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ABSTRACT

Transgenic mice bearing a c-myc oncogene under control of the imiiiii-
noglobulin heavy chain enhancer (Efi-myc mice) reproducibly develop and

die from tumors of the B lymphocyte lineage (J. M. Adams, A. W. Harris,
C. A. Pinkert, L. M. Corcoran, W. S. Alexander, S. Cory, R. D. Palmiter,
and R. L. Brinster, Nature (Lond.), 318: 533-538,1985; W. Y. Langdon, A.
W. Harris, S. Cory, and J. M. Adams, Cell, 47: 11-18, 1986; A. W. Harris,

C. A. Pinkert, M. Crawford, W. Y. Langdon, R. L. Brinster, and J. M.
Adams, J. Exp. Med., 167: 353-371, 1988; reviewed in S. Cory and J. M.
Adams, Annu. Rev. Inumino!.. 6: 25-48, 1988). Analysis of lymphocytes
obtained by serial sani), ing of peripheral blood from individual hemizy-
gous (Efi-myc/0) and homozygous (Efi-myc/Efi-myc) transgenic mice in

dicates that proliferation in the original host and transplantability into
histocompatible recipients are distinct properties that can be acquired
independently and in either order. These two types of transgenic mice
differ in that homozygous mice have about one-fourth the life span of
hemizygous mice and develop polyclonal, non-transplantable tumors in

comparison to the oligoclonal, highly transplantable malignancies seen in
hemizygous animals. In conclusion, the overall concept of malignancy is
best viewed as an aggregate of the separable parameters of cellular pro
liferation, clonality, tissue invasiveness, metastasis, and (experimental)
transplantability. The Efi-myc transgenic mouse represents an attractive

model in which to investigate the multistep nature and alternative path
ways of tumorigenesis.

INTRODUCTION

As a matter of definition, oncogenes control the multiple genetic
events and stages making up the complex process of tumorigenesis
(1). Nevertheless, the time lag in tumor development after viral in
fection (2), tumor latency in transgenic mice constitutively expressing
an oncogene (3), and genetic studies of human tumors (4) firmly
demonstrate that activation of a single oncogene per se is not suffi
cient for tumorigenesis. Information on the number, sequence, and
nature of the necessary further genetic events beside alteration of
recognized oncogenes is either lacking or incomplete in most systems.
The molecular and cellular distinctions between tumor "initiation" and
"promotion" (5) are also not clear.

Most in vivo models of de novo tumorigenesis (as opposed to
studies involving transplantation of already established tumors) allow
only a single examination of each individual (at necropsy). In contrast,
pretumor and tumor cells in Efi-myc transgenic mice, because of their

lymphoid nature, circulate and can be repeatedly and noninvasively
sampled. Previous studies have shown that due to the expression of
this transgene in the B lymphocyte lineage, an initial period of non-

transplantable B cell overproduction and overabundance in most lym
phoid organs is followed, in a stochastic fashion, by the emergence of
highly transplantable monoclonal pre-B or B cell lymphomas (6-9).

Moreover, unlike nonlymphoid tumors, the antigen receptor gene
rearrangements of these tumor cells provide clonal signatures with
which to assess the relationships among various cell populations. By
exploiting these advantages, this article describes several distinct steps
and pathways of tumor development in E/j-myc transgenic mice.

These mice offer an attractive system with which to investigate the

genetic, immunological. and cell biological changes making up the
complex and multistep process of tumorigenesis.

MATERIALS AND METHODS

Mice, Cells, and Tissues. The mice used in these experiments were con-
genie C57BL/6JSmn (B6) and C57BL/6JSmn-Tg(Eu-myc)Bril (referred to
hereafter as Ed-Efi-myc) animals. The latter were produced from the original
segregating (B6xSJL)FE2-Â£^-m\r population (6) by 11 to 13 successive back-
cross matings of male E/j-myc transgenic mice to female B6 nontransgenics. At
each generation, hemizygous (Efi-myc/0) transgenic mice were distinguished

from their nontransgenic liltermates by lymphocyte scatter (see Fig. 1) or
Southern blotting using the Jh probe (see Fig. 5). Homozygous B(>-E(i-m\c/
E/j-myc transgenic mice were obtained from matings of two hemizygotes and

typed using the same assays. Mice were weaned at 3 weeks of age. Cells were
obtained either by bleeding from the retroorbital sinus or by preparing single
cell suspensions from lymph nodes obtained at necropsy. For transplantation
studies, aliquots of IO4 viable cells (unless otherwise stated) from donors of

either sex were injected i.p. into 3-6 nonirradiated 6-12-week-old male B6

recipients, which were followed for tumor development for at least 4 months
after cell transfer. At necropsy, tissues were used immediately or frozen for
DNA analysis. Alternatively, tissues were fixed in Bouin's solution tor 24 h.

transferred to 70% ethanol. embedded in paraffin, sectioned at 5 microns, and
stained with Hematoxylin and Eosin for histological examination.

Flow Cytometry. Cells were washed in EBSS-HBA.' treated twice with
Gey's solution (10) to lyse erythrocytes, washed twice with EBSS-HBA. fixed

for 15 min at room temperature in 50% EBSS-HBA containing 1% paraform-
aldehyde, washed, and resuspended in EBSS-HBA. Using a FACScan (Becton-

Dickinson) flow cytometer. remaining erythrocytes and nonlymphoid leuko
cytes were excluded on the basis of forward and side scatter and information
on lymphocytes was collected and stored in list mode format.

DNA Analysis. DNA was extracted from tumor or other tissues by suspen
sion of cells in 20 m.MTris (pH 7.4). 10 ITIMNaCl. and 3 mvt MgCN; lysis of
cells with l<7rNP-40, 1.25% sucrose in 20 mm Tris (pH 7.4), IO mm NaCl. and

3 HIMMgCl:: centrifugaron to isolate nuclei: resuspension of nuclei in 50 m.M
sodium acetate and 10 msi disodium EDTA (pH 5.2); lysis of nuclei by the
addition of SDS to 1%; extraction with 50 msi sodium acetate. 10 imi disodium
EDTA (pH 5.2)-saturated phenol; extraction with chlorofomrisoamyl alcohol

(24:1). precipitation (blood) or spooling (lymph nodes) with ethanol; and
resuspension in 10 mMTris (pH 7.5) and 1 m.Mdisodium EDTA (11). Aliquots
of approximately 5 ug of DNA were digested overnight with 50 units of EcoRl
restriction enzyme, after which the samples were electrophoresed on 0.8%
agarose gels (containing 0.5 ug/ml ethidium bromide) in Tris borate EDTA
buffer. Size standards were Hi/idlH-digested A DNA fragments. After electro-

phoresis and photography, the gels were treated with 0.25 M HC1, washed in
water, neutralized with 0.6 MNaCl and 0.4 MNaOH, and vacuum-blotted onto

nylon membranes (12). The success of the transfer was monitored and the
positions of markers noted by examination under short-wave UV illumination

(13). The membranes were washed twice with 0.1% SSC and 0.5% SDS at
65Â°C. rinsed 3 times with water, blotted on Whatmann 3MM paper, and
prehybridized at 42Â°Cwith 25 m.MKPO2 (pH 7.4), 5 X SSC. 5 x Denhardt's

solution. 50 ug/ml salmon sperm DNA. 50% formamide. and 1% SDS (pre-
hyb). The Jh probe was a 3-kilobase insert cut out of plasmid pjh (14) with
BamHl and EcoRl and was gel-purified and labeled with [1:P]dCTP using
random hexamer priming (15). Membranes were incubated at 42Â°Cwith pre-

hyb solution plus 5% dextran sulfate and 5 x IO5 cprn/ml of freshly boiled
radioactive probe, washed twice at 20Â°Cwith 2 x SSC. 0.1% SDS. once with
0.5 x SSC. 0.1 % SDS, once with 0.1 x SSC. 0.1 % SDS. and once at 42Â°C
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with 0.1 x SSC, 1.0% SDS. After having been blotted dry, the membranes
were wrapped in plastic and exposed to X-ray film at -70Â°C with Lightning

Plus intensifying screens.

RESULTS

Scatter Typing and Longitudinal Assays. E/j-myc transgenic

hemizygotes and nontransgenic littermates have been distinguished at
weaning on the basis of leukocyte mean nuclear volume (8). In view
of this, we utilized flow cytometry of intact cells as a means for both
initial genotyping and longitudinal analysis in Efj-myc transgenic

mice. As shown in Fig. 1, removal of most erythrocytes by lysis and
nucleated nonlymphoid cells by scatter gating allowed enumeration of
the lymphocyte size distribution of individual preweaning mice using
5 jal or less of peripheral blood. Nontransgenic weanling animals
typically showed about 10% large peripheral blood leukocytes, while
hemizygous and homozygous Ey-myc transgenic littermates displayed
20-40% and 70-90% of such cells, respectively. Such assignments

were confirmed by Southern blotting as described below.

â€¢¿�â€¢¿�Â»Eu-myc/O (tronsgene from lather)
o o Eu-myc/O (transgene from mother)

S aâ€¢¿�-

A (*/+)
1 M,
3 â€”¿�

IB
33 â€”¿�

8.5

3B

rsc

B (Eu-myc/O)

35.7

3B

rsc

C ( Eu-myc/Eu-mgc)

83.2

10
rsc

Fig. 1. Preweaning genotyping via determination of percentage of large PBL. Two-

parameter FACS histograms (forward versus side scatter) of lymphocytes are shown; box,
those lymphocytes enumerated as large. A, normal nontransgenic Interniate ( +/+ ). ÃŸ.
transgene-hemizygous littermate (Ey-myc/O). C. transgene-homozygous littermate
(E^-myc/E/j-mvr).

20 30

Age in weeks

Fig. 2. Life histories of tumorigenesis in individual hemizygous Efj-m c mice. Ordi
nate, the percentage of large (proliferating) peripheral blood leukocytes dt ermined as in
Fig. 1. Numbers beside data points, the average longevity in weeks follow ng transfer of
IO4 peripheral blood leukocytes into nonirradiated syngeneic B6 recipien s (no number
indicates that the majority of these recipients never developed tumors; -, as ays that failed
for accidental reasons such as cage drownings.) All PBL samples shown were tested for
transplantable tumor cells. *. time points at which animals were visibly ill upon external

examination (palpable tumors, inactivity, lack of grooming, and/or cachexia). The per
centage of large PBL in nontransgenic adult control mice was typically about 10* (arrow;
also shown in Fig. 4).

Every 1 or 2 weeks from weaning through death, individual control
and hemizygous E/j-myc transgenic mice were bled and the peripheral

blood leukocytes were analyzed using several techniques including
the above-described size assay. Representative data from four trans

genic mice are presented in Fig. 2 and show that although the timing
differed in individual animals, all such transgenic mice exhibited three
distinct phases of tumorigenesis during their life history. These phases
were: (a) an early period of active lymphocyte proliferation; (b) an
intermediate phase when peripheral lymphocyte proliferation became
indistinguishable from that of control animals Â¡seealso Ref. 8]: and
(c) one or more late episode(s) when active proliferation returned.
Asterisks beside individual data points indicate examination points at
which animals were obviously ill (palpable masses, cachexia, etc.) and
show that peripheral blood analysis predicted impending morbidity up
to 12 weeks earlier than external examination. Of the first 50 E/j-myc

transgenic mice followed longitudinally in this way, 11 (22%) showed
at least one episode of renewed proliferation that subsided before the
final tumor overwhelmed the animal.

To examine the correlation of tumor transplantability with cell
proliferation, a fixed number of viable leukocytes (IO4) from each

peripheral blood sample were injected i.p. into multiple unirradiated
congenie B6 mice. The recipient mice were then followed for tumor
development and death for 4 months after transfer. If a majority of the
recipients of a given blood sample developed tumors (usually all or
none did so), the average longevity (in weeks) between cell inocula
tion and death is noted in Fig. 2 by the numbers beside individual
graph points. Transplantable tumor cells were usually found in the
blood during the final period of the life of a transgenic animal. In some
individuals, transplantable tumor cells were found in blood samples
showing only background levels of proliferation, a situation that is not
surprising in view of the extreme transplantability of the final E/j-myc
tumor cells (see Fig. 6). However, in approximately one-half of the
Efj-mvc animals, peripheral lymphocyte proliferation 2- to 4-fold as

much as background (typically about 10% in each experiment) re
turned up to 10 weeks before transplantable tumor cells were detect
able in the same blood samples. Clearly, mice and blood samples with
high levels of lymphocyte proliferation (30% or more) either could or
could not show detectable transplantable tumor cells. These data
strongly indicate that transplantability and proliferation are distin
guishable although often coincidental aspects of the later Efj-myc
tumorigenic process. It is also important to note that a similar periph-
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Fig. 3. Histological appearance of lymphoid and
nonlymphoid tissues from transgene hemizygous and
homozygous Efj-mvc mice. High power views of
lymph nodes from hemizygous (A ) and homozygous
(B) mice, showing identical appearance of lymphoid
cells; livers from same hemizygous (O und homozy
gous (DÃ¬animals, showing equivalent invasion of
liver by lymphoid cells: pancreas from homozygous
mouse (E). showing metastasis with lymphoid cells;
and lymph node from homozygous mouse (F), show
ing pallisading of tumor cells at the capsule of the
lymph node and lymphoid invasion of the adjacent fat
pad.

^?^*:-^f mÂ»ir.1)CTV.%V* . %>Â»Â»â€¢¿�.Â»*IStOTÂ«!i&3BHHnHDrÂ£-.*

eral sequence of nontransplantable proliferation, quiescence, and fi
nally renewed proliferation with transplantable monoclonal tumors
occurred in animals which obtained their transgene from either their
mothers or their fathers (although the latter showed approximately
one-half of the initial lymphoproliferation and lived an average of
almost twice as long as the former.4)

E/4-myc Hemizygotes versus Homozygotes. Homozygous Ep-
myc transgenic mice (E/j-myc/E/j-myc) developed tumors that were
histologically similar to those arising in hemizygous (E^-mvc/0)

transgenic animals. As shown in Fig. 3. both types of tumors com
prised large undifferentiated lymphocytes (Fig. 3, A and B} that were
equally invasive into other tissues (Fig. 3, C and D). Both types of

4 C. L. Sidman and A. W. Harris, manuscript in preparation.

Efj-myc tumors also metastasized to other tissues such as pancreas

(Fig. 3Â£)and fat (Fig. 3F). While the tumors arising in hemizygous
E/j-myc mice were variously of pre-B, B, or mixed pre-B and B cell

phenotype (Ref. 7 and confirmed here, data not shown), the tumors
arising in homozygous E/j-myc animals were uniformly (7 of 7 ani
mals analyzed, data not shown) of the pre-B phenotype. Moreover,

despite their similar histological appearance and ability to metastasize,
hemizygous and homozygous Efj-myc transgenic tumors differed in

three major ways.
First, homozygous Efj-myc mice showed a significantly different

pattern of life history characterized by higher initial lymphoprolifer-
ation and more rapid tumor onset than that of hemizygous Efj-myc
animals. As presented in Fig. 4, homozygous E/j-myc mice experi

enced about twice the level of initial leukocyte proliferation as did
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Fig. 4. Lite histories of individual nontransgenic. transgene hemizygous, and transgene
homozygous littermates. presented as in Fig. 2.

hemizygous animals. Furthermore, homozygous mice did not undergo
the peripheral nonproli ferali ve phase characteristic of hemizygous
animals, but rather transited directly from initial leukocytosis and
proliferation to terminal illness. The mean longevity of 8 homozygous
Bb-Efi-myc/Efi-myc mice was 8 Â±I weeks, whereas the average age
at death of 45 hemizygous B6-Efi-myc/0 transgenic mice inheriting

their transgene from their fathers was 33 Â±3 weeks.
The second major difference between hemizygous and homozygous

Efi-myc transgenic mice concerned their clonality. Immunoglobulin

gene rearrangements can be used to provide individual signatures for
B lymphocytes (16). Accordingly, DNA was isolated from tumor
masses or livers from hemizygous and homozygous Efi-myc trans

genic mice and subjected to Southern blot analysis using a Jh probe
(Fig. 5). While tumors from hemizygous Efi-myc transgenic mice
regularly showed 2-3 rearranged Jh genes (and thus one or two B cell
clones)/tumor, lymphoid masses from homozygous Efj-myc animals

showed no evidence of oligo or monoclonality (i.e., predominant
rearranged Jh bands). The quantitative ratio between germ line and
transgene Jh bands in liver DNA samples confirmed the diagnosis of
these mice as Efi-m\c hemizygotes or homozygotes.

Finally, tumors arising in hemizygous and homozygous Efi-myc

transgenic mice differed greatly in their transplantability. As shown in
the limiting dilution studies presented in Fig. 6, 100 cells from hem
izygous Efi-m\c tumors regularly caused tumors in normal mice. In
contrast, more than IO6 cells, or 4 orders of magnitude more, were

required for similar transfer from homozygous Efi-myc animals. These

data represent pooled results obtained from independent transplanta
tion studies of three hemizygous and six homozygous Efj-myc trans

genic mice.

DISCUSSION

The Efi-mvc transgenic mouse stock, by virtue of reproducibly

developing B lymphocytic tumors, offers three distinct advantages
over other models for studies on mechanisms of tumorigenesis: (a)
lymphocytes circulate and can be repeatedly and noninvasively sam
pled throughout the life span of an animal, thus allowing investigation
of successive events occurring in the tumor-generating cell population

in individual animals; (b) lymphocytes so obtained can be readily
transplanted into recipient mice and thus conveniently tested for their
potential to form tumors in the proper environment; and (r) clonal
signatures are inherently available in the lt> gene rearrangements that

occur in all B lymphocytes. All of these properties have been ex
ploited in the present work.

Several distinct pathways of tumorigenesis are suggested by these
serial examinations of individual Efi-myc transgenic mice. All trans-

gene-hemizygous animals experience polyclonal proliferation of B
lymphocytes for 4-8 weeks after birth, after which this early lym-

phoproliferation disappears from the periphery [but not from the bone
marrow (8)]. The mechanism for this disappearance of peripheral
lymphoproliferation remains to be investigated and distinguishes this
from other models of multistep tumorigenesis (17). Marking the end
of the peripheral quiescent period are one or two further events, i.e..
(Â«)the return of proliferating cells and (b) the appearance of trans-

plantable tumor cells in the circulation. While these developments
often coincide temporally, their separability and variable order of
occurrence in individual mice suggest that they are due to distinct
genetic events. This conclusion is supported by the finding that some
animals (including the longest-lived one shown in Fig. 2) experience

one or more waves of proliferating cells in the blood after the initial
period but before transplantable tumor cells become detectable. (It
must be emphasized that all peripheral blood leukocyte samples pre
sented in Fig. 2 were tested for transplantable tumor cells.) These data
illustrate that the process of tumorigenesis is a dynamic rather than an
unidirectional and rigidly ordered progression (18).

The second major conclusion from these studies is that the process
of tumorigenesis can take several forms as well as pathways in the
Eu-wvr transgenic model. Dramatically but not unexpectedly, the

gene dosage difference between one and two chromosomes bearing

Eu-myc/Eu-myc

1.23

N l L

Eu-myc/0

4 5 , 6

L N l L NIL N

Fig. 5. Southern blots with Jh probe of liver (Ã•,)and lymph node (N] DNA from three
each transgene homozygous and hemizygous Eji-m.w mice.

100-9 Â°-^Â«â€”â€¢

>
>

10-
o
10Â«

â€¢¿�Eu-myc/Eu-myc
o Eu-myc/0

io- io'IO'' 10Â° 10H

Cells transferred
Fig. 6. Limiting dilution transplantation of cells from enlarged lymph nodes from

hemi/ygous and homozygous Efj-rnyc mice. Data represent pooled results 3 months after
transfer of cells (no mice developed detectable tumors later than 10-12 weeks posttrans-

plantl from separate testing of 3 transgene hemizygotes and 6 transgene homozygotes.
Dashi'Ãiline indicates the number of lymph node cells causing tumors in 67^ of the
recipients, thus representing one limiting cell dose (approximately I(K)cells from trans
genic hemizygous mice, and over UP1cells from transgene homozygotes) (22).
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the transgene yields over a 4-fold variation in the observed longevity

of the respective mice. More surprising, however, are the observations
that the tumors arising (more rapidly) in homozygous transgenic E/J-
myc mice lack the mono- or bidonai nature and vigorous transplant-
ability characteristic of the tumors arising (more slowly) in hemizy-

gous transgenic mice. These different properties of the emerging
malignant cell populations suggest fundamentally different mecha
nisms of tumorigenesis in these two classes of transgenic mice; can
didates for such different mechanisms include initiation of tumor
formation in B lineage cells before Jh rearrangement or a drastically
polyclonal mechanism of tumor formation in homozygous Efj-myc

transgenic mice. The first of these is argued against by the clearly
lower amount of germ line Jh band remaining in some homozygous
E/j-myc tumors as compared to the livers from these same animals (see

homozygous animals 1 and 2 in Fig. 5), indicating that Igh gene
rearrangement had occurred in these homozygous E/j-myc tumors. A

potential basis for the second possibility might be that the more myc
oncogene product that is expressed, the fewer additional genetic
events and stages of clonal selection that are required for the prolif
erating cells to kill the host. It is noteworthy that proliferation and
metastasis seem to be more fundamental to a lethal tumor than mon-

oclonality or ready transplantability, since the cells arising in homozy
gous E/j-myc transgenic mice possess the first two but lack the latter

two properties. These observations may provide a system with which
to investigate the genetic and cellular basis for transplantability sep
arate from proliferation and metastasis. Furthermore, they raise the
question of what criteria should be required for defining a "tumor."

The variations presented here in progression pathway, timing, and
final behavior of tumor cells arising in E/j-myc transgenic mice are not

likely to be due to segregating genetic background genes, since the
transgene has been operationally fully backcrossed onto the B6 mouse
strain (over 20 generations by now, with continued variation in lon
gevity comparable to that described in this repon). The approximate
1% of cosegregating donor genome remaining linked to the transgene
cannot explain the variability described here since, being linked, it is
equally present in all transgenic hemizygotes. Thus, while genetic
background differences can exert a dramatic effect on many of the
parameters reported here (19), the variability in the B6-E/j-mw trans

genic stock is not due to inheritance but rather to the stochastic nature
of the genetic changes underlying the tumorigenic process. Genes of
which the inherited allelic variations affect tumorigenesis may or may
not be distinct from those that are somatically altered in this process.
The dramatic difference between mice bearing one versus two E/j-myc

transgenic chromosomes is also not due to imprinting from differential
parental transmission, since mice with a single E/j-myc transgenic

chromosome from either parent behave similarly in pattern, and dis
tinctly differently, from mice with two transgenic chromosomes.

These progression studies on individual E/j-myc transgenic mice

have possible clinical relevance for human cancer. Both the transplan
tation and flow cytometry assays used here allowed up to 2 months'

notice before individual transgenic mice became overtly ill. If similar
assays using human cells can be developed [such as through trans
plantation into mutant "severe combined immunodeficiency," or seid,

mice (20, 21)], or the genetic changes underlying the various compo
nents of the final events observed in Ey-myc transgenic mice can be

dissected and extended to humans, significant clinical warning may be

obtainable for important stages in the tumorigenic progression. Fur
thermore, as shown here, the overall process of tumorigenesis is
dynamic and multistaged rather than a single all-or-nothing event;

reversal or intervention thus may be possible at more than one stage
even after the overall process has begun. In conclusion, the E/j-myc

transgenic mouse stock provides a powerful system for both dissecting
the complex process of lymphoid tumorigenesis and investigating
diagnostic and therapeutic approaches.
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