatment with EPOCH (infusional etoposide, vincristine,
and doxorubicin and bolus prednisone and cyclophosphamide) chemotherapy. Overall, 16 (21%) tumors had a p53
abnormality. Of 13 tumors with overexpression, mutations
were confirmed by sequence analysis in 11, and, in 44 tumors without overexpression, 3 showed mutations. A multivariate analysis showed that tumors with a p53 abnormality
were more likely to be drug resistant than tumors with normal p53 (56% v 17%; P2 ! .008) and to have a shorter median
progression-free survival (PFS; 2.1 v 8.2 months; P2 ! .008)
and OS (11.7 v 21.5 months; P2 ! .038), respectively. The
presence of a p53 abnormality did not correlate with any
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Table 1. Patient Characteristics and p53 Status, bcl-2 Expression, and MIB-1
No. of Patients (%)

p53*
Variables

/ (n Å 16)

0 (n Å 59)

P2

0/1 (n Å 29)

2/3 (n Å 40)

—
—

—
—

—
—

7 (24)
—

8 (20)
—

2 (13)
4 (17)
10 (27)

13 (87)
19 (83)
27 (73)

0.61

1 (7)
8 (36)
20 (61)

[54]
11 (69)
12 (75)
14 (88)
3 (19)
6 (38)
8 (50)
[3]

[51]
32 (54)
32 (54)
50 (85)
14 (24)
11 (19)
16 (27)
[1]

1.00
0.30
0.14
1.00
1.00
0.18
0.08
0.33

[49]
16 (55)
15 (52)
24 (83)
3 (10)
6 (21)
8 (28)
[1]

MIB-1

P2

õ80% (n Å 51)

¢80% (n Å 16)

P2

.68
—

14 (27)
34 (68)

2 (13)
4 (27)

.32
.004

13 (93)
14 (64)
13 (39)

.003

12 (92)
20 (91)
19 (59)

1 (8)
2 (9)
13 (41)

.008

[52.5]
24 (60)
25 (63)
35 (88)
13 (32)
9 (23)
15 (38)
[2]

.27
.69
.37
.73
.031
.86
.39
.054

[51]
11 (69)
28 (55)
47 (92)
11 (22)
10 (20)
17 (33)
[2]

[53]
32 (54)
10 (63)
10 (63)
3 (19)
4 (25)
4 (25)
[1]

.27
.53
.59
.009
1.0
.73
.53
.001

Statistically significant P values are shown in boldface.
* p53/, mutation or overexpression.
† Expression level is graded 0, 1, 2, and 3 as described in Materials and Methods.
‡ bcl-2/, expression 2 or 3; MIB-1 õ80%, n Å 50; MIB-1 ¢80%, n Å 15.
§ Low-grade includes follicular small cleaved (n Å 3), follicular mixed (n Å 5), small lymphocytic (n Å 3), diffuse small cleaved (n Å 1), and
mantle cell (n Å 3); progressed low-grade includes (most aggressive histology) diffuse large cell/immunoblastic (n Å 11), follicular large cell (n
Å 1), diffuse mixed (n Å 9), and mantle cell blastic (n Å 2); and intermediate-grade includes diffuse large cell/immunoblastic (n Å 35) and diffuse
mixed (n Å 2).
\ No response to last administered chemotherapy.

proliferation and drug resistance.18,19 Moreover, the association between tumor proliferation and bcl-2 expression and
p53 mutation have not been previously determined, and possible interactions potentially confound the interpretation of
results. In the present study, we examined the relationship
of these markers with one another and assessed their relationship to drug resistance and to progression-free survival (PFS)
and overall survival (OS) in patients with relapsed NHL.
MATERIALS AND METHODS

Patients and staging. A total of 109 consecutively treated patients were eligible for this study. However, based on the availability
of material, fixed paraffin-embedded tissues could only be obtained
for analysis from 75 patients. This study was approved by the Institutional Review Board of the National Cancer Institute and informed
consent was obtained according to the Declaration of Helsinki. Eligible patients had confirmed relapsed or refractory low-grade, progressed low-grade, or de novo intermediate-grade NHL (confirmed
by one of us, E.S.J.; Table 1); measurable disease; and a nonreactive
test for human immunodeficiency virus. All patients had a tissue
biopsy performed within 6 weeks of study entry and were subsequently treated with EPOCH (infusional etoposide, vincristine and
doxorubicin, and bolus prednisone and cyclophosphamide) chemotherapy, as previously described.20 Patients with low-grade lymphoma were eligible if they clinically required treatment, whereas
patients with intermediate-grade lymphoma were treated immediately on relapse from or failure of a previous regimen. Initial staging
included a patient history; a physical examination; standard blood
tests including lactate dehydrogenase (LDH; normal range, 113 to
226 U/L); computed tomography of the chest, abdomen, and pelvis;
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and bilateral bone marrow biopsy specimens. Sites of disease were
restaged every two cycles. Therapy was continued until the patient
had stable or progressive disease over the course of two treatment
cycles or until the patient was two cycles past a complete remission
(CR). Patient responses were evaluated 3 weeks after the last cycle
of EPOCH chemotherapy.
CR was defined as the normalization of physical findings and radiologic abnormalities and the finding that the relevant laboratory data
and bone marrow were free of disease 4 weeks after the last cycle of
chemotherapy. Patients were considered to have a partial response
(PR) if they had at least a 50% reduction in the sum of the products
of the greatest cross-sectional diameters of measurable lesions without
evidence of new lesions or a greater than 25% increase in an individual
lesion over one treatment cycle. Patients not fulfilling the above criteria
were considered to have had no response to EPOCH.
p53, bcl-2, and MIB-1 immunohistochemistry. Immunohistochemical studies were performed on paraffin-embedded tissue sections
with monoclonal antibodies that included the D07 antibody against
wild-type/mutant p53 (Dako, Carpenteria, CA), the MIB-1 antibody
against the Ki-67 nuclear proliferation antigen (Immunotech, Westbrook, ME), and an antibody against the bcl-2 protein (Dako clone
124; Dako). All immunohistochemical analyses were performed in
the Laboratory of Hematopathology, National Cancer Institute, and
were reviewed by two investigators (J.T-F. and M.R.). Deparaffinized
slides were first submitted to an antigen-retrieval procedure. In brief,
the slides were placed in a microwavable pressure cooker containing
1,500 mL of 10-mmol/L citrate buffer at pH 6.0 and were microwaved
(Model R4A80; Sharp Electronics, Mahwah, NJ) for 40 minutes at
700 W. Immunohistochemistry was then performed on an automated
immunostainer (Ventana Medical System, Inc, Tucson, AZ) using the
manufacturer’s paraffin-slide protocol.
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Markers
p53/
bcl-2/‡
Histology§
Low-grade
Progressed low-grade
Intermediate-grade
Clinical features
Age [median]
LDH elevated
Performance status 2-4
Stage III or IV
Extranodal sites ú1
Mass ú10 cm
Refractory disease\
Prior regimens [median]

bcl-2†

MOLECULAR MARKERS OF DRUG RESISTANCE IN LYMPHOMA
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tients with respect to continuous variables were made using the
Wilcoxon rank sum test, and comparisons of discrete variables between groups were performed using the x2 test, Fisher’s exact test,
or Mehta’s modification of Fisher’s exact test as appropriate.22 The
correlation between time from initial diagnosis to entry on the present study and tumor proliferation was assessed using a Spearman
rank correlation coefficient. Durations of PFS and OS were computed from the on-study date until the date of progression, death, or
last follow-up evaluation, as appropriate. The Kaplan-Meier method
was used to compute the probability of survival or PFS.23 The Mantel-Haenszel technique was used to compute the significance of the
difference between pairs of Kaplan-Meier curves.24 In addition, the
Cox proportional hazards modeling technique was used to identify
which factors, when simultaneously evaluated, may together affect
survival or PFS.25 The resulting model parameters (bi ) were converted to relative risks by computing exp(bi ), where exp(a) Å
2.7183a.26 The 95% confidence interval for the relative risk was
computed as [exp(biL ), exp(biH )], where biL Å bi-1.96 [est. std. Error
(bi )] and biH Å bi/1.96 [est. std. Error (bi )]. The relative risk indicates the risk associated with dying (or being a PFS failure) while
being in a greater risk category as compared with that of being in a
lower risk category. Logistic regression analysis was used to identify
factors simultaneously associated with response to therapy.27 All P
values are 2-sided and denoted by P2.
RESULTS

Clinical characteristics. Tumor tissue obtained within 6
weeks of treatment with EPOCH chemotherapy was available for analysis of drug resistance markers in 75 patients
with relapsed NHL. Patient characteristics, divided by p53,
bcl-2, and MIB-1 (tumor proliferation) status, are shown
in Table 1. The median patient age was 51 years. Clinical
characteristics shown to have an adverse prognostic impact
in the International NHL Prognostic Factors Project (International Index) included age over 60 years in 24%, elevated
LDH level in 57%, Eastern Cooperative Oncology Group
performance status of 2 to 4 in 59%, advanced stage in 85%,
and multiple extranodal disease sites in 23% of patients.28
Patients had received a median of 2 (range, 1 to 8) prior
regimens and 8 (range, 3 to 15) different drugs, and 24
patients (32%) had not responded to their last treatment and
5 had primary refractory disease. Aggressive histologies
comprised 80% and low-grade histologies comprised 20%
of the series. Of the 60 patients with aggressive histologies,
37 had presented de novo with intermediate-grade
lymphoma, whereas 23 had progressed from a low-grade
histology (PLG). Diffuse large-cell and large-cell immunoblastic were the predominant histologies, comprising 61%
of patients in this series, and 93% of tumors (70) were of
B-cell phenotype.
p53 immunohistochemistry and mutational analysis. Tumor tissue was available for analysis by p53 immunohistochemistry in all 75 patients and, for p53 mutations, in 56
patients (75%; Table 2). Overall, 16 tumors (21%) showed
evidence of a p53 mutation and/or overexpression (termed
p53 abnormality). There was very good concordance between protein overexpression as detected by immunohistochemistry and the presence of an abnormal p53-DGGE
result. Of 13 tumors showing p53 overexpression by immunohistochemistry, mutations were confirmed by DGGE
and sequence analysis in 11. In the 2 unconfirmed cases, 1
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Tissues were scored as p53-positive if greater than 10% of the
tumor cells had nuclear staining and as p53-negative if °10%
stained. A control slide containing p53-positive cells was used to
confirm the adequacy of the immunohistochemistry. To control for
differences in bcl-2 staining between tissue samples, T cells were
used as internal controls and were identified by CD3 staining of
serial slides. If there was no bcl-2 staining of the control T cells,
the tumor sample was not included in the study. Bcl-2 staining was
scored on a scale from 0 to 3 as follows: 0, tumor cells were negative
but interspersed reactive T cells were positive; 1, tumor cells stained
lighter than T cells; 2, tumor cells stained equal to T cells; 3, tumor
cells stained stronger than T cells. MIB-1 staining was scored as a
mean percentile of 200 to 300 tumor cells averaged over 3 highpowered fields (hpf; 401) or 600 cells using a grid ocular objective
and was reported as 0 to 100%.
p53 denaturing gradient gel electrophoresis (DGGE). High molecular weight genomic DNA was extracted from frozen tissue or
from deparaffinized tissue sections using a commercial DNA extraction kit (Stratagene Cloning Systems, La Jolla, CA). Two hundred
nanograms of genomic DNA was mixed with 40 pmol of each primer
and 75 nmol of each deoxynucleotide triphosphate in 50 mL of
polymerase chain reaction (PCR) buffer (10 mmol/L Tris HCL, [pH,
8.3], 50 mmol/L KCL, 1.5 mmol/L MgCL2, and 0.01% gelatin), and
1.5 U of Taq DNA polymerase was added to each sample after
heating at 947C for 3 minutes (‘‘Hot Start’’). PCR was performed
at 947C for 1 minute, at 557C for 1 minute, and at 727C for 1 minute
plus 1 second of extension per cycle, for 35 cycles. Except for the
exon 8 primers, primers flanking p53 exons 5-8 were the same as
those described by Beck et al.21 Exon 8 primers were as follows:
forward, 5* CCTATCCTGAGTAGTGGTAAT-3*; and reverse,
5*(GC)AAGTGAATCTGAGGCATAAC-3*. One primer of each
pair was synthesized with an added 40-bp GC-rich sequence (GC
clamp) at the 5* end. The GC clamps provide high-temperature
melting domains at one end of each PCR product, rendering the
remainder of the exon sequence accessible to analysis by DGGE.
Five microliters of each amplified sample was subjected to electrophoresis on 1.5% agarose gels to determine whether amplification
occurred; the remainder was used for the DGGE analysis. Gels were
cast using the Model 475 Gradient delivery system (Bio-Rad Laboratories, Hercules, CA), and products were analyzed using a D-gene
gel electrophoresis apparatus (Bio-Rad Laboratories). Forty-five microliters of amplified sample was mixed with 8 mL of loading dye,
loaded onto 7.5% polyacrylamide gels, and electrophoresed at 150 V
at 607C under the appropriate predetermined denaturing conditions.
Except for the gradient conditions for exon 5 and 6, all other p53
exons were analyzed under the same gradient conditions described
by Beck et al.21 Conditions for exons 5 and 6 were as follows: 50%
to 65% for 5.5 hours and 35% to 60% for 8 hours, respectively.
p53 sequence analysis. Abnormal bands detected by DGGE
were cut from the gel with a sterile razor blade under UV light and
placed in 300 mL of Tris-EDTA (pH, 7.4), and the DNA was eluted
at 657C overnight. After ethanol precipitation and resuspension in
20 mL of water, 2 to 3 mL was used for PCR amplification as
described above, and 6.5 mL of amplified product was used for
sequencing according to the instructions from the Sequenase PCR
Product Sequencing Kit (US Biochemical Corp, Cleveland, OH).
All samples were sequenced in the forward and reverse directions
using the identical primers used for PCR amplification. Samples
were denatured for 2 minutes at 757C, and 3 mL was run on a
denaturing 6% polyacrylamide/8 mol/L urea sequencing gel for 3
hours at 65 W. The gels were transferred to Whatman paper (Whatman, Maidenstone, UK) and dried. Autoradiography was performed
with Kodak X-OMAT film (Eastman-Kodak, Rochester, NY) at
room temperature for 24 to 72 hours.
Statistical analysis. Comparisons between two groups of pa-
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Table 2. p53 Mutations
p53 Mutations
Histology

p53 IHC

Exon

Codon-Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

DLC
DLC
DLC
FSC & DLC
DLC
DLC
DLC
F & DLC
FM
FM
DLC
DLC
DLC
DLC
DLC
DLC

/
/
/
/
/
/
/
/
/
/
/
/
/
0
0
0

5
5
7
7
7
7
7
8
8
8
8
—
NA
6
6
7

35-bp insertion
176 TGC(Cys)rTCC(Ser)
241 TCC(Ser)rCCC(Pro)
248 CGG(Arg)rCAG(Gln)
236 TAC(Tyr)rAAC(Asn)
244 GGC(Gly)rACC(Thr)
236 TAC(Tyr)rAAC(Asn)
273 CGT(Arg)rCAT(His)
278 CCT(Pro)rTCT(Ser)
281 GAC(Asp)rGTC(Val)
281 GAC(Asp)rAAC(Asn)
—
NA
192 CAG(Gln)rTAG(Stop)
215 AGT(Ser)rAAT(Asn)
248 CGG(Arg)rCAG(Gln)

Abbreviations: IHC, immunohistochemistry; NA, tissue not available; DLC, diffuse large-cell/immunoblastic lymphoma; FSC, follicular
small cleaved; F, follicular; FM, follicular mixed.

was negative for mutation and there was inadequate material
for mutational analysis in the other. We also performed mutational analysis on 44 specimens that did not show p53
overexpression and detected mutations in 3 additional cases.
Of these 3 cases, 1 possessed a stop codon at position 192
that may have resulted in an unstable protein undetectable
by immunohistochemistry. It is worth noting that all positive
cases came from tumors of B-cell phenotype, although there
were few non–B-cell cases. In this study, immunohistochemistry was a rapid and reliable method of detecting p53
mutations. Using DGGE as a standard, immunohistochemistry had a sensitivity and specificity of 79% and 98%, respectively.
The abnormally migrating bands detected by DGGE in 14
cases were distributed among exons 5-8 as shown in Table
2. Sequence analysis showed all but 1 to be the result of one
or two point mutations. The 1 exceptional case had a 35-bp
duplication in exon 5. All of the point mutations occurred
in common hot spots and were generally of the missense
type, except in 1 case in which the mutation resulted in a
stop codon.
As shown in Table 1, we examined the relationship between the presence of a p53 abnormality and patient characteristics on study entry. Although there were no significant
associations, the aggressive histological subtypes and refractory tumors tended to have a higher incidence of p53 abnormalities.
Bcl-2 immunohistochemistry. Relative expression levels
of bcl-2 were assessed in 69 tumors and were scored as 0,
1, 2, or 3. There was a significant association between the
histological subtype and bcl-2 expression (P2 Å .003); 93%
of low-grade tumors showed bcl-2 expression of 2 or 3,
whereas 61% of intermediate-grade tumors had low bcl-2
expression of 0 or 1 (Table 1). We also examined the relationship between patient characteristics on study entry and
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Table 3. Clinical Variables Associated With EPOCH Resistance
No. of Patients (%)
Variables

LDH
Normal
Elevated
PS
0-1
2-4
Stage
I/II
III/IV
Extranodal sites
0-1
¢2
Age†
Mass ú10 cm
0
/
Refractory disease‡
0
/
Histology
Low-grade
Progressed low-grade
Intermediate-grade

No.

Resistant*

P2

32
43

4 (13)
15 (35)

.027

31
44

2 (6)
17 (39)

.002

11
64

4 (36)
15 (23)

.46

58
17
—

16 (28)
3 (18)
—

.53
.034

58
17

10 (17)
9 (53)

.009

51
24

8 (16)
11 (46)

.005

15
23
37

4 (27)
2 (9)
13 (35)

.07

Statistically significant P values are shown in boldface.
Abbreviation: PS, performance status.
* No response.
† Mean age in years: nonresponders, 39, versus responders, 55.
‡ No response to prior regimen.
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Patient
No.

bcl-2 expression. Patients with more than one extranodal
disease site were more likely to have higher bcl-2 expression,
an association likely caused by the higher incidence of bone
marrow disease in low-grade lymphomas; no other clinical
correlations were found. There was no relation between p53
abnormality and bcl-2 expression level (P2 Å .68).
Relationship of p53 and bcl-2 to drug resistance and clinical outcome. We assessed the clinical variables associated
with EPOCH drug resistance by univariate analysis (Table
3). There was no significant difference among the different
histological subsets. Of importance was the relationship of
p53 abnormality and bcl-2 expression to drug resistance.
Tumors with a p53 abnormality were significantly more
likely to be drug resistant than tumors with normal p53 (56%
v 17%, respectively; P2 Å .003) and to have an overall poorer
response to therapy (P2 Å .01; Table 4). In contrast, bcl-2
expression had no association with clinical drug resistance
(21% v 28%; P2 Å .52) or with overall response to therapy
(P2 Å .42; Table 4). A logistic regression analysis of all
variables confirmed the independent association of p53 abnormality (P2 Å .008) with drug resistance, along with poor
performance status and age (Table 5).
To determine if these results were influenced by our including all histological grades, we performed these same
analyses in the intermediate-grade subset alone. p53 abnormality remained significantly associated with drug resistance
by both univariate (P2 Å .017) and multivariate (P2 Å .016)

MOLECULAR MARKERS OF DRUG RESISTANCE IN LYMPHOMA

Table 4. Relationship Between p53 Status, bcl-2 Expression,
and MIB-1, and Response to EPOCH
No. of Patients (%)
Variable

p53 status
/
0
bcl-2 expression
0/1
2/3
MIB-1
õ80%
¢80%

P2

CR

PR

NR

2 (13)
15 (25)

5 (31)
34 (58)

9 (56)
10 (17)

.01

8 (28)
6 (15)

15 (52)
23 (58)

6 (21)
11 (28)

.42

8 (16)
7 (44)

27 (53)
8 (50)

16 (31)
1 (6)

.028

analyses. Of interest in this subset analysis was the finding
that patients with high bcl-2 expression tended to be more
drug resistant (53%) than those with low expression levels
(20%; P2 Å .065). We also performed these analyses in the
low-grade and progressed low-grade subgroups, and none
were significant except for p53 abnormality, which showed
borderline (P2 Å .057) association with resistance in the
low-grade subset, not unexpected results given the relatively
small sizes of these subgroups.
We also looked at the association of all variables on patient PFS and OS. Kaplan-Meier PFS and OS curves with
Mantel-Haenszel P values were constructed for all variables
and were performed on all patients. Combining all patients,
those with a p53 abnormality had a significantly shorter
median PFS (2.1 v 8.2 months as compared with p53 wildtype tumors, P2 Å .008; Fig 1A). This association remained
significant within the low- and intermediate-grade subsets
as well (P2 Å .026 and .005, respectively). Patients with a
p53 abnormality also had a significantly shorter median OS
(11.7 v 21.5 months; P2 Å .038; Fig 1B), and this association
was significant within the subset of patients with intermediate-grade histologies as well (P2 Å .027). In contrast, there
was no significant association between low (0/1) or high (2/
3) bcl-2 expression level and either PFS (7.1 v 6.2 months,
respectively) or OS (22 v 17.9 months, respectively). Separate subset analyses within the low- and intermediate-grade
subsets were not significant. To assess if there was an interaction between p53 and bcl-2 expression and either PFS or
OS, we combined these two variables but found no significant associations other than that accounted for by p53 abnormality.
We performed a Cox proportional hazards model to determine which variables were independently associated with
PFS and OS. For PFS, p53 abnormality was significantly
associated with shorter PFS (P2 Å .0014), along with induction failure and poor performance status (Table 6). The presence of a p53 abnormality was also independently associated
with a shorter OS (P2 Å .036; Table 6). When these same
multivariate analyses were restricted to the intermediategrade subset, p53 abnormality remained associated with PFS
(P2 Å .0076) and OS (P2 Å .02).
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Relationship of MIB-1 expression and clinical drug resistance. MIB-1 detects a nuclear antigen that is present
throughout the cell cycle but not in resting (Go ) cells. Thus,
it is a measure of tumor growth and is expressed as the
percentage of proliferating tumor cells. In the present study,
we analyzed tumor specimens from 67 patients (89%) and
made correlations between patient variables and tumor proliferation rates. Tumor proliferation correlated with both tumor grade and bcl-2 expression level (Table 1). The mean
{ SEM tumor proliferation rates for low-grade (n Å 13),
progressed low-grade (n Å 22), and intermediate-grade NHL
(n Å 32) were 36.6% { 6.3%, 50.8% { 4.4%, and 69.7%
{ 4.2%, respectively (P2 Å .0002). The association between
bcl-2 expression level and tumor proliferation was noteworthy. Tumors expressing no bcl-2 (n Å 9) had the highest
mean { SEM tumor proliferation rate of 80.3% { 6.4%,
intermediate (level, 1) expressors (n Å 18) had a proliferation
rate of 62.1% { 5.6%, and high (level, 2 or 3) expressors
had the lowest proliferation rate of 49.8% { 3.8%; P2 Å
.0045). To control for the association between high bcl-2
expression and follicular lymphoma, which have low proliferation rates, we restricted this analysis to the intermediategrade subset and found a similar result, albeit of borderline
significance because of the small patient numbers (P2 Å
.058). Figure 2 shows the distribution of tumor proliferation
and median within each bcl-2 expression level.
As shown in Table 1, there was an association between
tumor proliferation and advanced-stage disease, a finding
that likely reflects the association of lower tumor proliferation and more advanced-stage disease found in the lowgrade lymphomas. We also found that patients with a tumor
proliferation rate of less than 80% had received more prior
regimens than patients with higher tumor proliferation rates.
To assess if patients with lower tumor proliferation rates
had had their disease longer than patients with high tumor
proliferation rates, we determined the correlation between
tumor proliferation and the time from initial diagnosis to
entry on the present study and found no association (Spearman rank correlation coefficient Å 0.03). Thus, this finding
indicates that patients with lower tumor proliferation rates
had received more prior regimens because they had shorter
progression-free periods, suggesting greater drug resistance,
as compared with those of patients with higher tumor proliferation rates.
We were interested in exploring whether there was a relationship between the tumor proliferation and drug resistance,
PFS, and OS after EPOCH chemotherapy. To compare our
results with those of a recent prospective study which
showed that tumor proliferation ¢80% was associated with
Table 5. Logistic Regression Analysis of Variables
Predictive of Drug Resistance
Variable

Parameter Estimate

P2

p53/
PS
Age

02.00
02.12
0.07

.008
.004
.0001

Statistically significant P values are shown in boldface.
Abbreviation: PS, performance status.
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Statistically significant P values are shown in boldface.
Abbreviations: CR, complete response; PR, partial response; NR, no
response.
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poor survival in aggressive NHL, we performed separate
analyses that included all patients or was restricted to the
intermediate-grade subset and treated tumor proliferation as
either a continuous or a discontinuous (õ or ¢80%) variable.16 A significant relationship between tumor proliferation
and drug resistance was found. Including all patients, those
with tumor proliferation rates of less than 80% were more
likely to be drug-resistant (31% v 6%) or to fail to achieve
CR (16% v 44%) than patients with higher proliferation
(Table 4). These findings were somewhat more significant
when tumor proliferation was treated as a continuous variable (P2 Å .0062) or restricted to the intermediate-grade
subset (P2 Å .023). To assess the impact of p53 abnormality
on these findings, we excluded all patients with p53 abnormalities and treated tumor proliferation as a continuous variable. As before, the analysis showed that resistant patients
had significantly lower tumor proliferation rates than did
sensitive patients; nonpartial, partial, or complete responders
to EPOCH had mean { SE tumor proliferation rates of
44.6% { 6.4%, 53.8% { 5.0%, and 73.5% { 5.5%, respectively (P2 Å .022). The association of tumor proliferation and
drug resistance was not significant in the logistic regression
analysis (Table 5).

The effect of tumor proliferation on PFS and OS was less
striking. In patients with tumor proliferation rates of less
than 80%, the median PFS was 6.3 months, as compared
with 8.8 months for patients with proliferation rates ¢80%
(P2 Å .038). The median OS was 17.8 months in patients
with tumor proliferation rates of less than 80% and 34
months in patients with higher proliferation, but this difference was not statistically significant. When the analysis was
confined to the intermediate-grade subset, the median PFS
and OS tended to be shorter in patients with lower tumor
proliferation. None of these findings were significant in the
Cox proportional hazards models (Table 6).
DISCUSSION

We undertook the present study of p53, bcl-2, and MIB1 expression in relapsed NHL to assess the relationship of

Table 6. Cox Proportional Hazards Models of PFS and OS
PFS

OS

Variable

P2

Relative Risk
(95% CI)

P2

p53/
Induction failure
PS 2-4
IG histology

.0014
.0001
.0011
NS

2.69 (1.47-4.94)
2.94 (1.73-5.00)
2.41 (1.42-4.09)
—

.036
.038
.003
.022

Relative Risk
(95% CI)

1.92
1.84
2.39
1.95

(1.04-3.52)
(1.04-3.25)
(1.33-4.30)
(1.11-3.45)

Statistically significant P values are shown in boldface.
Abbreviations: CI, confidence interval; IG, intermediate-grade; PS,
performance status; NS, not significant.
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Fig 2. Scatter plot showing the distribution of tumor proliferation
among tumor samples showing bcl-2 expression levels of 0, 1, 2, and
3. Each point represents an individual patient tumor sample. Bars
represent the median within each group (P2 ! .009).
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Fig 1. (A) PFS of 59 patients without p53 abnormalities (*) is compared with that of 16 patients with abnormalities (s). Patients without
abnormalities progressed in a median of 8.2 months, as compared with 2.1 months for patients with abnormalities. (B) OS of 59 patients
without p53 abnormalities (*) is compared with that of 16 patients with abnormalities (s). Patients without abnormalities died in a median
of 21.5 months, as compared with 11.7 months for patients with abnormalities.
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type (eg, blastic mantle cell) were not assessed.31 In contrast,
another study recently assessed the prognostic significance of
p53 overexpression in 165 patients with previously untreated
diffuse large B-cell lymphomas and found no association
with response or survival.10 However, because the investigators did not confirm the presence of p53 mutations by sequence analysis, it is unclear how accurately their immunohistochemical criteria for overexpression identified patients
with mutations.
In the present study, we found that patients with p53 abnormalities were significantly more likely to be drug resistant
(56%) than patients without abnormalities (17%). Furthermore, no correlations between p53 status and known clinical
prognostic factors, bcl-2 expression, or tumor proliferation
were found that could account for this result. The association
of p53 abnormality with drug resistance was further strengthened by the multivariate analysis that showed it to be an
independent predictor of drug resistance. Patients with p53
abnormalities also had significantly shorter PFS and OS.
These results suggest that loss of normal p53 function in
lymphoma leads to drug resistance. Furthermore, these results indicate that the decreased PFS and OS associated with
p53 abnormalities are likely due to the effects of drug resistance and not to an increase in the tumor aggressiveness.
Indeed, tumors with p53 abnormalities tended to have lower
proliferation rates (Table 1), one indicator of tumor aggressiveness, than did those without abnormalities.
Because the p53 status of tumors will likely become an
important clinical parameter in the future, an accurate and
inexpensive test will be necessary. Thus, we compared the
specificity and sensitivity of p53 immunohistochemistry, using a cutoff of 10%, with those of molecular techniques and
found immunohistochemistry to be a reliable method. Of 14
cases with molecularly confirmed mutations, 79% overexpressed p53, and, of 43 cases without overexpression, only
7% had confirmed mutations. Of interest is that 1 of these
latter cases had a stop codon mutation that might not be
expected to result in overexpression.
We assessed the association of bcl-2 expression with drug
resistance and found no association. However, among patients with only intermediate-grade histologies, 53% of those
with high bcl-2 expression were drug-resistant, as compared
with 20% of those with low bcl-2 expression. Although only
of borderline significance, it suggested that high bcl-2 expression may lead to clinical drug resistance. We also noted
that patients with high bcl-2 expression tended to have
shorter PFS and OS, as compared with those of low-level
expressors. These latter results are consistent with several
recently published studies. In one study of 151 patients with
diffuse large-cell lymphoma, high bcl-2 staining was significantly associated with shorter DFS and OS.8 Two additional studies similarly showed a significant association between high bcl-2 expression and shorter DFS, although, in
one of these studies, presence of t(14;18) had no significance
on DFS or OS.10,11 These investigators hypothesized that
high bcl-2 protein inhibits apoptosis, thereby producing drug
resistance and shorter DFS and OS. However, a potential
confounding variable not assessed by these investigators is
our observation that bcl-2 expression and tumor proliferation
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these markers to clinical drug resistance and clinical outcome. Although there are several published clinical studies
on these markers, they have reached conflicting conclusions,
and none assessed the relationship of these markers to drug
resistance.3,4,8-12,18,19 Furthermore, a confounding variable in
interpreting the published reports is that many have analyzed
the relationship of individual markers with specific clinical
endpoints such as survival and/or DFS and, thus, have not
assessed whether the associations are independent of or reflect associations with known clinical prognostic factors. To
address this, we examined the relationship of these markers
to one another and to patient characteristics to determine
their independent association with drug resistance and clinical outcome.
To specifically assess the relationship of these markers to
drug resistance, we studied patients with relapsed (61%) or
refractory (39%) NHL. We recognize that the heterogeneous
nature of NHLs is a potential variable in interpreting the
clinical endpoints of PFS and OS because these outcomes
may be influenced by factors other than drug resistance, such
as prior treatment and response, tumor bulk, performance
status, and tumor biology. However, if p53, bcl-2 and tumor
proliferation are involved in the fundamental biology of drug
resistance in NHL, one might reasonably expect to see their
effects across different histological subtypes and patient
characteristics. Furthermore, the overlap of histologies and
continuum in biology present among many lymphomas classified as low-, progressed low-, or intermediate-grade blurs
this categorization.29 Nevertheless, we attempted to control
for these variables in several ways. The distribution of p53
abnormalities, bcl-2 expression, and tumor proliferation
among patient characteristics was assessed and not found to
be associated with any specific clinical features that we believe would significantly bias these results. To control for
possible differences among histological subtypes, we correlated all three markers with drug resistance and PFS and OS
endpoints in all patients and in the subset of patients with
intermediate-grade NHL.
A number of studies have examined the prevalence of
p53 mutations in low- and intermediate-grade NHL. In the
present study, evidence of p53 abnormality was found in
21% (16 of 75) of cases. However, other studies have
reached conflicting conclusions. The first published study
detected no mutations in 43 patients with low- or intermediate-grade lymphomas, whereas a recent study of 48 previously untreated patients found mutations in 19% of tumors.4,30 Several studies have associated p53 mutations with
advanced-stage disease and histological progression of lowgrade lymphomas, suggesting that p53 mutations are a late
event in disease evolution.4,5 If correct, patients whose tumors harbor p53 mutations might be expected to have a
shorter survival as compared with that of patients without
mutations, possibly because of lead time bias. Indeed, two
recent studies of mantle cell and aggressive B-cell lymphomas found that p53 overexpression was associated with decreased survival.9,12 The investigators speculated that the
shorter survival was due to increased drug resistance, but
other potentially important factors such as tumor bulk, performance status, tumor proliferation, and histological sub-
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able with chemotherapy. In this regard, an intriguing observation is that aggressive clones that develop in patients with
low-grade lymphomas may be eradicated with combination
chemotherapy.37 We have not infrequently observed that,
compared with the low-grade component of the lymphoma,
the aggressive clones have higher proliferation rates and
lower bcl-2 expression. This observation is consistent with
our finding of an inverse correlation between bcl-2 expression and tumor proliferation.
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are inversely correlated. Indeed, in the present study, patients
with low tumor proliferation were significantly more likely
to be drug-resistant and tended to have shorter PFS and OS,
as compared with patients with high tumor proliferation.
This observation raises the possibility that bcl-2 is a surrogate marker for tumor proliferation and has no independent
effect on drug resistance. This latter result is consistent with
a recent report showing a significant association between
low tumor proliferation and the presence of t(14;18) in lowand intermediate-grade NHL.32 Because the t(14;18) generally results in high bcl-2 expression, the level of bcl-2 is
most likely the biologically relevant mechanism.
There are conflicting reports regarding the effect of tumor
proliferation on clinical outcome in NHL. Miller et al18 reported that tumor proliferation ¢80% was associated with
poorer survival in previously untreated patients with aggressive NHL, whereas Hall et al19 found that patients who
achieved a good response to chemotherapy were less likely
to relapse if they had a tumor proliferation of greater than
80%. Our results are in agreement with those of the latter
study and suggest that tumors with low proliferation may
be less sensitive to chemotherapy than rapidly proliferating
tumors. These findings are also in agreement with experimental observations that high tumor proliferation can be a
significant determinant of drug sensitivity.15,16
It is worth noting that, in a previous study, we had quantitatively measured p-glycoprotein (Pgp) RNA, the pump responsible for the multidrug resistance (MDR-1) phenotype,
in 32 patients from the present study.33,34 To assess if MDR1 was a significant cause of drug resistance, we evaluated
the relationship of pre- and post-EPOCH MDR-1 levels and
their delta with resistance to EPOCH chemotherapy. Although the patient numbers are low, we found no significant
association, suggesting that MDR-1 is not a major cause of
drug resistance in this patient population.
The results of the present study are consistent with the
hypothesis that normal p53 is important for the cytotoxic
effects of chemotherapy in NHL and, conversely, that loss
of p53 function (ie, mutations) leads to drug resistance. In
contrast to p53, bcl-2 inhibits apoptosis, and, both experimentally and clinically, bcl-2 overexpression has been associated with drug resistance.6,8 However, compared with p53,
bcl-2 has less effect in vitro on chemotherapy-induced
apoptosis, and its activity may be modulated by heterodimerization with the BAX protein.35 Although we found a trend
between bcl-2 expression and drug resistance, a more significant finding was the correlation of tumor proliferation
and drug resistance. These findings suggest that tumor proliferation plays a role in the sensitivity (or, conversely, the
resistance) of lymphomas to chemotherapy. One possible
mechanism for this effect is that the threshold for apoptosis
is influenced by tumor proliferation. In tumor samples, for
example, high proliferation has been correlated with high
rates of spontaneous apoptosis.36 Furthermore, preliminary
experimental evidence suggests that resting cells may have
lower levels of p53, as compared with dividing cells, and
this may affect the threshold for chemotherapy-induced
apoptosis. If correct, this could partially explain why slowly
proliferating lymphomas such as low-grade NHL are incur-

MOLECULAR MARKERS OF DRUG RESISTANCE IN LYMPHOMA

AID

Blood 0036

/

5h2b$$$701

Prognostic Factors Project: A predictive model for aggressive nonHodgkin’s lymphoma. N Engl J Med 329:987, 1993
29. The non-Hodgkin’s lymphomas pathologic classification project: National Cancer Institute sponsored study of classifications of
non-Hodgkin’s lymphomas: Summary and description of a working
formulation for clinical usage. Cancer 49:2112, 1982
30. Gaidano G, Ballerini P, Gong JZ, Inghirami G, Neri A, Newcomb EW, Magrath IT, Knowles DM, Dalla-Favera R: p53 mutations in human lymphoid malignancies: Association with Burkitt
lymphoma and chronic lymphocytic leukemia. Proc Natl Acad Sci
USA 88:5413, 1991
31. Hernandez L, Fest T, Cazorla M, Teruya-Feldstein J, Bosch
F, Peinado MA, Piris MA, Montserrat E, Cardesa A, Jaffe ES,
Campo E, Raffeld M: P-53 gene mutations and protein overexpression are associated with aggressive variants of mantle cell
lymphomas. Blood 87:3351, 1996
32. Grierson HL, Wooldridge TN, Hess M, Ratashak A et al: Proliferative fraction and DNA content are lower in B-cell non-Hodgkin’s
lymphomas with the t(14;18). Leuk Lymphoma 19:253, 1995
33. Wilson WH, Bates SE, Fojo A, Bryant G, Zhan Z, Regis J,
Wittes RE, Jaffe ES, Steinberg SM, Herdt J, Chabner BA: Controlled trial of dexverapamil, a modulator of multidrug resistance,
in lymphomas refractory to EPOCH chemotherapy. J Clin Oncol
13:1995, 1995
34. Kang YK, Zhan Z, Regis J, Robey R, Meadows B, Dickstein
B, Lee JS, Otsuki T, Stetler-Stevenson M, Jaffe ES, Solomon D,
Wilson WH, Fojo A, Bates SE: Expression of mdr-1 in refractory
lymphoma: Quantitation by polymerase chain reaction and validation
of the assay. Blood 86:1515, 1995
35. Oltvai ZN, Milliman CL, Korsmeyer SJ: Bcl-2 heterodimerization in vivo with a conserved homolog, Bax, that accelerates programmed cell death. Cell 74:609, 1993
36. Leocini L, Del Vecchio MT, Megha T, Barbini P, Galieni P,
Pileri S, Sabattini E, Gherlinzoni F, Tosi P, Kraft R, Cottier H:
Correlations between apoptotic and proliferative indices in malignant
non-Hodgkin’s lymphomas. Am J Pathol 142:755, 1993
37. Yuen AR, Kamel OW, Halpern J, Horning SJ: Long-term
survival after histologic transformation of low-grade follicular
lymphoma. J Clin Oncol 13:1726, 1995

12-10-96 14:15:57

blda

WBS: Blood

Downloaded from http://ashpublications.org/blood/article-pdf/89/2/601/1641864/601.pdf by guest on 25 February 2021

15. Hug V, Johnston D, Finders M, Hortobagyi G: Use of growthstimulatory hormones to improve the in vitro therapeutic index of
doxorubicin for human breast tumors. Cancer Res 46:147, 1986
16. Lee WP: The role of reduced growth rate in the development
of drug resistance of HOB1 lymphoma cells to vincristine. Cancer
Lett 73:105, 1993
17. Valeriote F, van Putten L: Proliferation-dependent cytotoxicity of anticancer agents: A review. Cancer Res 35:2619, 1975
18. Hall PA, Richards MA, Gregory WM, d’Ardenne AJ, Lister
TA, Stansfeld AG: The prognostic value of Ki-67 immunostaining
in non-Hodgkin’s lymphoma. J Pathol 154:223, 1988
19. Miller TP, Grogan TM, Dahlberg S, Spier CM, Braziel RM,
Banks PM, Foucar K, Kjeldsberg CR, Levy N, Nathwani BN,
Schnitzer B, Tubbs RR, Gaynor ER, Fisher RI: Prognostic significance of the Ki-67-associated proliferative antigen in aggressive
non-Hodgkin’s lymphomas: A prospective Southwest Oncology
Group trial. Blood 83:1460, 1994
20. Wilson WH, Bryant G, Bates S, Fojo A, Wittes RE, Steinberg
SM, Kohler DR, Jaffe ES, Herdt J, Cheson BD, Chabner BA: EPOCH chemotherapy: Toxicity and efficacy in relapsed and refractory
non-Hodgkin’s lymphomas. J Clin Oncol 11:1573, 1993
21. Beck JS, Kwitek AE, Cogen PH, Metzger AK, Duyk GM,
Sheffield VC: A denaturing gradient gel electrophoresis assay for
sensitive detection of p53 mutations. Hum Genet 91:25, 1993
22. Mehta CR, Patel NR: A network algorithm for performing
Fisher’s exact test in r 1 c contingency tables. J Am Stat Assoc
78:427, 1983
23. Kaplan E, Meier P: Non-parametric estimation from incomplete observations. J Am Stat Assoc 53:457, 1958
24. Mantel N: Evaluation of survival data and two new rank order
statistics arising in its consideration. Cancer Chemother Rep 50:163,
1966
25. Cox D: Regression models and life tables. J Royal Stat Soc
34:187, 1972
26. Mathews DE, Farewell VT (eds): Using and Understanding
Medical Statistics. Basel, Switzerland, Karger, 1985, p 148
27. Press SJ, Wilson S: Choosing between logistic regression and
discriminant analysis. J Am Stat Assoc 73:699, 1978
28. Shipp MA: The International Non-Hodgkin’s Lymphoma

609

