
UNCLASSIFIED

AD NUMBER

ADB263413

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Proprietary Info.; Jun
2000. Other requests shall be referred to
US Army Medical Research and Materiel
Command, 504 Scott St., Fort Detrick, MD
21702-5012.

AUTHORITY

USAMRMC ltr, 21 Feb 2003

THIS PAGE IS UNCLASSIFIED



AD

Award Number: DAMD17-99-1-9134

TITLE: p19 ARF-p53 Tumor Suppressor Pathway During Oncogene-
Induced Apoptosis and Senescence

PRINCIPAL INVESTIGATOR: Jainping Jin, Ph.D.
Scott Lowe, Ph.D.

CONTRACTING ORGANIZATION: Cold Spring Harbor Laboratory
Cold Spring Harbor, New York 11724

REPORT DATE: June 2000

TYPE OF REPORT: Annual Summary

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government
agencies only (proprietary information, Jun 00). Other requests
for this document shall be referred to U.S. Army Medical Research
and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20010216 061



% NOTICE

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER
DATA INCLUDED IN THIS DOCUMENT FOR ANY PURPOSE OTHER
THAN GOVERNMENT PROCUREMENT DOES NOT IN ANY WAY
OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE
GOVERNMENT FORMULATED OR SUPPLIED THE DRAWINGS,
SPECIFICATIONS, OR OTHER DATA DOES NOT LICENSE THE
HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY
ANY RIGHTS OR PERMISSION TO MANUFACTUREr USEr OR SELL
ANY PATENTED INVENTION THAT MAY RELATE TO THEM.

LIMITED RIGHTS LEGEND

Award Number: DAMD17-99-1-9134
Organization: Cold Spring Harbor Laboratory
Location of Limited Rights Data (Pages):

Those portions of the technical data contained in this report marked as
limited rights data shall not, without the written permission of the above
contractor, be (a) released or disclosed outside the government, (b) used by
the Government for manufacture or, in the case of computer software
documentation, for preparing the same or similar computer software, or (c)
used by a party other than the Government, except that the Government may
release or disclose technical data to persons outside the Government, or
permit the use of technical data by such persons, if (i) such release,
disclosure, or use is necessary for emergency repair or overhaul or (ii) is a
release or disclosure of technical data (other than detailed manufacturing or
process data) to, or use of such data by, a foreign government that is in the
interest of the Government and is required for evaluational or informational
purposes, provided in either case that such release, disclosure or use is made
subject to a prohibition that the person to whom the data is released or
disclosed may not further use, release or disclose such data, and the
contractor or subcontractor or subcontractor asserting the restriction is
notified of such release, disclosure or use. This legend, together with the
indications of the portions of this data which are subject to such
limitations, shall be included on any reproduction hereof which includes any
part of the portions subject to such limitations.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION.



I Form ApprovedREPORT DOCUMENTATION PAGE OMB No. 074-0188
Public reporting burden for this collection of information is estimated to average 1 hour per response, Including the lime for reviewing Instructions, searching existing data sources, gathering and maintaining
the data needed,and completing and reviewing this collection of Information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

IJune 2000 Annual Summary (15 May 99 - 15 May 00)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
p19 ARF-p53 Tumor Suppressor Pathway During Oncogene- DAMD17-99-1-9134
Induced Apoptosis and Senescence

6. AUTHOR(S)
Jainping Jin, Ph.D.
Scott Lowe, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Cold Spring Harbor Laboratory REPORT NUMBER

Cold Spring Harbor, New York 11724

E-MAIL:
jin@cshl.org
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING i MONITORING

AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES
This Report Contains Colored Photographs

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government agencies only (proprietary information,
Jun 00). Other requests for this document shall be referred to U.S. Army Medical Research and Materiel Command,
504 Scott Street, Fort Detrick, Maryland 21702-5012.

13. ABSTRACT (Maximum 200 Words)

The primary objective of this project is to provide new insights into the role of the p53 and ARF
tumor suppressors in cancer development and therapy. During the first year of this study, we found that
different oncogenes can promote different p53 post-translational modifications. Oncogene ras promotes
phosphorylation of p53 on Serine 15, however, E1A does not. These data suggested that different
oncogenes induce different phenotypes through different p53 post-translational modifications. It seems that
p 1 9 ARF is required for p53 modifications, since p53 can not be phosphorylated on Ser 15 following Ras
overexpression in ARF null cells. We also examined the impact of INK4a/ARF mutations on tumor
development and therapy using the Eg-myc transgenic mouse. Our results clearly showed that inactivation
of the INK4a/ARF locus accelerated Myc-induced lymphomagenesis, leading to massively deseminated
lymphomas that displayed markedly reduced apoptosis. In collaboration with C. Sherr, we tried to produce
different monoclonal antibodies to p1 9 ARF. Right now, we are doing the secondary screens to determine the
antibodies specificity.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Breast Cancer 19

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



FOREWORD

Opinions, interpretations, conclusions and recommendations are those of the author
and are not necessarily endorsed by the U.S. Army.

__ Where copyrighted material is quoted, permission has been obtained to use such
material.

Where material from documents designated for limited distribution is quoted,
permission has been obtained to use the material.

Citations of commercial organizations and trade names in this report do not
constitute an official Department of Army endorsement or approval of the products
or services of these organizations.

X In conducting research using animals, the investigator(s) adhered to the "Guide
for the Care and Use of Laboratory Animals," prepared by the Committee on Care
and use of Laboratory Animals of the Institute of Laboratory Resources, national
Research Council (NIH Publication No. 86-23, Revised 1985).

X For the protection of human subjects, the investigator(s) adhered to policies of
applicable Federal Law 45 CFR 46.

- In conducting research utilizing recombinant DNA technology, the investigator(s)
adhered to current guidelines promulgated by the National Institutes of Health.

In the conduct of research utilizing recombinant DNA, the investigator(s)
adhered to the NIH Guidelines for Research Involving Recombinant DNA
Molecules.

N/A In the conduct of research involving hazardous organisms, the investigator(s)
adhered to the CDC-NIH Guide for Biosafety in Microbiological and Biomedical
Laboratories.

PI - Signature Date

III



Table of Contents

C over ...............................................................................................

S F 298 ............................................................................................... II

Foreword ......................................................................................... III

Introduction ...................................................................................... 1

B ody ................................................................................................. 1

Key Research Accomplishments ...................................................... 4

Reportable Outcomes ..................................................................... 5

Conclusions ....................................................................................... 5

References ................................................................................... 5

Appendices ................................................................................... 5



Introduction

Breast cancer is the second leading cause of cancer death in North American

Women. Mutations in the p53 tumor suppressor gene are the most common genetic

changes found in breast cancer so far. It has been suggested that p53 plays a critical role

in the development of this disease, however, the signals triggering p53 in suppressing

tumor growth remain poorly defined. We found that oncogenes induce p53 through a

signal transduction pathway that requires the presence of another tumor suppressor,
p1 9 ARF This pathway, when activated, directs the cells to apoptosis or senescence. The

primary objective of this project is to provide new insights into the action of the tumor

suppressor p53 and p19 ARF in cancer development. Our original studies took advantage

of mouse cells with a defined genetic background to analyze the relevance of single genes

in the oncogene-pl9ARF-p53 pathway. We propose to compare this highly controlled

system to normal human breast cells in order to determine if the pathway is conserved in

human cells and thus potentially relevant to breast cancer. Furthermore, by comparing

and contrasting normal versus oncogene expressing cells, in these systems, we will be

able to get insight to the mechanisms by which p1 9 ARF is involved in p53 activation.

Finally, a better understanding of the oncogene-pl9ARF-p53-apoptosis pathway could

allow us to exploit new strategies to enhance the chemo- and radio-sensitity of breast

cancer cells. The research progress of the first year on this project is reported as follows.

Body

1. Oncogene signaling to p53 (Aims 2 and 3)

The primary objective of this study is to provide new insights into the role of the

p53 and ARF tumor suppressors in breast cancer development and therapy.

p53 promotes cell cycle arrest or apoptosis in response to different stimuli,

including DNA damage and mitogenic stimulation. Following DNA damage, signaling is

mediated, at least in part, by a kinase that phosphorylates p53 on Serine 15, thereby

stabilizing the protein by preventing its association with its negative regulator Mdm2.



In our original proposal, we presented data showing that the adenovirus ElA

oncogene activates p53 through a mechanism distinct from DNA damage, involving

cancellation of Rb function and activation of the ARF tumor suppressor, leading the cells

to apoptosis. ARF-null MEFs expressing ElA are incapable of activating the p53

response and are more resistant to apoptosis following serum depletion or adriamycin

treatment, compared to wild type MEFs. Reintroduction of ARF restores p53

accumulation and sensitizes cells to radiation and chemotherapy.

We decided to test whether ARF induction is a common event following oncogene

overexpression. Our recent data indicated that the cellular ras oncogene, by activating

MAP kinase pathway, also induces p19 ARF and cooperates with p53 to promote premature

senescence. (Lin, de Stanchina, Ferbeyre and Lowe unpublished). In this case, ARF null

cells expressing ras can still induce p53 but exhibit an impaired p53 response and do not

undergo premature senescence.

We have also been able to show that different oncogenes can promote different p53

post-translational modifications. In particular, we found that E1A does not promote

phosphorylation of p53 on Serine 15, but Ras does it (de Stanchina and Lowe,

unpublished). It seems that different oncogenic stimuli, which induce different outcomes,

also are associated with different p53 modifications, raising the possibility that these

differences in modifications alert p53 to the type of insult that has occurred and subtly

influence the nature of the p53 response. It is interesting to note that ARF seems to be

required for these functions, since in ARF null cells, p53 can not be phosphorylated on

Ser 15 following Ras overexpression (de Stanchina and Lowe, unpublished).

Our current data imply that oncogenes (in part through ARF) and DNA damage

cooperate to induce apoptosis or permanent cell cycle arrest and indicate that loss of ARF

function may promote tumor progression and chemoresistance by disabling p53.

p53 mutations have been associated with aggressive cancers, poor prognosis and

drug resistance in human patients. In principle, tumors with INK4a/ARF mutations might

also display aggressive characteristics owing to extragenic defects in the p53 pathway.

To test this, we examined the impact of INK4a/ARF mutations on tumor development

and therapy using the ER-myc transgenic mouse. These mice constitutively express c-

myc in the B cell lineage and develop B cell lymphoma and associated leukemia. The
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Eji-myc transgenic lymphoma model was used to generate genetically defined tumors

with mutations in the INK4a/ARF or p53 genes. Thus it was possible to monitor the rate

of formation of p53 or INK4a/ARF null lymphomas, their invasiveness and their

resistance to chemotherapy in vitro and in vivo.

Our results (Schmitt et al, 1999) clearly showed that inactivation of the INK4a/ARF

locus accelerated Myc-induced lymphomagenesis, leading to massively deseminated

lymphomas that displayed markedly reduced apoptosis. The latency, pathology and

growth characteristics were indistinguishable from ,,yc-induced lymphomas lacking p53.

Indeed, the p53 activity was compromised in INK4a/ARF null lymphoma cells despite

the fact that these cells harbor wild-type p53 genes. These results demonstrated that

genetic interactions between the p53 and INK4a/ARF locus are important during

tumorigenesis and predict that disruption of the INK4a/ARF locus, like p53 loss, will be a

negative prognostic marker in human tumors.

2. Production of highly specific monoclonal antibodies against the N-terminal portion of

ARF(Aim 1)

In tumors, mutations affecting ARF occur primarily in the region coding for the C-

terminus domain (exon 2), possibly leading to the formation of truncated isoforms. These

putative forms would go undetected by the only currently available anti-ARF antibodies,

which are directed against the C-terminus of the protein. For this reason we proposed to

raise antibodies against the amino terminal portion of ARF, which has been shown to be

necessary and sufficient to induce cell cycle arrest and to interact with p53 and/or Mdm2.

In collaboration with C. Sherr, who provided us with the synthetic peptides (amino acids

1-64 of the mouse protein), we produced and analyzed different monoclonal antibodies.

The CSHL Monoclonal Service Facility performed all the animal work, the fusions,

single cell cloning and initial screens. I am currently doing the secondary screens to

determine the antibodies specificity. I will initially use the antibodies for routine

characterization studies, such as western blot analysis and immunoprecipitations, to

detect ARF levels in different cell lines and to investigate the presence and abundance of

the truncated isoforms in tumor derived cell lines and in clinical specimens.

3



3. ARF regulation by ElA in cancer chemotherapy

We have shown that ARF is involved in oncogene-induced apoptosis, by stabilizing

p53 level. Next question we hope to address is how ARF is regulated by oncogene. We

know ElA can induce ARF expression at messenger level and N-terminal function of

E1A is highly relative to ElA-induced ARF expression. With the ARF promoter reporter

gene construct in hand, we will be able to see how ARF is specially activated by

oncogene. We also found that ElA can induce apoptosis in mouse skin fibroblasts

(MSFs) as in MEFs. N-terminal deletion of ElA is defective in E1A-induced apoptosis in

MSFs. Since MSFs cells have more homogeneous genetic background, with the new

microarray technology, we will try to identify new genes that regulate ARF expression in

oncogene-induced ARF-p53-apoptosis pathway.

Key Research Accomplishments

1. We found that different oncogenes can promote different p53 post-translational

modifications. Oncogene Ras promotes phosphorylation of p53 on Serine 15,

however, E1A does not. These data suggested that different oncogenes induce

different phenotypes by different p53 post-translational modifications. It seems that

p 1 9 A1- is required for p53 modifications.

2. We also examined the impact of INK4a/ARF mutations on tumor development and

therapy using the Eg-myc transgenic mouse. Our results clearly showed that

inactivation of the INK4a/ARF locus accelerated Myc-induced lymphomagenesis,

leading to massively deseminated lymphomas that displayed markedly reduced

apoptosis.

3. In collaboration with C. Sherr, we tried to produce and analyze different monoclonal

antibodies to p 19 ARF. Right now, we are doing the secondary screens to determine the

antibodies specificity.

4



Reportable Outcomes

Clemens A. Schmitt, Mila E. McCurrach, Elisa de Stanchina, Rachel R. Wallace-

Brodeur, and Scott W. Lowe, 1999, INK4a/ARF mutations accelerate lymphomagenesis

and promote chemoresistance by disabling p53. Gene & Development Vol. 13, No. 20,

pp. 2670-2677.

Conclusions

In conclusion, different oncogenes can promote different p53 post-translational

modifications. It seems that p1 9 ARF is essential to these p53 modifications. Whether

special p53 modifications are relative to different cancer development remains to be

studied. In collaboration with Dr. Schmitt, Dr. de Stanchina published a paper about the

mouse model of p19ARF-p53-apoptosis pathway. Our results clearly showed that

inactivation of the INK4a/ARF locus accelerated Myc-induced lymphomagenesis,

leading to massively deseminated lymphomas that displayed markedly reduced apoptosis.

We are continuing to work on this project, with a particular emphasis on how ElA

induces ARF.
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INK4aIARF mutations accelerate
lymphomagenesis and promote
chemoresistance by disabling p53

Clemens A. Schmitt, Mila E. McCurrach, Elisa de Stanchina, Rachel R. Wallace-Brodeur,
and Scott W. Lowe'

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724 USA

The INK4a/ARF locus encodes upstream regulators of the retinoblastoma and p53 tumor suppressor gene
products. To compare the impact of these loci on tumor development and treatment response, the Ep-myc
transgenic lymphoma model was used to generate genetically defined tumors with mutations in the
INK4aIARF, Rb, or p53 genes. Like p53 null lymphomas, INK4a/ARF null lymphomas formed rapidly, were
highly invasive, displayed apoptotic defects, and were markedly resistant to chemotherapy in vitro and in
vivo. Furthermore, INK4a/ARF-1 - lymphomas displayed reduced p53 activity despite the presence of wild-type
p53 genes. Consequently, INK4a/ARF and p53 mutations lead to aggressive tumors by disrupting overlapping
tumor suppressor functions. These data have important implications for understanding the clinical behavior of
human tumors.

[Key Words: INK4a/ARF locus; lymphomagenesis; chemo resistance; p5 3 ]

Received August 10, 1999; revised version accepted August 31, 1999.

Mutations in the p53 tumor suppressor gene and at the Recent studies indicate that p19"RP acts as an essen-
INK4a/ARF locus are the two most frequent genetic le- tial intermediate in oncogene signaling to p53 (Bates et
sions identified in human tumors (for reviews, see Haber al. 1998; de Stanchina et al. 1998; Palmero et al. 1998;
1997; Ruas and Peters 1998). p 53 is a sequence-specific Pomerantz et al. 1998; Zindy et al. 1998; for review, see
DNA-binding protein that can induce cell-cycle arrest or Sherr 1998). For example, oncogenes such as ElA or c-
apoptosis in response to pathological insults such as rnyc induce ARF message and protein in normal mouse
DNA damage and expression of mitogenic oncogenes embryo fibroblasts, which correlates with their ability to
(Kastan et al. 1991, 1992; Lowe and Ruley 1993; Hermek- activate p53 and promote apoptosis. In contrast, these
ing and Eick 1994; Serrano et al. 1997; for reviews, see oncogenes fail to activate p53 in ARF-null cells, and pro-
Giaccia and Kastan 1998; Prives 1998). As a conse- mote proliferation without substantial apoptosis (de
quence, inactivation of p53 can promote oncogenic Stanchina et al. 1998; Zindy et al. 1998). Together, these
transformation and resistance to many anticancer agents studies indicate that p 19AI1\R acts as part of a p53-depen-
(for reviews, see Giaccia and Kastan 1998; Prives 1998; dent fail-safe mechanism to counter hyperproliferative
Wallace-Brodeur and Lowe 1999). The INK4a/ARF locus signals. Interestingly, p19AIII is not induced by DNA
encodes two tumor suppressors, designated p16INK4 ' and damage (Kamijo et al. 1997; Stott et al. 1998) but can
p 1 9 ARF. p16INK

4
a is a cyclin-dependent kinase inhibitor cooperate with DNA damaging agents to induce apopto-

that acts upstream of the retinoblastoma (Rb) protein to sis in oncogene expressing cells (de Stanchina et al.
promote cell-cycle arrest (Serrano et al. 1993; for re- 1998). These studies predict that disruption of ARF, or
views, see Haber 1997; Ruas and Peters 1998). pl 9ARF is the INK4a/ARF locus, should cooperate with mitogenic
translated in an alternative reading frame from pl6IN" 4" oncogenes during tumor development, in part, by dis-
and activates p53 by interfering with its negative regu- abling p5 3 .
lator, Mdm2 (Kamijo et al. 1998; Pomerantz et al. 1998; p53 mutations have been associated with aggressive
Stott et al. 1998; Zhang et al. 1998; see also Tao and cancers, poor prognosis, and drug resistance in human
Levine 1999; Weber et al. 1999; Zhang and Xiong 1999). patients (Schmitt and Lowe 1999; Wallace-Brodeur and
Consequently, INK4a/ARF mutations can disable both Lowe 1999). In principle, tumors with INK4a/ARF mu-
the Rb and p53 tumor suppressor pathways. tations might also display aggressive characteristics ow-

ing to extragenic defects in the p53 pathway. To test this,
we examined the impact of INK4a/ARF mutations on

'Corresponding author. tumor development and therapy using the Eul-rnyc trans-
E-MAIL lowe@cshl.org; FAX (516) 367-8454. genic mouse. These mice constitutively express c-Myc

2670 GENES & DEVELOPMENT 13:2670-2677 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org



a

INK4a/ARF and p53 mutations in lymphomas

in the B-cell lineage and develop B-cell lymphoma with A oo-
associated leukemia (Adams et al. 1985; Adams and CoryA -
1991). This model was chosen for several reasons. First, so-
because Myc induces pl9ARl and activates p53 in cul-
tured fibroblasts (Zindy et al. 1998), Ep-myc transgenic 60-
mice provide a relevant setting for comparing the impact E

of INK4a/ARF and p53 mutations on tumor behavior. a

Second, Ep-myc lymphomas/leukemias are easily moni- 20

tored by lymph-node palpation or blood smears, a prop-
erty that facilitates studies examining tumor responses 0 ,

to therapy. Finally, essentially pure tumor cells can be 0 100 26 ' "
isolated from lymph nodes and studied ex vivo or ex- Latency (days)

panded in genetically matched nontransgenic recipients. B r-N -T N T '-NFF -T -FT
The tractable nature of this model is in stark contrast to
human systems, which suffer from difficulties in obtain- p,3+/- m
ing well-characterized and comparable clinical material.

INK4a m

Results ARF4- ,.-

Loss of the INK4a/ARF locus accelerates
lymphomagenesis similarly to loss of p53 Rb+/-

To generate lymphomas with defined alterations, we
crossed the Ep-myc transgenic to mice heterozygous for Figure 1. Tumor development in Ep -myc transgenic mice. (A)
germ-line deletions in the Rb (Rb+/-), INK4a/ARF Lymphoma incidence in Ep-myc transgenic mice in the wild-
(INK4a/ARF+/-), or p53 (p53'1-) genes (Jacks et al. 1992, type (control) background (n = 65; black, a) and in mice hetero-
1994; Serrano et al. 1996). Of note, the INK4a/ARFI- zygous for Rb (n = 39; green, b), INK4a/ARF (n = 41; blue, c),
animals harbor deletions that disrupt both p 19 ARF and p53 (n = 73; red, d), and INK4a/ARF; p53 double heterozygotes
p16INK 4

a, thereby recapitulating the common gross dele- (n = 11; orange, e). By day 70, all p531- and INK4a/ARF - mice
tions seen in human tumors (Haber 1997; Ruas and Pe- developed lymphoma, whereas >75% of Rb÷/- and control mice

ters 1998). The onset of Ep-myc lymphomas in Rb÷'- remained tumor free. (B) Matched normal (N) and tumor (T)
animals was variable (Fig. IA; green, b) and only slightly DNA were isolated from tail and lymph nodes and analyzed by

allele-specific PCR for the targeted gene [(m) mutated allele; (wt)
accelerated relative to that observed in the wild-type wild-type allele]. Shown are results from five Ep-myc trans-
background (hereafter referred to as control) (Fig. IA; genic mice in each genetic background. Note that tumors aris-
black, a). In contrast, the onset of Ep-myc lymphomas in ing in the INK4a/ARF+/-; p53÷1- double heterozygotes invari-
INK4a/ARFE/- and p53÷1 - animals (Fig. IA; blue, c, and ably lost the wild-type p53 allele but never the INK4a/ARF
red, d) was highly reproducible and greatly accelerated allele.
compared with controls (P < 0.0001 each); the timing of
lymphoma development in INK4a/ARFI- and p53÷'-
mice was virtually identical. Cell 'surface staining con- mas arising in Rb÷/- animals lose the wild-type Rb allele
firmed that all lymphomas were of the B-cell lineage (Fig. IB), confirming that Rb loss has a minimal impact
(B220+; Thyl.2-), whereas the distribution of pre-B on Myc-induced lymphomagenesis. Because Rb and
(IgM-) and B (IgM+) was similar between the genotypes. p16INK

4 a loss should produce similar phenotypes (Haber
These data imply that p53 and products of the INK4a/ 1997; Ruas and Peters 1998), these data imply that

S ARF locus limit Myc-induced lymphomagenesis. Con- p19ARF is crucial for suppressing Myc-induced lym-
cordantly, Ep-myc lymphomas arising in the p53÷1- and phomagenesis. The onset of Ep-myc lymphomas is
INK4a/ARF'I- animals invariably lost the wild-type p53 markedly accelerated in ARF-deficient mice (Eischen et
or INK4a/ARF allele (93.8% and 88.2%, respectively) al. 1999).
(Fig. 1B). Hence, these lymphomas were either p53-null
(p53-/-) or INK4a/ARF-null (INK4a/ARF--). Virtually Loss of INK4a/ARF or p53 promotes lymphoma
all control (6 out of 7), Rb÷/- (4 out of 4), and INK4a/ spreading into visceral organs
ARF-'- (9 out of 9) tumors retained wild-type p53 as
indicated by RT-PCR and sequencing of p53 exons 4-8 INK4a/ARF-'- and p53-/- lymphomas were highly inva-
(data not shown). The one p53 mutation identified sive and infiltrated into various nonlymphoid organs. For
(H190R in mouse; H193R in human) corresponds to a example, in mice bearing INK4a/ARF-> and p53-'- lym-
mutation observed in B-cell leukemias and a Burkitt's phomas, we observed extensive periportal invasion and
lymphoma (Beroud and Soussi 1998). Deletions of the spreading of lymphoma cell clusters throughout the liver
INK4a/ARF locus were noted in 20% of control and parenchym and massive malignant pulmonary infiltra-
Rb÷/- tumors (4 out of 20) but never in p53-1- tumors (0 tion as consolidated aggregation of large mononuclear
out of 10) (data not shown). In no instance did lympho- cells and within the distended interstitial capillaries (Fig.
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Schmitt et al.

2). Also, neoplastic cells accumulated in the submucosa A Control INK4a/ARF-/- p53-/-

of the urinary bladder, within the kidneys, in the serosal
and mesenteric surfaces of the gasterointestinal tract,-"
and along the meninges. In contrast, tumors in mice .
bearing control or Rb'+- lymphomas showed little sys- ' : -
temic infiltration or remained localized to the lymph %" 1%i" -"-'0
nodes and blood compartment despite a similarly large ""
tumor burden. The invasive behavior of INK4a/ARF-/-
and p53-1- tumors was reproduced following transplan- .j
tation of the tumors into syngenic recipients (data not z
shown) and is indicative of a highly aggressive disease. Eu
INK4a/ARF-/- lymphomas show an apoptotic defect

but no genomic instability B C 4
p53 mutations can decrease cell death, increase prolif- 80
eration, and produce chromosomal instability depending T

on context (Schmitt and Lowe 1999; Wallace-Brodeur * 2

and Lowe 1999). To determine the impact of INK4a/1ARF 40 1402h
and p53 mutations on these characteristics, we exam- >
ined apoptosis, mitotic index, and DNA content in con-
trol, INK4a/ARF-1 - and p53-1- lymphomas. As revealed 0 0

2 3 Control INK4a p53-1-by histological staining and TUNEL (terminal deoxy- Time (Days) ARF-/-nucleotidyl transferase dUTP nick end labeling), control D
lymphomas contained large numbers of apoptotic cells Control INK4a p53-

.0 ARF-/-
that clustered (Fig. 3A). Apoptosis was much reduced in E
INK4a/ARF-1 or p53-1 - lymphomas, and the apoptotic
cells that appeared were isolated. Furthermore, primary
INK4a/ARF-'- and p53-1 - lymphoma cells explanted
into culture survived much better than controls (Fig. 3B). g
The mitotic index (Fig. 3C) and S-phase fraction (Fig. 3D)
of all lymphoma types analyzed were similar, implying
that INK4a/ARF or p53 mutations did not affect the pro- DNA Content

liferation rate. DNA content analysis revealed one no- Figure 3. Analysis of apoptosis, proliferation, and chromosom-
table difference: Whereas most of the p53-1- tumors al stability in E-i-myc lymphomas. (A) Apoptosis in situ (lymph

were aneuploid (10 out of 12), most control and INK4a/ nodes) was visualized by HE staining and TUNEL. The reduced
ARF-1- tumors remained diploid (13 out of 14 and 13 out apoptotic rate observed in INK4//ARF-1 tumors is consistent
of 14, respectively) (Fig. 3D). Together, these data dem- with a similar defect observed in the ocular lens of Rb- ;
onstrate that highly aggressive lymphomas can occur in INK4a/ARF /- embryos (Pomerantz et al. 1998). (B) Viability of
the absence of chromosomal instability and imply that control (0), INK4//ARF /- (0), and p53 / (0) lymphoma cells
the aggressive nature of INK4a/ARF /- and p53-1- lym- as measured by trypan blue exclusion after explanting onto

phomas is due to an apoptotic defect. feeder cells. (C) Proliferation as estimated by the percentage of
mitotic figures in HE-stained lymphoma sections. (D) DNA
content analysis of primary Ep-myc lymphoma. The S-phase

Control Rb4+- INK4a/ARF+I- p53+/- fractions of control (30.25% ± 8.31, n = 9) and INK4a/ARF /
(29.98% ± 6.39, n = 10) were virtually identical, whereas sub-
GI fractions of control (3.26%±3.17) and INK4a/ARFI-
(0.30% ± 0.56) lymphomas were significantly different
(P = 0.0097). Note that sub-Gl assessment recognizes only late

.. ,apoptotic cells and gives lower estimates than TUNEL. Calcu-
` ! ..- ` i lations of S-phase and sub-Gl fraction in p53 -1- lymphomas

.........- were impossible due to aneuploidy. Representative profiles are
0•.. ...- ' shown. Note that low frequency of aneuploidy in control and

INKd/aARF / lymphomas (1 of 14 and 1 of 14, respectively) is

. ,. ., .consistent with the overall p53 mutation rate we observed ine. . . .. , ..... . . . . :.•. .• .......... •'4•these tum ors.

Figure 2. Invasiveness of El-myc lymphomas in liver and lung
(H.E. staining, 200x). Representative examples of control, Rb+' , INK4a/ARF mutations compromise p53 function
INK4a/ARF-'-, and p53-/- lymphomas are shown. Note the ma- in vivo
lignant embolus in the pulmonary vessel of the control-none-
theless, the lung itself remained tumor free. The relative con- The remarkable similarities between INK4a/ARF /- and
gestion of the Rb+/- lung is a postmortem artifact. p53-1 - lymphomas suggest that these mutations disrupt
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overlapping tumor suppressor functions. In agreement, drug-induced responses in reconstituted lymphomas or
Ep-myc lymphomas arising in mice heterozygous for following short-term culture. Reconstituted lymphomas
both genes (INK4a/ARF÷/-; p53' 1-) were detected at the were produced following intravenous injection of pri-
same time as lymphomas in the INK4a/ARF+/- and mary lymphoma cells into syngenic (nontransgenic)
p53'1- animals (50th percentile = 38 vs. 38 vs. 36 days to recipients, thereby eliminating the possibility that sec-
onset, respectively) (Fig. IA; orange, e) and never dis- ondary malignancies might complicate scoring tumor
played coincident loss of both wild-type INK4a/ARF and responses. Importantly, these lymphomas were histo-
p53 alleles (data not shown). Therefore, inactivation of pathologically identical to their respective primary tu-
both loci produces no additional advantage to Eji-myc mors (data not shown). In control lymphomas, p53 and
lymphomas. In cultured fibroblasts, Myc activates p53 in p21 levels were dramatically increased 4 hr after treat-
an ARF-dependent manner (Zindy et al. 1998). Similarly, ment with cyclophosphamide (CTX), an alkylating agent
control Ep-myc lymphomas displayed a variable but used to treat human leukemia and lymphoma (Fig. 4B).
consistent increase in p53 levels and activity (as mea- p53 and p21 levels also increased in INK4a/ARF-'- lym-
sured by expression of the p53 target p21) compared with phomas, although this response was consistently re-
normal splenocytes (Fig. 4A, cf. N with control). This duced compared with controls. Therefore, in Ep-myc
increase appeared dependent on the INK4a/ARF locus, lymphoma cells, INK4a/ARF mutations can reduce p53
because INK4a/ARF-1- tumors displayed only a modest activation by a DNA damaging agent.
induction of p53 and virtually no increase in p21 (Fig.
4A). This implies that INK4a/ARF mutations can accel-
erate tumor progression and impair apoptosis by com- INK4a/ARF mutations affect the short-term response
promising p53 function. to anticancer treatment

Loss of either INK4a/ARF or p53 had a profound effect
INK4a/ARF mutations reduce p53 activation on drug-induced cell death in vitro and in vivo. In short-
follawAnF chmutheratis rterm cultures, INK4a/ARF-1 - or p53-1- lymphomas dis-
following chemotherapy played a marked resistance to mafosphamide (a CTX

The fact that p 1 9ARI can cooperate with DNA-damaging analog active in vitro) (Fig. 5A). In peripheral blood, con-
agents to induce p53 and apoptosis raises the possibility trol animals harboring associated leukemias displayed a
that INK4a/ARF mutations might compromise cancer nearly 100-fold reduction in the white blood cell count
therapy (de Stanchina et al. 1998). To test this, we ex- (WBC) within 4 hr of CTX therapy, which coincided with
amined the impact of INK4a/ARF or p53 mutations on a 6- to 10-fold accumulation of apoptotic cells (Fig. 5B,C).

In contrast, INK4a/ARF-1 - and p53-1- leukemias took
12-24 hr to achieve a similar reduction. Apoptosis was

A N Control INK4a/ARF-/- P.5r3-. not detectable, perhaps because the slow death rate al-
lowed clearance of apoptotic cells before they could ac-

p53, cumulate. In lymph nodes, control lymphomas displayed
massive apoptosis 5 hr after CTX therapy, whereas the

p21 - "INK4a/ARF-1- and p53-1- lymphomas displayed sub-
stantially fewer dying cells (Fig. 5D).

Tub ,

B Control INK4a/ARF-/- p53-/-
NT T1 T2'NT TI T2 NT T1 T2 INK4a/ARF mutations impair the long-term response
3 to anticancer treatment

p53  
--. =m -

..... The ultimate determinant of drug-induced cell kill is
p21 , tumor regression and the duration of remission. To as-

sess long-term responses, animals harboring control,

Tub 1ý quo 4"040W "m INK4a/ARF/-', or p53-1 - lymphomas were treated with
CTX and monitored for remission and relapse by lymph

Figure 4. p53 levels and activity in untreated and CTX-treated node palpation and WBC. Control lymphomas responded
Ep-myc lymphomas. (A) Control (three independent tumors), extremely well to CTX treatment, and >70% remained
INK4a/ARF-/- (four independent tumors), and p53-1- lym- in remission during the 100-day observation period (Fig.
phoma lysates were probed against p53 and the p53 downstream 6; black, a). In stark contrast, INK4a/ARF-1-- and p53- 1--
target p2 i, reflecting p53's activity. Normal splenocytes (N) null tumors displayed an extremely poor response to
from nontransgenic mice were used for comparison. Tubulin CTX therapy: Despite initial responses, only 1 out of 14
(Tub) was used to verify protein loading. (B) Control, INK4a/ p53-1 - and 4 out of 35 INK4a/ARF-1 - lymphomas re-
ARF-1-, and p53-1 - lymphoma cells were isolated from lymph
nodes of untreated animals (NT) or 4 hr after CTX treatment (Ti mained in remission. p53- tumors (Fig. 6; red, c) were
and T2) and analyzed as above. For each tumor type, T1 and T2 the most relapse prone (50th percentile = 20 days in re-

were derived from separate primary tumors, whereas NT and Ti mission, P < 0.0001 compared with control), although
represent reconstituted lymphomas derived from the same pri- the defect in the INK4a/ARF-1 - response (Fig. 6; blue, b)
mary tumor. was also highly significant (50th percentile = 28 days in
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A B C 30 development and anticancer therapy by compromising
100 100 p,53 function. Like p53-1 - tumors, JNK4a/ARF-1 lym-

phomas formed rapidly, were highly invasive, displayedS20 apoptotic defects, and were markedly resistant to che-
"0 motherapy. Furthermore, INK4a/ARF'/ lymphomas

~50- 050 S.
-° .10. displayed attenuated p53 activity despite the presence of

wild-type p53 genes. The profound impact of INK4a/
ARF and p53 mutations on Myc-induced lymphomagen-

0 10 20 30 0 12 24 0 12 1 1 24 esis indicates that the ARF-p53 pathway contributes to
MAF (jg/ml) Time (h) Time (h) oncogene-induced cell death in developing tumors and

D underscores the importance of this fail-safe mechanism

Control INK4a/ARF-/- p53-/- in tumor suppression (also see Eischen et al. 1999; JacobsCon rol -NK a/ARF-,--,53-/

L. . et al. 1999). Furthermore, that INK4a/ARF mutations
;.0. ,can compromise drug-induced cell death in Ep-myc lym-

AV . -,.., ,. , phomas implies that cooperative effects between onco-

" a t -. , genes (in part via ARF) and DNA damage contribute to
. ". •the remarkable drug sensitivity of some tumors.

The only substantial difference between INK4a/
ARF-'- and p53-1 - lymphomas was that the INK4a/
ARF-'- lymphomas remained diploid, whereas the

Ui p53-1 - lymphomas were aneuploid. This pattern is remi-U. niscent of ARF-'- and p53-1- fibroblasts (Kamijo et al.
1997) and implies that pl9AlF does not control the p53
functions involved in maintaining chromosome stabil-
ity. Although we have not analyzed the secondary

Figure 5. INK4a/ARF, p53, and short-term response to chemo- changes arising in INK4a/ARF-/- tumors in detail, these
therapy. (A) Explanted control (0), INK4a/ARF/-> (0), and data argue that invasive, chemoresistant lymphomas can
p53-1 - (0) lymphoma cells were treated with mafosphamide arise in the absence of substantial chromosomal insta-
(MAF). Viability was analyzed after 24 hr by trypan blue exclu-
sion; each value was normalized to untreated controls and rep-
resents the mean ± S.D. of two independently derived tumors
reproduced in duplicate. (B) Leukemic mice were treated with ioo-
CTX, and blood samples were taken at the indicated times. Each -

WBC is relative to its pretreatment value and represents the
mean ± S.D. of three independent leukemias. Symbols are as in 80

&L
A. (C) Same as in B, except that blood samples were ethanol-
fixed and stained with the DNA fluorochrome DAPI to visual- E 60
ize the chromatin condensation characteristic of apoptotic I-

cells. Each value reflects the percentage of cells with apoptotic 40

morphology (of 200 cells counted) and represents the

mean ± S.D. of three independent leukemias. Symbols arc as in
A. (D) HE staining and TUNEL of lymph nodes harboring con- 20

trol, INK4a/ARF-/-, and p53-1- lymphomas 5 hr after CTX I
treatment. 0

S 40 ' 80 100
remission, P = 0.0053 compared with control). The re-
sponse of INK4a/ARF÷/-;p53-/- double-mutant lympho- Remission (days)

mas (Fig. 6; orange, d) was virtually identical to the Figure 6. INK4a/ARF, p 5 3 , and long-term response to chemo-
p53-1- tumors (50th percentile = 20 days in remission), therapy. Nontransgenic mice harboring reconstituted control
and the relapsed tumors never displayed loss of the wild- (n = 60; black, a), INK4a/ARF-1- (n = 35; blue, b), p531- (n = 14;

type INK4a/ARF allele (data not shown). Therefore, al- red, c), and INK4a/ARF"1-; p53-'- (n = 15; orange, d) lymphomas

though INK4a/ARF mutations promote chemoresis- were treated with CTX and monitored for tumor regression and

tance in the presence of wild-type p53 genes, they confer relapse. Importantly, CTX is not affected by classic multidrug
no additional survival advantage once p53 is mutated. resistance mechanisms that might complicate drug delivery.

Tumor shrinkage to nonpalpability within 6 days after treat-
These data demonstrate that INK4a/ARF mutations can ment is considered 'remission' and creates the tumor-free popu-

compromise therapy, at least in part, by disabling p53. lation at time 0. Relapse was defined by recurrent palpable

lymph node enlargement. Values were plotted in Kaplan-Meier

Discussion survival curve format and presented as percentage of mice in
remission over the time post-therapy. Note that the overall rate

By comparing the properties of Myc-induced lymphomas of treatment failure in control lymphomas (-25 %-30%) is con-
in several genetic backgrounds, we provide compelling sistent with the combined frequency of INK4a/ARF and p 5 3

evidence that INK4a/ARF deletions can impact tumor mutations we observe in these tumors.
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bility. In turn, because INK4a/ARF mutations disable by this approach (e.g., those harboring ARF mutations)
p53, the chromosomal instability observed in p53-1- and may explain why some studies fail to correlate p53
lymphomas appears dispensable for the aggressive be- mutations with adverse clinical features (for review, see
havior of these tumors. Brown and Wouters 1999).

More likely, the increased invasiveness and drug resis- This study provides the first evidence that INK4a/
tance of INK4a/ARF-1- and p53-1- lymphomas arises ARF mutations can have a negative impact on the out-
from an apoptotic defect. INK4a/ ARF-1- and p53-1- lym- come of cancer therapy and suggests that this defect
phomas displayed decreased apoptosis in situ and ex vivo arises from the failure of drugs to appropriately activate
(see Figs. 3 and 5), whereas there was no obvious rela- p53. Consequently, these data predict that disruption of
tionship between tumor-cell genotype and proliferation, the INK4a/ARF locus will contribute to chemoresis-
as measured by mitotic index in vivo, DNA content tance in human tumors. As for p53 mutations, it seems
analysis ex vivo, and proliferation properties in vitro (see likely that the overall impact of INK4a/ARF disruption
Fig. 3; data not shown). These results stand in contrast to on chemoresistance will depend on additional factors,
an earlier report indicating that p53-null Eu-myc lym- such as tissue type, agent, and the mutational back-
phomas do not display an apoptotic defect (Hsu et al. ground of the tumor (for review, see Wallace-Brodeur and
1995). Although we cannot explain this discrepancy, it is Lowe 1999; also see Bunz et al. 1999). However, it is
worth noting that disruption of apoptosis using a bcl-2 noteworthy that p53 mutations are strongly associated
transgene is sufficient to accelerate Myc-induced tu- with highly aggressive tumors and chemoresistance in
morigenesis (Strasser et al. 1990). Moreover, ectopic ex- human hematologic malignancies (e.g., see Elrouby et al.
pression of bcl-2 in the control lymphoma cells used in 1993; Diccianni et al. 1994; Fan et al. 1994; Wattel et al.
this study has no effect on proliferation but renders these 1994; Wilson et al. 1997), indicating that Ep-myc lym-
cells highly invasive and chemoresistant following phomas can recapitulate the behavior of human tumors.
transplantation into syngenic mice (C.A. Schmitt and Therefore, we anticipate that this model will be useful
S.W. Lowe, unpubl.). for testing strategies to counter p53 and INK4a /ARF mu-

Although Ep-myc lymphomas harboring INK4a/ARF tations in hematologic malignancies and other cancers.
or p53 mutations are defective in CTX-induced cell
death, CTX therapy induces complete remissions irre-
spective of p53 status. We suggest that the p53-indepen-
dent death is due to apoptosis, because Eu-myc lympho- Mouse strains and tumor monitoring
mas expressing Bcl-2 are completely nonresponsive to All animal protocols used in this study were approved by the
CTX therapy at the maximally tolerated dose (C.A. Cold Spring Harbor Laboratory Animal Care and Use Commit-
Schmitt and S.W. Lowe, unpubl.). In contrast to CTX, tee. Ep-myc transgenic mice (C57BL/6 inbred strain) and Rb-l-,
doxorubicin fails to induce remissions in p53-1- lympho- INK4a/ARF-1-, and p53-1- mice (C57BL/6 x 129/sv) were
mas, although high doses induce p53-independent apop- crossed, and the offspring was genotyped by allele-specific PCR
tosis in vitro (R.R. Wallace-Brodeur, M.E. McCurrach, (jacks et al. 1992, 1994; Serrano et al. 1996). Transgenic mice of
and S.W. Lowe, unpubl.). Thus, the ability to achieve the F1 generation (pooled from the different crosses) or trans-
p53-independent killing depends on agent and dose. genics being heterozygous for the named loci were monitored
These data are consistent with the view that p53 is not twice a week by palpation of the prescapular and cervical lymph
an essential component of the apoptotic machinery but, nodes. Enlargements of at least 5 mm in the longest diameter

rather, increases the probability that these agents trigger were considered 'well palpable' and reflect malignant disease.

cell death (Lowe et al. 1993). In Ep-myc lymphomas, this For determining white blood cell status, blood smears and 20 P1
of peripheral blood were obtained by tail artery bleeding. After

increased propensity for apoptosis can determine tumor ammoniumchloride hemolysis of the PBS-diluted and K3-
cure or relapse. EDTA-anticoagulized blood sample, white blood cells were

Our data have important implications for the under- counted in a hemocytometer. Blood smears were fixed and
Sstanding of the clinical behavior of human tumors. First, stained using the Leukostat kit (Fisher Diagnostics). Mice hay-

they provide compelling evidence that disruption of ing WBC > 3 x 105/pl and being positive for lymphoblastic cells
apoptosis during tumor development can simulta- in the blood stream were considered 'leukemic'.
neously select for chemoresistant cells. This pattern of
coselection may explain why some tumors are de novo Histopathology
'resistant' despite having no prior exposure to drug and Animals harboring control, Rb÷/-, INK4a/ARF-'-, and p53-1-
why it is difficult to separate the impact of p53 muta- lymphomas were sacrificed when prescapular lymph nodes
tions on treatment sensitivity from its contribution to reached a well-palpable size. Paraffin-embedded (7 pm), 4% neu-
overall patient prognosis. Second, our results demon- tral-buffered formalin-fixed tissue sections derived from lymph
strate that tumors with extragenic mutations in the p53 nodes and lung and liver specimens were stained with hema-
pathway can display properties of p53 mutant tumors. toxyilin-eosin (HE) to evaluate apoptotic nuclear morphology
This fundamental point is crucial for interpreting studies and invasiveness of lymphoma cells into visceral organs.

relating p53 mutations to clinical parameters in human
patients, which typically classify tumors strictly by p53 Lymphoma characterization, LOH analysis,
gene or protein status. Our data imply that a substantial and RT-PCR sequencing

number of p53 'normal' tumors would be misclassified After CO 2 euthanasia, lymph nodes weredissected, minced in
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PBS, and filtered through a 35-pm nylon mesh. Single cell sus- Lymphoma reconstitution and in vivo treatment
pensions of freshly harvested lymphomas were immunopheno- Immediately after extraction, 10(' lymphoma cells in 100 pl of
typed by flow cytometry using antibodies directed against Thy- PBS were reconstituted by tail vein injection into genetically
1.2, B220, and IgM (Pharmingen). Pre-B-cell lymphomas are matched, nontransgenic recipient mice (two mice per individual
Thy-i.2-, B220', and IgM-, whereas mature B-cell lymphomas lymphoma sample) to monitor response to treatment. Tumors
are Thy-i.2-, B220', and IgM'. To determine the mutational derived from the INK4a/ARF'/- and p53'1- backgrounds were
status of various genes, primary lymphoma cells were subjected reconstituted in C57BL/6 x 129/sv mice (Jackson Laboratories).
to short-term culturing to eliminate normal cell contamination. CTX was applied as a single 300-mg/kg dose i.p. when arising
Loss of the remaining wild-type allele [loss of heterozygosity tumors became well palpable.
(LOH)] in tumors arising in mice being heterozygous for an in-
dicated tumor suppressor locus was detected by allele-specific
PCR (Jacks et al. 1992, 1994; Serrano et al. 1996). Exons 4-8 of Statistical evaluation
the p53 gene were sequenced by dye termination in an auto-mate seuener (erkn-Ener aftr rvere tanscipton Su- Tumor onset data reflect the time between birth and first-time
mated sequencer (Perkin-Elmer) after reverse transcription (Su- palpability of enlarged lymph nodes; treatment response data
perSeript, GIBCO BRL) and PCR amplification of lymphoma reflect the time between remission and relapse as first-time
cell total RNA. Finally, the gross integrity of the INK4a/ARF reflit of a retween lymph nd elapse Individelocus was assessed using PCR of exons 1)3 and exon 2 in a palpability of a recurrent lymph node enlargement. Individual
multiplex PCR reaction harboring primers to a positive control. time values were plotted in the Kaplan-Meier population-event-

time course format and compared using the log-rank (Mantel-

Cox) test. Comparisons of means and standard deviations (S.D.)
Lymphoma cell culture and in vitro treatment were performed using the unpaired t-test. Ploidy, cell cycle dis-

Single cell suspensions of freshly extracted lymphoma cells (see tribution, and sub-G1 content were analyzed using the ModFit
above) were plated on irradiated (30 Gy) feeder layer (106 NIH- LT 2.0 software.
3T3 cells/2.4-cm plate) in 45% Iscove's modified Eagle me-
dium, 45% Dulbecco's minimal essential medium, 10% fetal
bovine serum, 100 U/ml penicillin and streptomycin, 4 mm Acknowledgments
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