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ABSTRACT

We have investigated stages of thymic lymphoma development in
radiation and A'-methylnitrosourea (NMU)-treated C57BL/6J mice. The
lymphoma cell was identified serologically as a cortical population bear
ing Ml 1 -M1",H-2K1",and IL-2R* surface markers. According to these

parameters in C57BL/6J mice the lymphoma cell was the same regardless
of inducing agent or activated oncogene (ras or non-nu). Transforming
activity in the radiation and NMU-induced tumors was analyzed using
both the nude mouse tumorigenicity assay and the focus-forming assay.
8/10 NMU-induced tumors and 12/15 radiation-induced tumors showed
transforming activity in the tumorigenicity assay. Southern blot analysis
of the nude mouse transformants demonstrated K-rav transforming se
quences in eight of eight NMU-induced lymphoma DNAs, two of 12
radiation-induced lymphoma DNAs and N-ra.vtransforming sequences in
five of 12 radiation-induced lymphoma DNAs. The nini-ras transforming
activity in five DNAs from radiation-induced thymic lymphomas indicates
the presence of an unidentified oncogene(s) in these tumors. Staging of
thymic lymphoma development in this animal model system will allow
the study of oncogene activation early in the course of carcinogen-induced
disease. These results also emphasize the high sensitivity of the nude
mouse assay to score for activated oncogenes and might also indicate a
high frequency of K-ras activation in NMU-induced lymphomas in
C57BL/6J mice.

INTRODUCTION

Several animal model systems of carcinogenesis have been
exploited for the study of the events involved in tumor initiation
and progression. Skin papillomas and carcinomas induced in
mice by treatment with dimethylbenzanthracine (1), mammary
carcinomas induced in rats with NMU5 (2), and liver carcino

mas induced in mice by the chemicals furan and furfural (3)
show a high incidence of ras oncogene activation.

In our model system, thymic lymphomas are induced in mice
by 7-irradiation (4) or the chemical carcinogen NMU (5).
Previously, we have reported frequent activation of ras onco
genes in thymic lymphomas induced in (AKRxRF)Fi (6), RF/
J, and 129/J strains of mice by 7-irradiation or NMU treatment
(7, 8). Of the three members of the ras gene family, only two
members, the N-ras and K-ras genes, so far have been found
activated in this mouse system.

In this study, we chose to investigate thymic lymphoma
development in C57BL/6J strain mice, a prototype mouse
strain which has been analyzed in great detail. Thymic lympho
mas develop in greater than 90% of C57BL/6J mice following
NMU (9) or 7-irradiation treatment (4). Tumors develop usu-
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ally after a latency period of 3 and 6 months, respectively,
following treatment. To determine the timing of genetic events
occurring during this latency period the stages of thymic lym
phoma development must be well defined.

This study was designed to answer the following questions.
First, what parameters can be used to classify animals at early
disease stages prior to the development of frank tumors? Sec
ond, what is the frequency of ras oncogene activation in frank
lymphomas induced in C57BL/6J strain mice by NMU and 7-
irradiation treatment? Finally, if raÃgenes are involved, do
different carcinogenic protocols produce activating mutations
in ras which are carcinogen specific? The information obtained
here will make possible the study of the stage when activating
ras mutations occur in C57BL/6J mice.

We describe changes in the expression of T-cell surface
markers together with standard morphological analysis that
dcllncs different disease stages. We found that the absolute
frequency of ras gene activation as well as the proportion of N-
ras versus K-ras gene activation in C57BL/6J mice was different
in radiation-induced and NMU-induced thymic lymphomas.
The results of this study in C57BL/6 mice compared with
results obtained in RF/J and 129/J mice (8) suggest that host
genes influence ras gene activation by different inducing agents.
Approximately half the radiation-induced thymic lymphomas
contained transforming genes with no ras homology.

MATERIALS AND METHODS

Mice. Female C57BL/6J mice were obtained from The Jackson
Laboratories (Bar Harbor, ME) at 4 weeks of age. One group of 80
mice received weekly treatments of whole body 7-irradiation (4x, 176
rads per exposure) and another group of 80 mice received i.p. injection
of A'-methylnitrosourea (5x, 30 mg/kg) beginning at 5 weeks of age.
One age-matched control animal and groups of treated animals (two to
five/group) were sacrificed each week beginning at 4 weeks after NMU
treatment up to 18 weeks and beginning at 12 weeks after radiation
treatment up to 27 weeks. The thymus tissue was removed, weighed,
and prepared for serological and histological analysis.

Antisera. Monoclonal rat antibodies 7D4 to IL-2R (10) and MEL-
14 (11) were obtained from hybridoma culture supernatants. Mono
clonal rat antibody to Thy-1.2, was purchased from Becton Dickinson
(clone 30H12). The monoclonal antibodies TL.m4 to TL antigen,
provided by Dr. F-W. Shen of Memorial Sloan-Kettering Institute, and
H-2Kb, provided by Dr. D. Meruelo of New York University Medical
Center, were ascites fluids from hybridoma-bearing mice.

Immunofluorescence Analysis. Thymus tissue was dispersed in Dul
becco's modified Eagle's medium and washed once. Cells were resus-
pended in PBS containing 1% BSA and 0.1% NaN3 to give IO7 cells/
ml. IO6 cells were resuspended in 50 p\ of antibody (predetermined

optimal saturating dilution) and incubated on ice for 30 min. Cells were
washed twice with wash buffer (PBS + 1% BSA + 0.1% NaN3) and
resuspended in 1:50 dilution of fluoresceinated goat anti-mouse im-
munoglobulin (Cappel) or fluoresceinated mouse anti-rat immunoglob-
ulin (The Jackson Immunoresearch Laboratories) for 30 min on ice.
After two washes, samples were resuspended in 1 ml of wash buffer
and 20,000 cells were analyzed in an Ortho 50-H cytofluorograph.

Histology. A representative portion of one lobe from each thymus
was fixed in 10% buffered formalin, paraffin-embedded, sectioned, and
stained with Hematoxylin & Eosin. Slides were coded and then exam
ined.
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Transfection and Tumorigenicity Assays. High molecular weight
DNA was prepared from cells and solid tumors as described (12). NIH
3T3 cells were transfected by the CaPO4 precipitation method (13, 14).
Genomic DNA (40 jug)was cotransfected with DNA from the plasmili
pIBW., (4 Â¿Â¿g)containing the neo gene that confers resistance to the
antibiotic G418 (15). Amphotericin-B (GIBCO), at a final concentra
tion of 3 fig/ml, was added during the overnight incubation of the cells
with the CaPO4-precipitated DNA to enhance the uptake of DNA (16).
The media was changed after 14-16 h incubation. For the tumorigenic-
ity assay, cultures were trypsinized 6 h following refeeding and split 1:4
into DM EM containing 10% calf serum, 1% antibiotics, and 400 pg/
ml G418 (GIBCO). Cultures were refed once on Day 7 and harvested
by trypsinization on Day 14 for inoculation into mice. For the focus-
forming assay, cells were trypsinized 24-28 h following refeeding and
split 1:3 into DMEM containing 5% calf serum and 1% antibiotics.
Cultures were refed weekly and foci were scored at 2-4 weeks.

Outbred female NIH Swiss nu/nu mice were obtained from the
Memorial Sloan-Kettering Breeding Colony (Rye, NY) at 3-4 weeks
of age. Mice were given a single priming dose of cyclophosphamide
(100 mg/kg, S.C.;Adria Laboratories Inc.) 3 days prior to inoculation
of cells to deplete the mice of natural killer cells (17). Mice were
inoculated s.c. on each flank with 5 x IO6 G418-resistant NIH 3T3
cells and monitored for tumor formation for 6-8 weeks.

DNA Analysis. DNA from cell suspensions or frozen tumor was
digested to completion with appropriate restriction endonucleases un
der conditions recommended by the manufacturer. DNA fragments
were separated in 1% agarose gels and transferred to filters as described
(18). Filters were hybridized with the appropriate nick-translated 32P-

DNA probe and washed as described previously (6).
Probes. The K-ras probe, an Sst\l-Xbal fragment from the HiHi-3

plasmici (19) containing the cloned v-K-ras cDNA sequences and the
H-ras probe, an EcoRl fragment of BS9 (20) containing 0.46 kilobase
of the v-Ha-rai gene, were provided by Dr. E. Scolnick. The N-JYM
probe consisted of a Bglll-Ksal fragment containing 0.6 kilobase of the
3'-untranslated region of the mouse N-ras gene (21). These restriction

fragments were prepared by electroelution from agarose gels.
Oligonucleotide Mismatch Hybridization. Oligomer probes (19 to 20

mer) were synthesized to cover all relevant point mutations present in
coding exons I (codon 12) and II (codon 61) of the K-ras and N-/US
genes. Probes were labeled with [32P]ATP and polynucleotide kinase
(22). DNA samples (20 Mgper lane) were digested with Pst\-Hind\\\ to
generate a 1.6-kilobase pair fragment containing coding exon I and a
3.0-kilobase pair fragment containing coding exon II of the K ras gene.
Digestion of DNA with Pvu\\ (coding exon I) or Sad (coding exon II)
generates at 3.0-kilobase pair or 1.8-kilobase pair fragment, respec
tively, of the N-ras gene. Gel hybridization was performed in 0.6%
agarose gels as described previously (23).

RESULTS

Staging Thymic Lymphoma Development. Table 1 summa
rizes the parameters used in staging the treated animals. 7-
Irradiated, NMU-treated, and aged-matched control C57BL/
6J mice were analyzed in parallel at weekly intervals for changes

in thymus weight, tissue morphology, and serology of T-cell
markers known to be expressed on some mouse T-cell lympho-
mas (24, 25). Animals were grouped as Stage I when treated
animals were indistinguishable from control animals in thymus
weight and serology of T-cell markers (Table 1). All Stage II
animals had normal thymus weights but differed from control
animals in the expression of at least one T-cell marker [MEL-
14, lymphocyte homing receptor (11, 26); IL-2R, interleukin-2
receptor (10, 27); H-2K, histocompatibility antigen (28); TL,
thymus leukemia antigen (29)]. Stage III animals with more
advanced disease showed evident clinical manifestation and had
thymus weights in excess of 100 mg at autopsy.

Surface Markers of the NMU- and 7-Irradiated-induced Lym
phoma Cell. Differentiation antigens are used to define subpop-
ulations of thymocytes. We used four surface markers (Table
1) to classify populations as cortical [IL-2R+ (10, 27), MEL-
I4hi (11, 26)], medullary [H-2Khi (28)] or preleukemic thymo
cytes [TL+ (29)].

In the normal adult thymus less then 3% of the cells express
the lymphocyte homing receptor (MEL-14hi) (11, 26) or the
interleukin-2 receptor (IL-2R) (10, 27). These surface markers
identify a mature, immunocompetent thymocyte subpopulation
located in the thymic cortex. Thymocytes from C57BL/6J
strain mice are negative for the TL antigen (30). However,
aberrant expression of the TL antigen does occur on thymocytes
following 7-irradiation of this strain of mice during the preleu
kemic phase (29). The histocompatibility antigen H-2K defines
the thymus broadly into its two major populations: the H-2K'Â°
or negative cells of the cortex and the H-2Khi (15-20%) cells of

the medulla (28).
Stage I animals from both treatment groups, as described

previously, show no changes in the T-cell markers tested over
the control group (Table 1).

Multiple serological changes were noted in many of the
treated Stage II animals. The most consistent change was an
increase in the frequency of MEL-14h'-positive cells. This oc
curred in a significant proportion of both the 7-irradiation (25
of 27) and the NMU-treated (10 of 12) animals. One difference
observed between the two treatment groups was in the frequency
of IL-2R* cells versus H-2K1", TL+ cells. Twice as many Stage
II 7-irradiated mice had increased numbers of IL-2R+ cells (18
of 27) compared to those with increases in H-2K1", TL+ cells

(nine of 27). Almost the opposite was observed in Stage II
NMU-treated animals where 67% (eight of 12) showed an
increase frequency of H-2K1", TL+ cells compared to 40% (five
of 12) of the animals with increased numbers of IL-2R* cells.

The phenotypes of the frank lymphomas at Stage III in both
NMU- and 7-irradiated animals were similar. 100% of the
lymphomas in both groups were positive for the MEL-141"
surface marker. Scott et al. (24) obtained similar results in 7-

Table 1 Summary of staging parameters in control, y-irradiated, and NMU-treated C57BL/6J mice at different stages of thymic tymphoma development

Diseasestage"Control

StageIStage

II

Stage IIIN"26

5226

16Thymus

(mg Â±SD)61

Â±1357
Â±1459

Â±17

226 Â±111Treat

mentNone

"X-rays
NMU
1-rays
NMU
7-rays
NMUHistology'N*26

24
28
19
7
8
8N26

15
16
7
0
0
0TH0

5
10
32

0
0AH0

4
2
4
2
0
0LL0

0
05

3
8
8N'2625

35
27
12
10
10MEL-14"'0

0
025

10
10
10Serology''IL-2R*0

00

18
5

10
6H-2Khi0

00

98

68TL*0

0
0
8
8
6
6

" Thymus tissue from untreated control animals, matched for sex and age, were analyzed in parallel with thymus tissues from treated animals. Treated animals
were analyzed at weekly intervals beginning at 12-27 weeks after 7-ray treatment or 4-18 weeks after NMU treatment.

* jV,number of animals analyzed.
' Thymus tissue was diagnosed as normal (N), typical hyperplasia (TH), atypical hyperplasia (AH), lymphoblastic lymphoma. (LL) as described in the text.
d Thymus tissue was analyzed for surface markers by flow cytometry. The number of animals that differed from age-matched controls by one standard deviation in

percentage of marker positive cells over control values is given. (Control values: TL* = 0%; MEL-141" or IL-2R* < 6%; H-2Khi < 20%.)
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irradiated and virus-induced thymic lymphomas of C57BL/Ka
mice. We also observed an increased frequency of H-2K1" cells
together with a decrease in Thy-1 expression (data not shown)
previously reported by Chazan & Haran-Ghera (31) in radia
tion-induced lymphomas of C57BL/6J mice. NMU-induced
lymphomas showed similar Thy-1 and H-2K1" changes.

Histology of the NMU- and 7-Irradiation-induced Thymic
Lymphoma. HistolÃ³gica! analysis was performed at autopsy on
a portion of one of the two thymic lobes for the purpose of
investigating the correlation between the two approaches. The
staging was done by analyzing the serological changes in the
normal pattern of T-cell surface markers. Fig. 1 shows pertinent

histolÃ³gica! features of a normal thymus (Fig. 1,4), a thymus
with atypical hyperplasia (Fig. IB), or lymphoblastic lymphoma
(Fig. 1C). Histological analysis was performed on 52 Stage I
animals. 60% of the NMU-treated (16 of 28) as well as the 7-

irradiated Stage I mice (15 of 24) were diagnosed as normal.
These animals had the thymic cortex and medulla separated by
a sharply demarcated boundary (Fig. 1/1.7). The cortex was
more densely packed with cells than the medulla, being com
posed of 4:1 small, dense cells to medium-sized cells (Fig. 1/12).

11% of the Stage I animals (6/52) presented with atypical
hyperplasia (Fig. 1Bl). Pertinent histolÃ³gica! features of this
group were marked diminution of the medulla and profound
loss of small cortical cells with an increase in medium sized
lymphocytes leading to a shift of the normal ratio of small to
medium-sized thymocytes from 4:1 to 2:3 (Fig. \B2).

26 Stage II animals were analyzed for changes in tissue
morphology. Greater than 70% of the Stage II animals (seven
of seven NMU-treated; 12 of 19 7-irradiated) showed histolog-
ical changes ranging from typical hyperplasia to frank lympho
mas (Fig. ICI). A lymphoma completely effaces the architec
ture of the thymus so that no corticomedullary region is de
monstrable. The thymic lymphoblast, a large and
undifferentiated cell with multiple prominent nucleoli, popu
lates the thymus so that both small and mid-sized cortical cells
are absent (Fig. 1C2). All the Stage III thymuses showed the
same morphology.

37% of the 7-irradiated Stage II animals were classified as
normal (seven of 19). Thymic lymphomas are known to develop
asynchronously in one lobe at a time and metastasize to the
other lobe (32). Since tissue for pathological analysis was re-

A

Fig. 1. Histological appearance of mouse
thymus tissue from representative animals: un
treated (A), Stage II I/O. and Stage III (C).
Magnifications: (/) x 160; (2) x 630.

B

. /
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moved from only one lobe to allow the remaining tissue to be
used for analysis of surface markers and oncogene activation,
it would be expected that a certain percentage of our samples
could come from the uninvolved lobe.

The results of the histolÃ³gica! analysis showed that they were
complementary with the serological studies. The flow cytometry
provides a more rapid assessment of the organ for staging
purposes, however in 40% of the Stage I animals (29% typical
hyperplasia plus 11% atypical hyperplasia), histopathology dis
covered preleukemic changes.

Transforming Activity of Lymphoma DNAs in Two Bioassays.
Transforming activity of DNA can be detected after transfer
into NIH 3T3 cells by its ability to alter the morphology of
these cells and produce foci or its ability to transform the cells
which can produce tumors in nude mice (33-36).

Genomic DNAs from radiation- and NMU-induced lympho-
mas were tested in the tumorigenicity assay in nude mice and
in the NIH 3T3 focus assay. We transfected two sets of NIH
3T3 cultures with genomic DNA from normal C57BL/6J thy
mus tissue, primary 3T3 transformants containing known ac
tivated N-itts [codon 61 (37)] or K-ras [codon 12 (38)] oncogenes
and DNAs from representative thymic lymphomas induced by
NMU or 7-irradiation treatment. One set of cultures was used
in the focus forming assay, while the other was used in the nude
mouse tumorigenicity assay. Table 2 shows the results of these

experiments. DNA samples which showed no transforming
activity were tested at least twice. DNA from normal C57BL/
6J thymus or NIH 3T3 cells was negative for transforming
activity in both assays. Transfection of genomic DNA contain
ing an activated N-ros or an activated K-ras oncogene was active
in both assays. Tumor formation in nude mice was 8 and 16
days, respectively (Table 2).

Transforming activity of DNAs from seven NMU-induced
and five 7-irradiation-induced thymic lymphomas was com
pared in the two assays. All 12 of these DNA samples were
positive in the tumorigenicity assay (Table 2). The major dif
ference between the two groups was the activity of the lym-
phoma DNAs in this assay which appeared to be related to the
inducing agent. Cultures transfected with DNA from NMU-
induced lymphomas produced tumors in nude mice 61% of the
time (33 tumors/54 injections), whereas DNAs from radiation-
induced lymphomas produced tumors 47% of the time (31
tumors/66 injections). Latency period of tumor formation was
similar for both groups of lymphoma DNAs.

Testing of the same lymphoma DNAs in the focus forming
assay produced very different results. Four out of seven DNAs
from NMU-induced lymphomas were positive. Lack of activity

in three of the DNAs (N20, N22, N26) did not appear to
correlate with the transforming activity observed in the tumor-
igenicity assay (Table 2). In marked contrast, none of five DNAs

Table 2 Characterization of transforming activity of DNAsfrom -Y-irradiation and NMU-induced C57BL/6J thymic lymphomas

Transformation efficiency0 of

DNAs in Primary nude mice tumors

DNA used for transfection assay Focus assay Tumor assay Latency (days Â±SEM)
Activity of DNA

in focus assay ras gene detected* Mutation'

Controls
C57BL/6J - - (0/8)
NIH 3T3 cells - -(0/13)
N-ras" 3T3 cells +(1.5) +(12/12)
K-ras" 3T3 cells +(0.18) +(4/4)

NMU-induced lymphomas
N14 +(0.45) +(8/8)
N20 - + (4/4)
N22 - + (3/4)
N26 - + (4/4)
N27 +(0.013) +(2/4)
N51 + (0.075) + (4/4)
N53 + (0.025) + (2/4)
N71 NT + (6/8)
N67 NT - (0/6)
N68 NT - (0/8)

No. Tested: 10 4/7 8/10

7-Ray-induced lymphomas
X15 NT +(1/8)
X17 - +(6/6)
X47 - + (2/4)
X49 - + (2/8)
X64 NT + (2/8)
X69 - + (4/4)
X71 + (3/4)
X29 NT +(1/4)
X66 NT + (1/4)
X75 NT + (2/4)
X37 NT + (4/4)
X80 NT + (3/8)
X41 NT
X50 NT
X85 NT

No. Tested: 15 0/5 12/15

8 Â±0.6
16+ 1.5

11 Â±3
14Â±3
21 Â±0
15Â±3
26 Â±2
12Â±2
26 Â±2
24 Â±4

40
20 Â±5
22 Â±6
24 Â±5
24 Â±4
22 Â±3
23 Â±6
21
19
21 Â±8
27 Â±0
26 Â±0

NT"

NT

+(0.35)
+ (1.5)
+ (1.5)
+(0.38)
+ (0.30)
+ (0.43)
+ (0.19)
+ (0.19)

8/8

+ (0.04)
+ (0.40)
- (0.46)
+ (0.46)
+ (0.10)

NT
NT

4/10

N-ras
K-ras

K-ras
K-ras
K-ras
K-ras
K-ras
K-ras
K-ras
K-ras

8/8

N-ras
K-ras
none
N-ras
N-ras
K-ras
none
none
none
none
N-ras
N-ras

7/12

AAA/61
G/Ã•T/12

G/fT/12
GAI / n
G/Ã•T/12
G/fT/12ND*
G/Ã•T/12
G/fT/13
ND

ND
ND

ND
ND
ND

ND
ND

Â°Transforming activity is expressed as number of foci per ng of DNA transfected in the 3T3 assay or as number of tumors per number of injected sites in the nude

mouse assay.
* DNA from 3T3 transformants obtained as foci or as primary nude mouse tumors was screened by Southern blot analysis and by oligonucleotide mismatch

hybridization for ras sequences.
' The activating mutation for the N-ras gene is a CAA to /1AA transversion in codon 61. The activating mutation for the K-raj gene is a GGT to GA T transition

in codons 12 or 13.
d NT, not tested; ND, not determined.
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tested from radiation-induced lymphomas showed activity in
the NIH 3T3 assay. Similarly, there was no obvious correlation
for the lack of activity, since five of the DNAs (XI7, X47, X49,
X69 and X71) were positive in the tumorigenicity assay.

Some transforming sequences detected in the nude mouse
assay will not give rise to foci when DNA from the primary
nude mouse tumor is assayed in the focus-forming assay (33).
To investigate the nature of the transforming sequences de
tected here by the tumorigenicity assay, DNAs were extracted
from representative primary nude mouse tumors and assayed
for activity in the focus forming assay. The results are summa
rized in Table 2. All the DNAs from primary nude mouse
tumors (eight of eight), which resulted from the transfer of
DNA from NMU-induced thymic lymphomas, were positive in
the focus-forming assay. In contrast, only four out of 10 DNAs
from the nude mouse tumors produced from transfection of
DNA from 7-irradiation induced thymic lymphomas were ac
tive in the focus assay.

In summary, 80% of the genomic DNAs from primary thymic
lymphomas induced either by NMU (8 of 10) or by 7-irradiation

( 12 of 15) scored positive for transforming activity in the nude
mouse tumorigenicity assay. The results of these experiments
confirm and extend previous reports (33-35) that the tumori

genicity assay is a sensitive and efficient method for the detec
tion of transforming DNA sequences.

Identification of Transforming Sequences with ras Homology.
Previously we found that carcinogen-induced thymic lympho
mas in (AKRxRF)F, mice (6), RF, and 129 mice (7, 8) con
tained activated K- or N-ras genes. We therefore screened
DNAs from primary nude mouse tumors or NIH 3T3 trans
formants by Southern blot analysis for the presence of novel
ras restriction fragments or evidence of additional copies of ras
comigrating with the endogenous ras gene fragment(s) as pre
viously described (6). H-ras genes have so far not been found

activated in this system (7). Figs 2 and 3 show the results

kb

18

3.7

bcdefghijkl

1.6

Fig. 2. Detection of the transforming sequences in NIH 3T3 nude mouse
tumors from NMU-induced lymphoma DNAs by Southern blot analysis. Ge
nomic DNAs (10 >ig) from NIH 3T3 nude mouse tumors were digested with
//im/Ill. electrophoresed in 1% agarose gels, blotted onto nitrocellulose, and
hybridized with a "P-labeled viral K-ras probe (an Sst\l-Xba\ fragment of pHiHi3)

(19). Normal NIH 3T3 cells (lane a), primary NIH 3T3 cell transformants
containing an activated K-ras gene (38) (lane b) primary nude mouse tumors
derived from NMU-induced lymphoma DNAs N14 (lane d), N20 (lane e), N22
(lane g), N27 (lanej), N53 (lane k), N71 (lane /) and secondary NIH 3T3 foci
derived from nude mouse tumor DNAs fN14 (lane c), fN20 (lanef), fN22 (lane
A), and fN27 (lane i). Arrows, point to detected 18-, 3.7-, and 1.6-kilobase pair
fragments.

obtained with NMU-induced and 7-irradiation-induced thymic
lymphoma DNAs, respectively.

100% (eight of eight) of the NMU-induced thymic lymphoma
DNAs which were positive in the nude mouse assay contained
activated K-ras genes detected by Southern blot analysis (Fig.
2 and Table 2). Digestion of 3T3 DNA with HindlH generates
three K-ras containing fragments of 18, 3.7, and 1.6 kilobase
pairs on Southern blot analysis (Fig. 2, lane a). Evidence of
transfer of K-ras containing fragments which differ in size from
the endogenous pattern was observed in DNA from transform-
ants obtained from this set of nude mouse tumors (Fig. 2, lanes
b, d, e, g,j-l) and from the focus assay (Fig. 2, lanes c,f, h, and
i). No transfer of H- or N-ras genes was observed.

In contrast, only 58% (seven of 12) of the 7-irradiation-
induced thymic lymphomas DNAs which were positive in the
tumorigenicity assay contained activated ras sequences. DNAs
were digested either with Hindlll or Â£coRIto screen for K-ras
(Fig. 3A) and N-ras (Fig. 35) sequences, respectively. Two out
of 12 nude mouse tumors (Fig. 3/4, lanes c and e) and secondary
transformants (Table 2) obtained from the focus assay (Fig. 3A,
lanes d and f) showed acquisition of novel K-ras-containing

fragments.
Digestion of DNA from 3T3 cells or a transformant contain

ing a known activated N-ras gene (6) with EcoRl generates one
germline fragment of 7.4-kilobase pairs on Southern blot analy
sis (Fig. 3Ã„,lane g). In addition, the transformant shows a
novel N-ras-containing fragment which is amplified and also
differs in size from the germline fragment (Fig. 3B, lane h).
Five out of 12 nude mouse tumors were positive for newly
acquired N-ras sequences. DNAs from representative nude
mouse tumors (Fig. 3Ã„, lane i, k, and /) and a secondary
transformant (Table 2) obtained from the focus assay (Fig. 3/?,
lanej) are shown. Transferred N-ras sequences were identified
in all these transformants. All tumors presented a normal
pattern with the H-ras probe.

Identification of the rax Mutations by Oligonucleotide Mis
match Hybridization. Previously, we have identified mutations
in codon 12 of the K-ras gene (38) and codons 12, 13, or 61 of
the N-ras gene (7, 8). To examine whether the K- and N-ras-
positive nude mouse tumors identified by Southern analysis
contained any of these same mutations, DNAs from nude
mouse tumors were probed with oligonucleotides corresponding
to either normal or mutated sequences at the relevant positions.

K-ras Mutations. Fig. 4 summarizes the results of the analysis
for mutations in the K-ras gene. DNA from representative nude
mouse tumors containing novel K-ras sequences was digested
with Pstl and Hindlll (generating a 1.6-kilobase pair fragment
containing coding exon I and a 3.0-kilobase pair fragment
containing coding exon II of the K-ras gene) and hybridized
with the oligonucleotide probe specific for codon 61 wildtype
sequences (Fig. 4A). DNA fragments containing normal codon
61 sequences of the K-ras gene were identified in all lanes (a-
k). It is important to note that advantage was taken of the
oncogene amplification present in the nude mouse tumors so
that in these exposures only the transferred activated alÃeleis
detected.

The most frequent mutation identified in the murine K-ros
gene is a G to A transition in the second position of codon 12
(exon I) (7). The same gel, used to detect normal codon 61
sequences, was rehybridized to the oligonucleotide probe spe
cific for the G to A transition at position 2 of codon 12. Fig.
4B shows that five of the nude mouse tumors derived from
NMU-induced (lanes d, e,f, g, and i) thymic lymphoma DNAs
contained this mutation. The same gel was rehybridized with
the oligonucleotide probe specific for codon 12 wildtype se-
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quences (Fig. 4C). As confirmation, all the DNAs from nude
mouse tumors shown to contain the mutated codon 12 (Fig.
4B) failed to give a signal with the probe for the normal codon
12 sequence (Fig. 4C, lanes d, e, f, g, h, and i). One additional
nude mouse tumor tailed to give a signal with this probe (Fig.
4C, lane j), and contains a codon 13 mutation, ffphl digestion
of this DNA shows a specific restriction fragment polymor
phism diagnostic of a mutation in codon 13 (data not shown).
This finding has been confirmed with oligonucleotide hybridi
zation showing a G to A transition in the second base of codon
13. Four nude mouse tumors (lanes b, h, k and one not shown)
hybridized equally well to the probes for the normal codon 12
(Fig. 4C) and to the probes for the normal codon 61 (Fig. 4A)
sequences, suggestive of a possible mutation(s) somewhere else
in the gene.

Thus, five out of 10 nude mouse tumors shown to contain K-
ras sequences on Southern blot analysis contained a G to A
transition at the second base of codon 12 and one contained a
G to A transition at the second base of codon 13. The K-ras

mutations in four additional nude mouse tumors remain uni
dentified.

N-ras Mutations. The five nude mouse tumors derived from
7-irradiation-induced thymic lymphomas DNAs and shown to
contain transferred N-ras sequences were screened for previ
ously identified mutations in thymic lymphomas at codons 12
and 13 [G to A at position 2 (8)] and codon 61 [C to A at
position 1 (37); A to T at position 2 (8)]. None of the five N-
ras-positive nude mouse tumors contained any of these previ
ously identified mutations.

The presence of a mutation in ras genes often affects electro-
phoretic mobility of the ras gene product, p21 (3, 6, 39).
Relevant to these experiments we found that mutations in
codons 12, 13, and 61 in murine N-ras change the mobility of
p21.6 Therefore, two N-ras-containing 3T3 transformants from

a focus (fX49) and an explant from nude mouse tumor (XI5)
were analyzed for changes in p21 mobility. The mobility of p21
in extracts from [35S]methionine-labeled control NIH 3T3 cells

was compared with the mobility of p21 in extracts from the
two N-ras-positive transformants (data not shown). The faster
mobility of the p21 protein from both the N-ras-positive 3T3
transformants indicated the presence of an alteration in the N-
ras gene which resulted in a change in the p21 protein which
modifies its electrophoretic mobility. This, together with the
polymorphic bands in the nude mice tumors (demonstrating
gene transfer) indicates that true mutations are responsible for
these N-ras activations.

DISCUSSION

Thymic lymphoma induction in mice is asynchronous due to
the long interval between carcinogen treatment and lymphoma
development. A large series of C57BL/6J animals (57 NMU-
treated and 62 -y-irradiated animals) were analyzed at weekly

intervals during the latent period beginning at 4 weeks after
NMU-treatment up to 18 weeks and beginning at 12 weeks
after 7-irradiation up to 27 weeks. Changes in the expression
of T-cell differentiation antigens enabled us to classify the
treated animals initially into two early stages of disease devel
opment. The classification was complemented by subsequent
histological analysis.

Stage I animals showed no abnormal T-cell populations in
the thymus on the basis of four T-cell surface markers (IL-2
receptor; lymphocyte homing antigen, MEL-14; histocompati-

6 Diamond and Pellicer, unpublished results.

bility antigen, H-2K; and the thymus leukemia antigen, TL)
used for analysis. Stage II was defined by the presence of
serological anomalies of one or more T-cell markers.

The earliest and most consistent serological change in both
groups of 7-irradiated and NMU-treated animals was found in
an MEL-14h'-positive cell population. Normally, this popula
tion is infrequent in the adult thymus (3-6%). The increased
frequency of this population in thymus from treated animals is
consistent with the idea of an emerging leukemic clone. The
thymic lymphomas induced by NMU or 7-irradiation treatment
in C57BL/6J mice were cortical in origin by both histological
and serological criteria. The phenotype of the lymphoma cell
in both the 7-irradiated and NMU-treated animals was Thy-l+:
MEL-14hi: H-2Khi: IL-2R+. These T-cell markers identify a rare
population of large cortisone-resistant, mature thymocytes that
are present in the subcapsular layer and scattered throughout
the cortex (26). This lymphoma cell may be similar to the
MEL-14hi-positive populations described by Scott et al. (24) for
radiation- and virus-induced thymic lymphomas of C57BL/Ka

strain mice as well as one recently reported by Amari and
Meruelo (40) in 7-irradiation-induced lymphomas. The results
obtained by Diamond et al. (41) in another strain of mice, RF/
J, using identical carcinogenic protocols were different. NMU-
induced RF/J lymphomas appeared to have a cortical pheno
type (H-2K'Â°),whereas 7-radiation-induced RF/J lymphomas
appeared to be of medullary origin (H-2Khl). These results taken

together suggest an influence of the genetic background of the
host strain on the selection of the target cell by the inducing
agent.

Although the lymphoma cell induced in C57BL/6J mice by
NMU or 7-irradiation treatment appears identical by serology,
the frequency of activation of ras genes differed depending on
the carcinogenic agent used and the host genes or both. The
nude mouse assay was more sensitive than the focus-forming
assay in detecting activating ras mutations. Individual tumors
were analyzed to correlate lack of focus-forming activity with
differences in serology and histology. No differences were found
between negative and positive tumor samples. As shown in
Table 2, tumors with identical ras mutations behaved differently
in the two assays. Therefore, the presence of ras mutations as
well as novel transforming sequences are detected with greater
frequency using the tumorigenicity assay. Preferential activa
tion of K-ras genes occurs with NMU-treatment in three differ
ent inbred stains analyzed to date (7, 8). 80% of NMU-induced
tumors in C57BL/6J mice contain activated K-ras genes com
pared with 50% of the NMU-induced tumors in RF/J and
129/J mice (8). Activation of both the N-ras (five of 12) and K-
ras (two of 12) genes occurred with 7-irradiation treatment. A
similar heterogeneity was observed in RF/J mice (8). In addi
tion, five of 12 transformants contained transforming sequences
with no homology to the ras gene family. These findings taken
together are consistent with the view that alternative genetic
pathways exist for lymphoma development and are influenced
by the genetic make up of the host strain. One pathway fre
quently involves ras genes, whereas another involves different
oncogenes.

The heterogeneity of ras gene activation in response to NMU
or 7-irradiation appears to be a feature of this particular thymic
lymphoma model system (8) and of chemically induced hepa-
tocellular tumors in B6C3Fi mice (3). These results differ from
models of carcinogenesis in mouse skin (1) and rat mammary
carcinomas (2) where the H-ras gene is reproducibly found
activated and the mutations are carcinogen specific. The sus
ceptibility of a tissue to the action of a particular carcinogen
and the preferential activation of one ras gene over another
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Fig. 3. Detection of transforming se
quences in NIH 3T3 tumors from i-irradia-
tion-induced lymphoma DNAs by Southern
blot analysis. Genomic DNAs (10 ng) from
NIH 3T3 tumors were digested with Hindlll
(A) or Eco RI (B), electrophoresed in 1% aga-
rose gels and blotted onto nitrocellulose. A was
hybridized to 32P-labeled viral K-ras probe (see
legend to Fig. 2) and B was hybridized to 32P-
labeled N-ras probe (a Bgll-Rasl 0.6-kilobase
pair fragment of the mouse N-ras gene) (21).
Normal NIH 3T3 cells (lanes a and g) and
NIH 3T3 transformants containing an acti
vated K-ras gene (38) (lane ft) or activated N-
ras gene (37) (lane h), primary nude mouse
tumors derived from i-irradiated-induced lym
phoma DNAs X17 (lane e), X69 (lane e), X49
(lane i), X15 (lane k), X64 (lane I) and second
ary NIH 3T3 foci derived from nude mouse
tumor DNAs fX 17 (lane d), fX69 (lanef), and
Ã•X49(lanej). Solid arrows, indicate sizes (kil-
obase pairs) of fragments detected. Open arrow
(lane f), indicates novel fragment of 16 kilo-
base pairs.
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Fig. 4. Hybridization of synthetic oligonucleotide probes to genomic DNA
from primary nude mouse tumors. DNA (20 /ig) was digested with Pstl and
Hindlll, electrophoresed in an 0.6%, agarose gel, and hybridized to the oligonu
cleotide probes as described in "Materials and Methods." DNA from NIH 3T3
cells (lane a), NIH 3T3 transformant containing a mutated K-ras gene with a G
to A mutation in codon 12, position 2 (lane c), DNA from nude mouse tumors
derived from 7-irradiation-induced lymphoma DNA, X69 (lane b) and from
NMU-induced lymphoma DNA N14 (lane d), N20 (lane e), N22 (lane f), N26
(lane g), N27 (lane h). N51 (lane /). N53 (lane j), and N71 (lane k). A,
hybridization of the probe for wildtype sequences of codon 61 (exon U); B,
hybridization of the probe for the G:C to A:T mutation in the second base of
codon 12; C, hybridization of the probe for wildtype sequences of codon 12.
Arrows, mark the position of the Pstl-HindlU-K-ras fragments.

may be due, in part, to the differential expression of ras genes
in different tissue types. H-ras genes are expressed more in
mouse skin, whereas K- and N-ras genes are expressed prefer
entially in thymus tissue (43), which may account for the
different member of the ras family activated in these model
systems.

Murine ras genes are activated by single point mutations at
codons 12, 13, 61, and 117 (3, 7, 44). In our model system, the
most frequently reported activating mutation in the K-ras gene
is a G to A transition in codon 12, regardless of inducing agent
(7-irradiation or NMU) or mouse strain [(AKRxRF)Fi, RF/J,
129/J] (7, 8). Five of the 10 nude mouse tumors with activated
K-ras sequences contained this same point mutation. All five
were derived from NMU-induced lymphoma DNA. One NMU-

induced nude mouse tumor contained a G to A transition in
codon 13. Four nude mouse tumors containing transforming
K-ras genes, two from NMU- and two from 7-irradiation in

duced thymic lymphomas, do not seem to contain mutations in
codons 12, 13, or 61.

In this study, five nude mouse tumors containing transform
ing N-ras sequences from -y-irradiation induced tumors were

screened for all mutations identified so far in this animal model
system and appear to contain novel mutations that remain to
be identified. Material from two of the five N-ras activated

nude mouse tumors were shown to have p21 proteins with
altered mobilities, confirming the presence of mutations. In
contrast to the prevalent GGT to GAT mutations observed in
the K-ras gene codon 12 in the majority of induced thymic
lymphomas, the mutations observed in the N-ras gene are more

polymorphic occurring in codons 12, 13, and 61. The accumu
lating evidence from Diamond et al. (8) is that the heterogeneity
in activating mutations in the N-ras gene in the murine lym
phoma system, in contrast to the K-ras gene, might suggest
that activation of the N-ras gene is a secondary event playing a
role in tumor progression (8).

The picture which is emerging from studies on oncogene
activation in animal model systems is that a variety of genes
can contribute to the malignant process. In this study we have
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identified alternate genetic pathways, with regard to ras genes,
in the radiation-induced thymic lymphomas.

A marker chromosome was identified in thymocytes from a
significan! proportion of -y-irradiated mice. Implicated in the
genesis of the radiation-induced lymphomas may be genes
altered during the formation of this radiation-induced specific
marker chromosome (45). It is important to note that four out
of five of the lymphoma DNAs used to generate the nude mouse
tumors with non-rai transforming activity contained the radia
tion-induced specific marker chromosome. Conversely, those
tumors which contained activated ras genes did not have the
specific marker chromosome.

Using information from this study to define early stages of
the disease, and knowing the frequency of ras activation in the
lymphomas induced by NMU or 7-irradiation, it will now be
possible to design experiments to dissect the genetic events
which occur early in tumor development. This will permit us to
investigate the presence of ras mutations in preleukemic cells
as defined by the increased expression of MEL-141" and IL-2R"1"

surface markers before the onset of overt disease.
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