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Preface

The papers in this book were presented at the 6th Workshop on Mechanisms in B-Cell
Neoplasia, held in Bethesda, March 23-25, 1988. On alternate years this meeting
is sponsored by the.Basel Institute of Immunology in Basel, Switzerland and by

the National Cancer Institute in Bethesda, and is attended by 100 to 150 parti-
cipants. This 6th workshop, like the preceding five, was characterized by

intense and enthusiastic discussion which reflects, we think, the exciting

growth and development of this field. It is quite clear, however, that despite
many general advances an understanding of the precise underlying mechanisms in
B—cell tumor development is not yet defined.

Probably, there is no single mechanism for all the various forms of B-cell neo-
plastic development. Many different forms of B-cell neoplasms are known, and
these are distinguished by several characteristics: 1) the stage of development
attained by the tumor stem cells; 2) mode of growth (slow or fast); 3) association
with natural or inductive etiologic agents and 4) specific and consistent mutational
mechanisms such as retroviral insertion, chromosomal rearrangement. Those charac-
teristic forms which arise naturally in relatively high frequency or those tumors
with hallmark properties which can be induced consistently are the models most
frequently studied, e.g., endemic Burkitt's lymphoma, follicular lymphoma, acute
and chronic lymphocytic leukemia and multiple myeloma in man; bursal lymphoma in
chickens; Abelson virus induced pre B cell lymphomas and plasmacytomas in mice

and immunocytomas in rats. Each model system, has special problems and advantages.

The processes of retroviral insertion and transduction and chromosomal rearrange-
ment have facilitated the identification of host genes that are consistently mu-
tated in B-cell tumor formation. C-myc, c-abl, becl-2, c-raf, and c-myb are
examples of genes that are consistent targets of mutagenesis in one or more forms
of B-cell neoplasia. Understanding the normal physiological function of these
genes presents a major area of research as the biochemical mode of action of the
respective gene products are at present poorly understood. The mutant forms of
these genes affect functions related to the regulation of cellular proliferation
and differentiation.

It is widely accepted that neoplastic development in general results from multi-
ple genetic changes and B-cell tumors are no exception. There is very little
information available on the identity of multiple mutations in a single naturally
occurring neoplastic form. There are inductive methods in which two oncogenes
accelerate the development of B cell tumors. In pristane injected mice, plasma-
cytomas can be induced rapidly when transforming retroviruses are introduced as
with Abelson virus which introduces v-abl. J3 (virus) that contains an avian myc
and a defective v-raf gene or RIM virus that contains a myc gene under the control
of the heavy chain enhancer and promoters and a V-Ha ras gene, are potent inducers
of plasmacytomas in pristane conditioned mice.

The E u-myc transgenic mice have provided a valuable system for studying the
cooperative action of other oncogenes. In this model system the plasmacytomas
all possess chromosomal translocations that are associated with regulatory dis-
orders of c-myc. In other inductive methods, two oncogenes are introduced simul-
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taneously in the same retrovector. Cooperative effects have been described
utilizing a variety of ways of introducing the second oncogene: by infection with
a transforming retrovirus or by crossing two different transgenic mice carrying
different oncogenes. C-abl, c-raf and ras emerge as important cooperating onco-
genes. Products of these oncogenes are known to be components of growth factor
signal induction pathways. The recent finding of a special mode of c-abl activa-
tion in B-ALL in man by t9;22 chromosomal translocations further emphasizes the
importance of the abl gene in a natural form of B-cell neoplasia (B-ALL). Rather
surprisingly a new transgenic C57BL mouse carrying N-myc alone develops B-cell
tumors with plasma cell characteristics.

Many defined growth factors affect normal B cell development and new factors con-
tinue to be identified. Different growth factors act on different stages in B
cell development. The most recent addition to this list of factors is IL-7.
Suspicion of this kind of factor was strongly suggested by the studies of Osmond
et al., who have shown various peripheral stimuli (e.g., infections, injection of
mineral oil) send stimuli to the bone marrow which stimulate expansion of the pre
B population.

IL-7 is normally produced by stromal cells in interactions with cells at early
stages of B cell development. The recombinant protein has been found to expand
precursor B cells. Since IL-3, in combination with IL-4, also appears to stimu-
late pre B cell growth, the possibility exists that pre B cells could alterna-
tively use either of the growth factors, one produced endogenously by stromal
cells (IL-7), the others under exogenous stimulation of helper T cells (IL-3,
IL-4). Studies now in progress with the recently described IL-6 have shown that
it is a growth factor for B-cell proliferation.

Many of the papers in this book focus on the oncogenes that are important in B
cell tumor formation. Of these c-myc stands out as the central problem. Four
current sets of experiments on c-myc described in this book deal with aspects of
the problem: 1) the mechanism of c-myc activation by cytoplasmic signal pathways;
2) the nuclear regulators of c-myc transcription; 3) the mode of action of the
c-myc gene product; 4) the pathological mechanism of myc gene activation. The
pathological mechanism of c-myc activation is still not clearly defined. There
are many ways by which c-myc is pathologically activated.

The c-myc gene is normally translated into two proteins, p64 and p67, which are
made by transcription from the initiation sites, followed by the appropriate
translation of the two resulting mRNAs. One common pathological event is the
mutation of the CTIG start codon which abolishes the expression of p67, resulting in
unbalanced p64 expression. Ways to deregulated expression of c-myc are the many
point mutations in the coding regions of the c-myc gene which have so far been
analyzed. Higher levels of p64 and p67 expression can also deregulate cellular
growth, and this, again, can happen by point mutation in regulatory sequences of
the gene.

A major problem is presented by the chromosomal translocations that occur near
but not within the domain of the c-myc gene (e.g., the Pvt-1/IgL translocations
t(2;8), t(8;22) in man, rcpt(6;15) in the mouse) and the forms of t(8;14) in
endemic Burkitt's Lymphoma that occur 5' of the known regulatory sequences in
c-myc. Most of these later types remain to be mapped. The above mentioned trans-—
locations appear to activate c-myc indirectly through base substitution mutations.
The underlying mechanism for this is not yet known.
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The regulation of c-myc transcription by nuclear factors is currently being worked
on in several laboratories. A number of potential factor binding sites have been
identified extending from intron-1, 5' to base -2000. Future studies will be
required to evaluate how factors interact with these sites and with each other to
regulate transcription.

The cytoplasmic signal pathway leading to c-myc activation has been studied in
many cell types including B-cells. Here again, regulation of c-myc transcription
may vary in different cell types as well as with the stage of development of

the B-cells.

With the availability of data from a variety of sources, some clarity is emerging
in all of these areas. New concepts of c-myc function are still being described.
For example, Sullivan, et al., have described the activation of c-myc in peripheral
blood lymphocytes following radiation damage.

Many of our current models and hypotheses on oncogene action come from transforma-
tion studies using cultured cell lines. The process of in vitro adaptation probably
depends in part upon some of the same kinds of mutational or adaptive changes that
occur in neoplastic development. For example, many mouse cell lines spontaneously
become neoplastic in vitro. Neoplastic transformation in vivo is a more complex

and difficult problem to analyze but it is becoming increasingly more clear that
mutations that activate proto-oncogenes produce biological effects that do not
directly transform cells from a normal to a neoplastic state. Thus many problems
involve interpreting the biological effects of pathological oncogene activation.

We thank the National Cancer Institute for sponsoring this meeting and Prof.
Dietrich Goetze for his willingness to publish these papers. We are very grateful
to Ms. Victoria Rogers for her help in organizing this meeting and getting the
documents ready for publication.

Michael Potter

Fritz Melchers
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Part I:
Pathogenetic Mechanisms

Early B Cell Tumors




B Cell Precursors in Bone Marrow: In Vivo Proliferation,
Localization, Stimulation by A ctivated Macrophages and
Implications for Oncogenesis

D.G. OsMOND, Y.-H. PARrk!, and K. JACOBSEN

INTRODUCTION

Precursor cells in mammalian bone marrow continuously give rise to
virgin B lymphocytes by undergoing a series of genetic, mitotic and
selection events (Osmond 1985, 1986, Osmond & Park 1987). During the
differentiation of individual precursor cells the B cell antigen-
binding specificities are determined by the formation of functional Ig
variable (V) region genes from a combination of gene segments (Tonegawa
1983). The enzyme terminal deoxynucleotidyl transferase (TdT) can
insert additional nucleotides during rearrangement of the heavy (H)
chain gene, contributing to B cell diversity (Yancopoulos et al 1984,
Kunkel et al 1986). Thereafter, however, the mitotic activity of the
precursor B cells largely dictates the ultimate output of B cell
clones, especially with respect to clone size (the number of B cells
having a given antigen-binding specificity) and the number of different
clones produced per unit time. This process may be modified by cell
loss. The combined genetic and mitotic activities of early precursor B
cells make them susceptible to genetic errors which may result in cell
death. Other non-lethal aberrations could predispose to gene dysregul-
ation and oncogenesis (Greaves 1986, Lenoir & Bornkum 1987, Harris et
al 1988). The population dynamics and regulatory mechanisms of precur-
sor B cells in the bone marrow thus underly considerations of both
normal immune competence and neoplasias of the B cell lineage.

The present article briefly considers our recent studies of B lineage
precursor cells in mouse bone marrow in vivo, aiming to define success-
ive differentiation stages through which individual precursor cells
pass with time, to quantitate the proliferation of cells at each stage,
to examine their organization in the intact bone marrow and to assess
their proliferative stimulation by exogenous agents causing macrophage
activation. Finally, the possible relevance of these findings to
mechanisms of B cell neoplasia will be proposed.
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PROLIFERATION OF B LYMPHOCYTE PRECURSOR CELLS IN BONE MARROW

As differentiation markers of B lineage precursor cells in mouse bone
marrow, we have examined the expression of 1) free cytoplasmic p chains
(cu) 2) the B lineage-associated B220 glycoprotein, detected at the
cell surface by monoclonal antibody (mAb) 14.8 (Kincade et al 1981) and
3) nuclear TdAdT, detected by a rabbit anti-TdT antibody, providing a
marker for a precursor cell stage at which H chain genes are being
rearranged. By double immunofluorescence labeling, we have defined 6
phenotypically distinct populations of presumptive B lymphocyte
precursor cells, summarized in Table 1 as a working model of their
sequence of development.

Table 1. Phenotype of B lineage cells in mouse bone marrow?

Phenotype Mitoses? cel1®® 1IncidencePd
Cell population Size
TAT 14.8 cp sIgM ( pm) (%)
1. Early B precursors + Yes 9.0 0.8
2. Early B precursors + + Yes 10.0 0.9
3. Early B precursors + Yes 11.5 4.3
4. Pre-B cells: large + + Yes 11.5 3
5. Pre-B cells: small + + No 8.0
6. B lymphocytes + + No 8.0 8

%In 8-10 wk C3H/HeJ mice

ee Opstelten & Osmond 1983, Osmond & Park 1987, Park & Osmond 1987
cMedian cell diameter in cytocentrifuged preparations
dFrequency relative to all nucleated bone marrow cells

Three cell populations comprise Early B Precursors before the detect-
able expression of p chains 1) TdT¥, 2) Tartla.st 3) Tar-14.8*. The
subsequent 3 populations, all 14.8%, include Pre-B Cells {cptsp~), both
large dividing and small post-mitotic forms, as well as small, non-
dividing B__ lymphocytes (sIgM+). Precursor-product relationships
between Pre-B and B cells are well established (Osmond 1986, Osmond &
Park 1987, Kincade 1987); those among early B precursors, which include
the stage of IgH chain gene rearrangements, are presumptive but
consistent with all our available data, including current studies on
the sequence of regeneration after sublethal X-irradiation (Park &
Osmond, unpublished observations).

A combination of immunofluorescence and stathmokinetic techniques has
enabled us to analyse precursor cell proliferation of cells under
normal conditions in vivo (Opstelten & Osmond 1983, Park & Osmond
1987). After ip injection of vincristine sulfate, dividing precursor
cells become blocked in metaphase. The rate at which cells of a given
phenotype accumulate in metaphase indicates their rate of entry into
mitosis, and thus the turnover time of the population which, when
combined with the total population size gives the actual number of
cells passing through cell cycle within each population per unit time
in the entire bone marrow (Table 2).



Table 2. Turnover of dividing B cell precursors in mouse bone marrow

Phenotype Turnover Total bone
rate marrow turnover
T4T 14.8 cp (%/hr) (cells X 10%/day)
1. + 5.1°° 2.5
2. + + 9.0P¢ 5
3. + 13.5P 36
4. + + 15.34 35

20smond and Park 1987

bpark and Osmond 1986

CPark and Osmond [manuscript in preparation ]
dopstelten and Osmond 1983

The 3 populations of early B precursors before p chain expression show
a progressive increase in frequency, average cell size (Table 1) and
production rate (Table 2). They show substantial proliferative expan-
sion of cell numbers from stage to stage particularly at the 14.8%t,-
stage, resulting in a large cell flow through this compartment (3.6x107
cells/day). Assuming the Vg specificity to be established by gene
rearrangements within the first TATt cell population, a total of at
least 4 mitotic cell cycles would appear to take place in the course of
developing a clone of mature B cells. Each of the phenotypically
distinct populations of early B precursors and large pre-B cells accum-
ulate in mitosis during vincristine-induced metaphase arrest. Thus,
each of these 4 stages of differentiation must be associated with at
least one mitotic event. Possibly, more than one mitosis could occur
within a given phenotypic compartment. Only tentative correlations
between cell cycle and phenotypic boundaries can be drawn from current
data, however. If a phenotypic compartment coincides with a single
cell cycle and ends at mitosis, the "outflow" of cells from the com-
partment should be twice the rate at which cells flow through cell
cycle in the compartment itself. This number of cells becomes the
"inflow" into the next compartment. On the other hand, if cells of a
given phenotype undergo a series of mitotic cell cycles before differ-
entiating to the next phenotype, only approximately half the cells in
the compartment will be in the last generation, leaving after the last
mitosis: the outflow will then approximate the total number of cells
flowing through cell cycle within the compartment itself. From these
considerations, the data in Table 2 would be consistent with single
mitoses in each of the 2 TAT' subpopulations of early B precursors and
a direct flow of cells from one to the next. The further flow of cells
would match the observed compartment turnover rates if cells are
postulated to pass through 3 successive mitotic cycles within the
14.8%y~ stage, and one mitosis at the large pre-B cell stage. Thus, a
total of approximately 6 mitoses would occur between the initiation of
V specificity and the terminal post-mitotic maturation, phase in the
resulting B cell clone. The extent to which the successive mitotic
cycles may be associated with the "fixation" of successive genetic
events, eg., D-Jy and V-DJy joining, remains to be verified.

A reduction of cell flow has been observed at the transition from
dividing to post-mitotic pre-B cells, suggestive of substantial cell
loss, possibly resulting from ineffectual or unacceptable gene
rearrangements (Osmond, 1986, Osmond & Park, 1987). It cannot be



excluded that additional loss of precursor B cells could also occur at
earlier stages, in which case the observed population turnover values
(Table 2) would represent the sum of cellular proliferation less cell

loss. The number of mitoses among the surviving cell fraction could

then be correspondingly greater than that deduced above.

In the light of present data concerning the number of successive
mitoses in B cell clonal development in vivo, the clone size of virgin
B cells produced in the bone marrow would appear to be small (~50 cells
or less) and the bone marrow could be generating much of the available
repertoire of virgin B lymphocyte specificities on a daily basis.

IN VIVO LOCALIZATION AND STROMAL CELL ASSOCIATIONS OF PRECURSOR B CELLS

Bone marrow cells in vivo lie between prominent venous sinusoids within
a complex network of reticular stromal cells. The in situ organization
and microenvironment of the B lineage cells, however, has been almost
completely unknown.

Developing methods for the in vivo administration of 125I-labeled
antibodies in young mice we have previously analysed in detail the
localisation of sIgMt B cells by light and electron microscope
radioautography (Osmond & Batten 1984, Batten & Osmond 1984), while
current work has examined 14.8% B lineage cells (Fig. 1).

Fig. 1. Electron microscope radioautograph of a labeled precursor B
cell (PB) binding !2°I-mAb 14.8 and adjacent to cytoplasmic processes
of a stromal cell (S) in mouse bone marrow. Note 1) the localization
over the cytoplasmic membrane of the precursor B cell of 20
radioautographic grains revealed by a fine grain development method
(Kopriwa 1975) 2) extensive areas of contact {arrowheads) between the
precursor B cell and stromal cell processes. X 8,100



Whereas mAb 14.8-binding B lineage cells as a whole are distributed
throughout the bone marrow of the femoral shaft, the large dividing
14.8% precursor B cells tend to predominate peripherally towards the
surrounding bone while mature sIgM+ B cells are concentrated more
centrally around the central venous sinusoid. In mice treated with
anti-IgM antibodies from birth to delete mature sIgMt B cells, the
central area of the bone marrow lacks 14.8% cells. These findings are
consistent with the concept of a radial organisation of B cell genesis
in bone marrow, the early precursor cells tending to proliferate in a
peripherally located microenvironment from which they then may migrate
centrally as they develop into mature B cells, finally traversing the
wall of the sinusoids to enter the blood stream.

Large 14.8% precursor B cells occur either singly or in clusters,
commonly of 5-10 cells, in each case being closely associated with the
extensive processes of stromal cells (Fig. 1). Often, the precursor B
cells are associated with stromal cells together with erythroid and
granulocytic cells (Fig. 1) but occasionally, several 14.8% cells are
observed to be aligned along the surface membrane of a single stromal
cell.

Long term cultures of bone marrow cells can sustain B cell genesis,
dependent upon a supportive layer of stromal cells, the B lineage cells
clustering over certain stromal cells (Whitlock, Robertson & Witte
1984, Dorshkind 1986, Kincade 1987). Cloned stromal cell lines produce
factors capable of promoting B cell genesis jin yvitro (Collins &
Dorshkind 1987, Landreth & Dorshkind 1988, Namen et al 1988). However,
the in vivo counterparts of these interactions so far have been
unclear.

Our current findings demonstrate that close associations between many
14.87 precursor B cells and stromal cells normally exist in vivo,
suggesting that stromal cell interactions may well be important for the
regulation of B cell genesis in the normal intact bone marrow, as in
bone marrow cultures. The precursor B cells could be stimulated by
specific short-range growth factors produced by the associated stromal
cells, whose activity in turn could be susceptible to a variety of
general systemic influences.

STIMULATED PROLIFERATION OF EARLY B PRECURSORS BY ACTIVATED MACROPHAGES

Systemic influences on primary B cell genesis are becoming apparent.
We have previously examined the effect of administering sheep red blood
cells (SRBC) and other foreign agents to conventionally reared mice. A
single ip injection of SRBC produces a well-marked wave of increased
pre-B cell proliferation and B lymphocyte production (Fulop & Osmond
1983, Opstelten & Osmond 1985). The stimulating effect still occurs
both in anti-IgM suppressed mice and in congenitally athymic (nude)
mice suggesting that it does not require the mediation of B cells, T
cells or an immune response. On the other hand, the effect is
prevented by pretreating mice with silica particles to depress
macrophage function (Pietrangeli & Osmond 1985). Thus, the SRBC would
appear to be acting in a non-specific polyclonal way, mediated by
macrophages. This is consistent with our observation that ip mineral
0il, a non-specific "irritant", also stimulates bone marrow B cell
genesis. Because prior splenectomy completely abolishes all the SRBC
effects on B cell genesis, the responsible macrophages appear to be
located in the spleen (Pietrangeli & Osmond 1985). The effects of SRBC
can be adoptively transferred by spleen cells. Organ fragments and
cell suspensions from the spleens of donor mice 4h after an ip SRBC



injection transferred to the peritoneal cavity of normal mice stimulate
pre-B cell proliferation in the recipients, thus confirming the role of
spleen cells in mediating the stimulatory effect of SRBC on marrow B
cell genesis (Pietrangeli & Osmond 1987). The nature of the relevant
splenic macrophage-derived factors and whether they may act directly on
precursor B cells or indirectly via an effect on bone marrow stromal
cells remain to be established.

To simulate exposure to ongoing environmental stimuli we have examined
the effects of protracted stimulation by SRBC (Fulop, Pietrangeli &
Osmond 1986). Repeated SRBC injections for 4 wk result in considerable
expansion in the population sizes of marrow B cell precursors and B
cells, as well as a marked absolute increase in the production of small
lymphocytes and the proliferation of pre-B cells. Such sustained
stimuli thus raise the whole level of continuous B 1lymphocyte
production to a new elevated kinetic steady state.

Current studies demonstrate that the foregoing stimulatory effects also
operate on early B precursor cells, before p expression. After a
single ip injection of SRBC the proliferation of 14.8%,~ cells increas-
ed 2-3 fold by 4 days, compared with saline~injected controls, as
indicated by the total number of 14.8%,~ cells in metaphase per femur
at a constant interval after inducing metaphase arrest (Table 3). This
effect was silica-sensitive and dependent upon the spleen (Table 2).
Repeated SRBC injections produced a 60% expansion in population size of
14.8%,~ cells (data not shown).

Table 3. Effect of SRBC injection, silica treatment and splenectomy on
proliferation of 14.8%,~ precursor B cells in bone marrow?

Injections 14.8%)~ cells in metaphaseP

(per femur X 10~°)

Saline 1.33 + 0.23
SRBC® 4.27 + 0.36
Saline + Silicad 0.84 + 0.20
SRBC + Silica“ 1.16 + 0.23
SRBC®+ sham splenectomy® 3.80°f
SREC®+ splenectomy® 0.86f

28-9 wk old C3H/HeJ mice
b2h 40m after ip vincristine sulfate, 1 mg/kg body wt.
©€4x108 SRBC in 0.5 ml saline by ip injection
dip silica particles (0.012 um; 3 mg in 0.3 ml saline) 2 hr after
saline or SRBC
€splenectomy or sham splenectomy 2 hr after SRBC
cells pooled from groups of 3 mice

These results raise the concept that marrow B lymphocyte genesis may
normally represent the summation of two regulatory steps (1) a basal
level, regulated mainly by 1local microenvironmental stromal cell-
associated mechanisms 2) a polyclonal amplification step resulting from
environmental stimuli. This model has implications for both normal
-regulation and derangements of B cell genesis:



a) Under normal circumstances, the findings suggest that external
stimuli may play a significant role in determining the final number and
clone sizes of primary B lymphocytes generated in the bone marrow under
conventional environmental conditions.

b) Under pathological circumstances, the findings raise the
possibility of an etiological 1link between processes associated with
prolonged macrophage activation and oncogenesis in the B cell lineage.

POLYCLONAL STIMULATION OF PRIMARY B CELL GENESIS AND B CELL NEOPLASIA

Oncogenesis in general is currently viewed as a multistep process,
consisting of successive genetic events including the activation of 2
or more oncogenes, sometimes virally associated. The initial genetic
event in the sequence could thus occur at a considerably earlier stage
in cellular differentiation than that at which the tumor cells are
eventually "fixed" by the final clonal step in oncogenesis. In the
case of the B cell lineage, the early precursor B cells may be partic-
ularly prone to genetic error because of the combinational, junctional
and hypermutational events naturally occurring in their DNA during the
formation of functional Ig genes, coupled with their intense mitotic
activity. It has been proposed that spontaneous mutations in precursor
B cells may constitute the major, if not sole, initiating step in human
childhood acute lymphoblastic leukemia (Greaves 1986). Any factor
which increases the Ig combinatorial activity in precursor B cells in
vivo, particularly by increasing the proliferative activity and
population size of the vulnerable cells, could increase the risk of
genetic aberrations, including the chromosomal translocations and
myc/Ig H chain locus juxtaposition which characterise many B cell
neoplasias (Potter et al 1985, Klein & Klein 1986, Lenoir & Bornkum
1987). The importance of this consideration is emphasized by work with
mice transgenic for a c-myc gene driven by the Ig H enhancer (Ep-myc)
(Langdon et al 1986, Harris et al 1988). Such mice initially show a
persistent benign polyclonal over-proliferation of pre-B cells in the
bone marrow before ultimately developing clonal B lymphoid neoplasias.

Our recent findings, summarized above, suggest that similar conditions
can be produced by the macrophage-mediated stimulation of early
precursor B cell proliferation in the bone marrow, which could in turn
predispose to the initiation of B cell neoplasias at the early
precursor B cell stage. A primary phase of macrophage activation
characterizes 2 widely studied B cell neoplasias, pristane-induced
murine plasmacytoma (PCT) and malaria-associated Burkitt lymphoma (BL).
Susceptible BALB/c mice given ip pristane develop chronic ip granulo-
mata rich in macrophages which show evidence of activation before the
eventual development of PCT (Potter et al 1985, 1987). In malaria,
gross splenomegally is associated with a marked increase in the macro-
phage population, phagocytosis of parasitized RBC and macrophage
activation (Wyler 1982, Weiss, Geduldig & Weidanz 1986, Klein & Klein
1986, Lenoir & Bornkum 1987). Our continuing work aims to test the
hypothesis raised by our findings that such conditions of non-specific
sustained macrophage activation could predispose to B cell neoplasias
by operating at the level of the central genesis of the B cell lineage,
viz. by elevating the total proliferative activity in the bone marrow
of early precursor B cells and thus increasing the odds of genetic
errors which could constitute the first of a series of steps towards
neoplasia.
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Lymphoid-Restricted Stem Cells

R.A. PHILLIPS, D.-D. WU, and G.M. FuLopP

INTRODUCTION

Work from many laboratories has demonstrated the existence in bone marrow of a multipotent stem
cell able to give rise to progeny in all of the hematopoietic lineages (Abramson et al 1977, Dick et al
1985, Keller et al 1985). Studies on the differentiation of myeloid cells have demonstrated that among
the progeny of multipotent stem cells are stem cells with restricted differentiation potential (Abramson
et al 1977). The spleen colony-forming stem cell (CFU-S)(Till and McCulloch 1961) produces
myeloid and erythroid progeny but lacks the ability to produce lymphocytes (Paige et al 1979). The
existence of a similar lymphoid-restricted stem cell remains controversial. In studies on the
reconstitution of irradiated animals or mutant mice with normal bone marrow cells, most groups detect
the pluripotent stem cells, Sp (see Fig. 1) (Abramson et al 1977, Keller et al 1985, Lemischka et al
1986), myeloid-restricted stem cells, SpM (Abramson et al 1977) and CFU-S (Wu et al 1968), but no
one has yet convincingly identified a lymphoid-restricted stem cell, Sy, in normal bone marrow. Fig. 1
shows a differentiation scheme assuming that restricted stem cells exist.

\ /Myeloid/
S » CFU-S Erythroid
M ———__ Cells

Fig. 1. Proposed lineage diagram for differentiation in the hematopoietic system. Sp, pluripotent stem
cell; Sm, myeloid-restricted stem cell; Sy, lymphoid-restricted stem cell; CFU-S, spleen colony-
forming stem cell

Bone marrow stem cells can be propagated for long periods of time, up to six months, in a culture
system described by Dexter and colleagues (Dexter et al 1977). Predominant cell types in these cultures
are granulocytes and macrophages with a few erythroid cells; lymphoid cells are not detectable (Phillips
et al 1984). The cultures, nevertheless, contain stem cells able to reconstitute the lymphoid system
(Jones-Villeneuve and Phillips 1980). In fact, we have demonstrated in several different systems the
ability of stem cells from such long-term bone marrow cultures (LTBMC) to reconstitute lymphoid
function (Jones-Villeneuve and Phillips 1980, Dorshkind and Phillips 1982, Fulop and Phillips 1986).
The following sections summarize the evidence for such reconstituting ability. The conclusion from
these experiments is that LTBMC contain a lymphoid restricted stem cell.
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Children, Toronto, Canada

Current Topics in Microbiology and Immunology, Vol. 141
© Springer-Verlag Berlin - Heidelberg 1988




12

LONG-TERM BONE MARROW CULTURES

The LTBMC system established by Dexter requires a complex stromal layer for the support of
hematopoietic stem cells (Dexter et al 1977). In general, bone marrow cells are placed in a culture flask
with medium, 20% horse serum and hydrocortisone (Greenberger 1978). During the next two weeks,
most of the hematopoietic cells including the stem cells die, but the stromal cells proliferate and form a
layer of adherent cells. When the stromal layer is nearly confluent, additional bone marrow is added to
the cultures; the stem cells in this innoculum attach to the stromal layer and begin to self-renew,
proliferate and differentiate (Dexter et al 1977). With this culture system, it is possible to maintain
murine hematopoietic stem cells for a long period of time. At any time during the culture period, it is
easy to recognize cells of the granulocytic, monocytic and erythroid pathways. Similarly, the
progenitors of these cells can be detected either in vitro as colony-forming cells or in vivo as part of the
progeny within a spleen colony (Keller and Phillips 1984, Magli et al 1987).

Not surprisingly, lymphoid cells find the environment in LTBMC hostile due to the high concentrations
of horse serum and hydrocortisone. Consequently, all lymphoid cells disappear rapidly from such
cultures with no T, B or pre-B cells detectable, morphologically or functionally, in LTBMC after the
first week of incubation (Phillips et al 1984). Despite this absence of detectable lymphoid cells, it is
clear from the ability of these cultures to reconstitute irradiated recipients that they contain stem cells
with lymphoid potential. The failure of the stem cells to express their lymphoid potential in LTBMC
depends on the growth medium and the microenvironment. If LTBMC are switched to a growth
medium known to support B cell differentiation (Whitlock et al 1984), B cells appear in the cultures
after a lag of several weeks (Dorshkind 1987). Unfortunately, stem cells die under conditions that
support lymphopoiesis (Dorshkind 1987).

RECONSTITUTION OF LETHALLY IRRADIATED RECIPIENTS WITH LTBMC

We first detected a possible lymphoid restricted stem cell when we reconstituted lethally irradiated mice
with cells from LTBMC (Jones-Villeneuve and Phillips 1980). To distinguish between donor and
recipient cells, we established LTBMC from CBA mice carrying the T6 chromosome marker. Cells
from such cultures were used to reconstitute coisogenic normal CBA recipients which had been
exposed to 950 cGy of whole body radiation prior to reconstitution. Two weeks after transplantation,
the majority of the spleen colonies and the proliferating cells contain the T6 chromosome marker
identifying them as progeny of stem cells and early progenitors in LTBMC. At this time after
transplantion, almost all of the dividing cells are myeloid and erythroid. Lymphoid reconstitution does
not begin until approximately two weeks after transplantation and is not complete until four to six
weeks post transplantation. Two months after transplantation, the recipients were analyzed for the
presence of the T6 chromosome marker in LPS blasts (B cells), Con-A blasts (T cells) and bone
marrow cells (predominantly myeloid/erythroid cells).

In contrast to the results obtained at two weeks after transplantation, at eight weeks post transplant, few
of the myeloid cells but many LPS and Con-A blasts contained the T6 chromosome marker. In
addition, there was a very high correlation between the percent of Con-A blasts with the T6
chromosome marker and the percent of LPS blasts with the T6 chromosome marker (r2=0.90). There
was no correlation between the percent of lymphoid blasts with the T6 marker and the percent of
myeloid cells with the T6 chromosome marker. A likely explanation of these results is that LTBMC
contain lymphoid-restricted stem cells capable of producing B and T cells but unable to differentiation
into myeloid cells. The absence of donor-derived myeloid cells in the irradiated recipients suggest that
LTBMC lack myeloid stem cells with extensive self-renewal potential. It is also likely that LTBMC
lack significant numbers of multipotent stem cells, Sp in figure 1.

Harrison et al. have also observed reduced erythropoietic reconstituting ability in LTBMC (Harrison et
al 1987). Using a competitive repopulation assay to evaluate the proliferative and differentiative
potential of stem cells in LTBMC, these investigators observed that stem cells maintained for greater
than 7 weeks in LTBMC lost up to 90% of their reconstituting ability compared to fresh bone marrow.
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RECONSTITUTION OF CBA/N MICE WITH LTBMC

CBA/N mice carry an X-linked mutation resulting in a decreased response to several antigens and
mitogens (Sher et al 1975). One consequence of this mutation is an inability of the B cells in CBA/N
mice to form B lymphocyte colonies (CFU-B) in agar. Paige et al (1979) demonstrated that
transplantation of normal CBA bone marrow into irradiated CBA/N recipients reconstituted CFU-B
activity. To test the ability of normal CBA stem cells in LTBMC to reconstitute CFU-B in CBA/N
mice, we injected 2 x 106 cells into irradiated recipients. At various times after transplantation, the
number of CFU-B in bone marrow and spleen were measured (Dorshkind and Phillips 1982). Several
different tissues were examined for reconstituting ability, normal bone marrow, non-adherent cells in
LTBMC and adherent cells in LTBMC. As expected, normal bone marrow gave rapid and full
reconstitution of CFU-B activity. From LTBMC, the adherent population, but not the non-adherent
population, gave full reconstitution of CFU-B (Dorshkind and Phillips 1982). It should be noted that
both the adherent and non-adherent populations contained equal numbers of CFU-S despite a greater
than one hundred-fold difference in CFU-B reconstituting ability. This result was not particularly
surprising since other investigators had demonstrated that CFU-S from the adherent layer in LTBMC
had greater proliferative potential than the non-adherent population of CFU-S (March et al 1980). Our
results confirm that the stem cells in the adherent layer have properties different from those in the non-
adherent population; these adherent stem cells have more proliferative and reconstituting potential than
the non-adherent population.

RECONSTITUTION OF scid MICE WITH LTBMC

Scid mice lack functional B and T lymphocytes due to a recessive mutation on chromosome 16 (Bosma
et al 1983, Dorshkind et al 1984). Mice homozygous for this mutant allele appear unable to correctly
rearrange either the immunoglobulin genes or the T cell receptor genes, leading to a marked immune
deficiency with an absence of normal lymphocytes in all tissues (Schuler et al 1986, Malynn et al, in
preparation). We have demonstrated previously that normal bone marrow stem cells will reconstitute B
and T cell function in scid mice, but that full reconstitution requires sublethal irradiation of the scid
recipients (Fulop and Phillips 1986).

Table 1. Stem cell frequency in normal bone marrow and in LTBMC

Cells Curing units/106 cells?

Normal 120
Bone Marrow

LTBMC 670

a A cure was defined as a scid mouse having 2103 CFU-B/femur (Fulop and Phillips, in preparation).
A curing unit was defined by limiting dilution, and the frequency was calculated as described by
Porter and Berry (1964). The value shown for normal bone marrow is an average of 2 experiments,
and for LTBMC, 3 experiments.

The major advantage of scid mice as recipients is that their survival does not depend on their receipt of a
graft of normal bone marrow cells. Thus, as opposed to lethally irradiated recipients, one can test very
small numbers of restricted stem cells for their repopulating ability in scid recipients. Analysis of the
ability of LTBMC to reconstitute scid recipients demonstrates that in contrast to the reduced ability of
stem cells in LTBMC to reconstitute myeloid function such cultures are highly efficient at reconstituting
B and T cell function in scid mice. In fact, full lymphoid reconstitution in scid recipients occurs with
many fewer LTBMC cells than with normal bone marrow cells. In order to quantitate the number of
lymphoid stem cells in LTBMC, we have applied a limiting dilution analysis by determining the
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minimum number of cells required for reconstitution. This procedure is analogous to the one used by
Boggs et al in their determination of the number of cells able to reconstitute congenitally anemic,
W/WYV, mice (Boggs et al 1982). The details of this limiting dilution assay in scid mice will be
described in detail elsewhere (in preparation). A brief summary of the number of stem cells in several
experiments is shown in Table 1. It is clear from the data that LTBMC contain between 5- and 10-fold
more reconstituting stem cells than normal bone marrow.

To determine whether or not the LTBMC cells able to reconstitute scid mice were multipotent stem cells
capable of reconstituting all hematopoietic lineages or stem cells restricted to lymphoid differentiation,
we reconstituted scid mice with LTBMC infected with a retrovirus containing the bacterial gene for
neomycin resistance (Dick et al 1986). All of the scid mice reconstituted with such LTBMC cells were
reconstituted for CFU-B and for T cell function. In many recipients, we detected B and T lymphocytes
carrying the neomycin gene (Wu, unpublished observations). However, we were unable to detect the
neomycin resistance gene in granulocyte-macrophage precursors, either by direct Southern blotting or
by functional tests, i.e. no granulocyte-macrophage precursors were detected which were resistant to
the neomycin analogue, G418. On the basis of these results, we conclude that the stem cells in
LTBMC which can reconstitute scid mice are restricted to lymphoid differentiation and are significantly
reduced in myeloid reconstituting ability.

SUMMARY

LTBMC definitely contain stem cells able to reconstitute lymphoid function in deficient animals. The
stem cells with greatest reconstituting ability are found in the adherent layer of such cultures; the non-
adherent population of cells contain little if any lymphoid reconstituting ability. Our results on the
ability of LTBMC to reconstitute lethally irradiated CBA or CBA/N mice and sublethally irradiated scid
mice all indicate that lymphoid reconstitution occurs from a lymphoid restricted stem cell in LTBMC.
Although such a lymphoid restricted stem cell has not been unequivocally demonstrated in normal bone
marrow cells, it is likely from our data that such a precursor exists. The characterization of the
lymphoid reconstituting stem cell in LTBMC should provide a description which will allow the
identification of this stem cell in normal bone marrow.
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Recombinant Interleukin-7 Supports the Growth of Normal B
Lymphocyte Precursors

G. LEg!, A.E. NAMEN?, S. GILLIS?, and P. W. KINCADE!

INTRODUCTION

Hemopoiesis occurs under the influence of regulatory elements in bone marrow. Long term
culture of bone marrow (LTBMC) cells under conditions described by Dexter and associates
(Dexter et al. 1977) demonstrated that association with adherent stromal cells is critical in the
maintenance of hemopoietic stem cells and myelopoiesis (reviewed in Allen and Dexter 1984).
Similarly, lymphopoiesis in Whitlock-Witte type LTBMC (Whitlock and Witte 1982) is
dependent upon adherent cells (Whitlock et al. 1985). Detection of macrophage, granulocyte or
franulocyte/macropha e colony stimulating activity in culture supernatants of stromal cell lines
rom Dexter cultures iﬁhadduck et al. 1983; Song et al. 1985; Rennick et al. 1987) suggests that
stroma derived soluble factors may account in part for myelopoiesis in these cultures.
Furthermore, stromal cell lines able to support lym{.)hopoiesis have also been isolated from
LTBMC (Hunt et al. 1987; Whitlock et al. 1987; Collins and Dorshkind 1987; Namen et al.
1988; Pietrangeli et al. 1988) and some of these have been shown to secrete factors that
independently maintain the growth of B cell precursors from LTBMC (Hunt et al. 1987;
Whitlock et al. 1987; Namen et al. 1988). A 25,000 da protein, designated interleukin-7 {IL-7),
with this activity has recently been purified from a bone marrow derived stromal cell line
(Namen et al. 1988) and the cDNA for it cloned (Namen et al. submitted). We have now
examined the activity of recombinant IL-7 on subpopulations of normal B lineage cells.

RESULTS

IL-7 induced extensive cell proliferation, measured b 3H-thymidine uptake, when cultured
with adult Balb/c bone marrow, adherent cell depleted bone marrow or isolated B cell

recursors bearing Ly5{220 a cell surface antigen preferentially expressed on B lineaFe cells
greviewed in Kincade 9873. The latter cells were prepared by positive selection of B cell

epleted bone marrow on anti-Ly5/220 antibody coated plates. In contrast, no proliferation was
observed in cultures when bone marrow depleted of L, 5@20 bearing cells were cultured with IL-
7 until 4-8 days after initiation of the culture period. Examination of the proliferating foci at
this point revealed large, sIg™,Ly5/220%,BP-1* lymphoid cells, many of which also had
detectable cytoplasmic g (cp) heavy chain. These foci did not appear in control cultures over
the same culture period. Spleen or lymph node cells and B cells isolated from bone marrow did
not proliferate in response to IL-7. In addition, IL-7 did not support the formation of B cell
colonies (CFU-B) in semi-solid agar medium. These results indicate that IL-7 preferentially
promotes the growth of slg™,Ly5/220+ B cell precursors, but not earlier progenitors which do not
%:et display this marker, or more mature lymphocytes in bone marrow or peripheral tissues.

urthermore, separation of sIg™,Ly5/220+ bone marrow cells into large and small size fractions
by flow c(i't.ometriy, followed bf‘: culture with IL-7, showed that the proliferative activity of IL-7
is directed at the large rather than small cells.

B cell precursors isolated from bone marrow have been maintained in liquid culture with IL-7
for >40 days in the apparent absence of stromal or non-lymphoid cells. At the initiation of
culture, these cells were slg™,Ly5/220% Macl”, and did not display N-CAM, an adhesion
molecule recently reported to be expressed by stromal cells (Thomas et al. 1988). Most (50-
65%) were cu* and small fractions were BP1*, Thy1* or Ia*. During the first two weeks of
culture, total numbers of cells increased greater than 50 fold. Cells arising during this period
were Ly5/2204BP1+ and the majority also expressed Thyl, Ia and/or cp. Cells cultured in

10klahoma Medical Research Foundation, Oklahoma City, OK 73104
2Immunex Corporation, Seattle, WA 98101

Current Topics in Microbiology and Immunology, Vol. 141
© Springer-Verlag Berlin - Heidelberg 1988




17

control medium died within 3-4 days. Surface IgM* cells a]j{)eared transiently in both control
and IL-7 cultures and were not detectable after 2 weeks. A heterogeneous range of surface
densities of BP1 and Ly5/220 was observed on cells bearing these antigens at the initiation of
culture. By 40 days in vitro, cells with a high surface BP1 and low surface Ly5/220 expression
were predominant in IL-7 cultures. Less than 5% had detectable cu and numbers of Thyl*and
Ta*cells also declined. Cultured cells remained negative for a panel of T cell, macrophage and

anulocyte cell surface markers. The results indicate that pre-B cells rapid’ly expand during
the first growth phase, but cells with a relatively immature lymphoid phenotype are
preferentiall maintained during long term culture with IL-7. Expression of the BP1 (Cooper et
al. 1986) and Ly5/220 antigens by these cells suggests that they are of the B lineage. Studies
are in progress to determine their Ig gene configuration. DiS{)Iay of class II antigens on cultured
cells is also interesting because this is a feature of mature cells in mice. It is noteworthy that Ia
is inducible by IL-4 on some pre-B cell lines (Polla et al. 1986, Lee et al. 1987).

When cultured in semi-solid agar medium containing IL-7, isolated large sIg”,Ly5/220+ B cell
precursors as well as unfractionated bone marrow cells formed discrete colonies within 4-5 days
in numbers proportional to numbers of cells plated. In situ double labeling of cells within the
colonies for surface and cytoplasmic Ig showed that all colonies consisted of pre-B cells. In
contrast to LPS stimulated B cell colonies cultured under similar conditions, IL-7 induced pre-B
colonies were not inhibitable by anti-Ig.

Among the diverse activities of transformingfrowth factor B (TGF-() are the abilities to
inhibit factor induced proliferation of B cells and several transitional stages during pre-B and B
cell differentiation (Kehrl et al. 1986; Lee et al. 1987). Co-culture studies indicate that TGF- 3
is also inhibitory to IL-7 induced proliferation of B cell precursors. Furthermore, it prevented
the development of cells able to proliferate in response to IL-7 during culture of bone marrow
from which Ly5/220 bearing cells had been initially eliminated.

SUMMARY

Transfection of adherent bone marrow cells from LTBMC with genes encoding the transforming
sequences of SV40 led to the isolation of a stromal cell clone from which the cDNA encoding IL-
7 was derived. This 25,000 da protein was originally defined by its ability to support the
growth of pre-B cells arising from LTBMC. Our current results show that recombinant IL7
sustains the survival and growth of B cell precursors freshly isolated from normal bone marrow.
Within the B lineage, the proliferative activity of IL-7 is targeted primarily at large B _cell
precursors. In addition to expansion of large numbers of these cells in liquid culture, IL-7
allowed the quantitative cloning of pre-B cells in semi-solid agar directly from whole bone
marrow. Furthermore, this activity was inhibitable by TGF-f, which has previously been
reported to inhibit B cell differentiation and function. IL-7 did not elicit proliferation of mature
B cells, or precursors which do not yet express the Ly5/220 cell surface antigen. No evidence of
differentiation towards Ig heavy or light chain expression was observed in several early murine
B lineage cell lines treated with IL-7. Thus, the prinicipal activity of IL-7 seems to be a
replication stimulus for cells at a discrete stage of diftferentiation. However, this factor may also
directly or indirectly promote the survival and differentiation of early progenitors in bone
marrow.
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Mac-1* Bone Marrow Cells Include Precursors of B Cells and
T Cells

K.L.HoLmMmEs!?, J.S. LEE?, and H.C. MoRrsE ITI?

ABSTRACT

Previous studies of lymphomas and normal cells suggested that the
putatively macrophage—-specific antigen, Mac—-1 may be expressed by
precursors of the B cell lineage. This possibility was tested by
analyzing the potential of sorted Mac—-1* cells from adult bone
marrow (BM) to reconstitute CB.17-gcid mice or sublethally
irradiated B6-Ly-5.2 congenic mice. The results show that Mac-1+
BM cells include precursors to both T and B lymphocytes as
determined by FACS analysis of spleen, bone marrow and thymus from
mice inoculated with Mac-1* cells. Three color FACS analysis
showed that thymocyte subpopulations from B6-congenic mice
inoculated with Mac-1* cells were composed largely of donor cells,
indicating that the donor-derived peripheral T cells had undergone
normal thymic processing.

INTRODUCTION

The bone marrow (BM) is the primary site of hematopoiesis in adult
animals, containing pluripotent stem cells capable of
differentiating into all lymphoid, myeloid and erythroid elements
as well as precursors with more restricted potentials for
differentiation. Analyses utilizing mAb directed against cell
surface differentiation-associated antigens have provided a
powerful approach to evaluating the relationships among these
precursors, particularly within the B cell lineage. Early B cell
differentiation has been divided into stages based upon the
sequential expression of Ly-5(B220), ThB (Coffman 1982) surface Ig
and Ia (Dasch and Jones 1986). However, the phenotypic
characteristics of the immediate precursor to the Ly-5(B220)*+, ThB-
, 8Ig- large pre-B cell are not well defined. Studies of normal
animals have shown that Thy-1+, Ly-5(B220)-, Mac-1-, 8C5-, Ly-2-,
Ly-4- BM cells have the capacity to reconstitute all cell lineages
in vivo (Muller-Sieberg et al. 1986). In addition, these cells may
initiate long term B lineage cultures, presumably via a precursor
defined by the absence of these antigens (Muller~Sieberg et al.
1986). Additional studies of normal cells and a large number of
lymphomas (Davidson et al. 1984; Holmes and Morse 1984; Holmes,
Pierce, et al. 1986) suggested the existence of the pro-B and pro-
GMB cell stages of differentiation characterized by the expression
of Lyb-2, Ly-17 (the Fc gamma receptor; Holmes et al. 1985) and
Mac-1 (the C3bi receptor; Springer et al. 1984) a putatively
macrophage specific antigen. ‘
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In order to examine the postulated relationship between Mac-1*
expression and lymphopoiesis, we evaluated the capacity of sorted
Mac-1* cells to reconstitute immune deficient or irradiated mice.
Our results show that Mac-1* BM cells from adult mice contain
precursors of both the B and T cell lineages.

MATERIALS AND METHODS
Mice

CB.17-gscid mice (Bosma et al. 1983) were from our colony
established with breeding stock provided by Dr. D. Mosier (Medical
Biology Institiute, LaJolla, CA). C57BL/6-Ly-5.1 congenic mice,
BALB/cAnN and C57BL/6N mice were obtained from the colonies of the
National Institutes of Health. The nomenclature for the Ly-5
antigen used in this report follows guidelines established for Ly
nomenclature (Morse et al. 1987) in which B6 mice carry the Ly-5?
allele and the Ly-5.2 specificity.

Reagents and FACS Analyses

mAb to Mac-1 (clone M1/70), Ly-5(B220) (RA3-6B2), Ly-4 (GK-1.5)
were used labeled directly with FITC. FITC-labeled mAb to Thy-1.2
(30-H12) and Ly-2 (53-6.7) were purchased from Becton Dickinson
(Mountain View, CA). FITC-labeled mAb to mouse kappa was purchased
from Serotec (Indianapolis, IN). FITC-labeled mAb to IgM of the b
allotype (AF6-78.25), detecting BALB/c but not CB.17-scid IgM was a
gift of Dr. P. Lalor (Stanford University, Palo Alto, CA). mAb to
Mac-1, labeled with amino-hexanoyl-biotin-N-hydroxysuccinimide
ester (Zymed, San Francisco, CA) were detected using either Texas
Red (TR) avidin (Zymed) or allophycocyanin (PC) avidin (Biomeda,
Foster City, CA). Biotin labeled mAb to Ly-5.2 (104-2) was a gift
of Dr. B.J. Fowlkes (NIH). To prevent non-specific, Fc-mediated
binding of antibodies, unlabeled anti-Ly-17 (2.4G2) was added prior
to staining in all two and three color experiments and in
experiments using the anti-Thy-1.2 mAb.

Single and two color FACS was conducted on a Becton Dickinson FACS
440 flow cytometer equipped with argon and argon/dye lasers. Three
color analysis was performed on a Becton Dickinson FACStar Plus
flow cytometer equipped with argon and argon/dye lasers. Non-
viable cells were excluded from analysis by narrow forward angle
light scatter and uptake of propidium iodide (6) All sorting was
done on a Coulter Electronics (Hialeah, FL) Epics 753 equipped with
argon and argon/dye lasers.

Experimental protocol;

Reconstitution of Scid Mice

In initial experiments, Mac-1* cells detected with FITC-labeled
anti—-Mac-1 were sorted from whole BM of BALB/c mice and injected iv
into CB.17-scid mice irradiated with 400R from a Cs radiation
source (Gammacell 40, Type B; Atomic Energy of Canada, Ltd, Ottowa,
Canada) according to Fulop and Phillips (1986). In experiments 4
and 5, BALB/c BM cells were mixed 3:1 with spleen cells from the
same animal. From this BM/Spleen mix, Mac-1* cells, detected with
biotin-labeled anti-Mac-1 and TR or PC-avidin, or Ly-2+/Ly-4*
cells, detected with FITC-labeled mAb, were sorted and injected iv
into separate scid recipients. This procedure was done to discount
the possibility that the 1-4% contamination of Mac—-1+ sorted cells
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with Mac-1- cells was responsible for any reconstitution observed.
Mice were analyzed for reconstitution by FACS analyses of spleen
and BM 3 to 5! /2 weeks after inoculation.

Construction of B6 Radiation Chimeras

Mac-1* or Ly-2+/Ly-4* cells from BM/spleen cell mixtures of C57BL/6
(Ly-5.2) mice were inoculated into 750R-irradiated C57BL/6-Ly-5.1
mice. Recipient mice were maintained on laminar flow racks in
sterilized cages with sterilized food and bedding and received
water containing 2g/1 antibiotics (Biosol 325; Upjohn Co.,
Kalamazoo, MI). Mice were analyzed for reconstitution by FACS
analyses of spleen, BM and thymus at 5 weeks after injection of
sorted cells.

RESULTS AND DISCUSSION

Sublethally irradiated scid mice were injected with 5 X 105 to 1 X
108 sorted Mac-1* or Ly-2*/Ly-4* cells from BM or BM/spleen
mixtures of BALB/c donor mice aged 2-4 weeks. Mac-1+ sorted cells
were always 96% or more pure upon reanalysis. Reconstitution was
assessed 3 to 5 1/2 wk later by FACS analyses of spleens. The
results of these experiments, summarized in Table I, show that the
spleens of mice injected with Mac-1* BM cells contained between 20%
and 60% B cells as indicated by expression of Ly-5(B220), kappa or
IgM.

Table I. Reconstitution of scid Mice with Mac-1* Bone Marrow
Cells!?
Donor Cells Analysis?
Exp. Age Cells Weeks Splenic Splenic
(weeks) injected after B cells T cells
injection (%) (%)
1 6 Mac-1* 5.5 47 20
2 9 Mac-1* 5 63 13
3 2 Mac-1* 5.5 60 23
4 3 Ly-2+/4+ 3 <1 3
Mac-1+* 20 19
5 5.5
Ly-2+/4+ <1 2

1 CB.17-scid mice were irradiated with 400R and injected iv with 5
x105 to 1 x106 sorted Mac-1* BM cells from Balb/c mice in
experiments 1 to 3 or with Mac-1* or Ly-2+/Ly-4* cells from
BM/spleen mixtures of Balb/c mice in experiments 4 and 5.

2 Spleen cells were analyzed by FACS at times indicated. B cells
were detected by reactivity with mAb to kappa, Ly-5(B220) or IgM; T
cells were detected by reactivity with Thy-1.2, Ly-2 or Ly-4.

The splenic kappa* B cells of the mice inoculated with Mac-1* cells
failed to react with the anti-IgM mAb specific for the host (b)
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allotype demonstrating that they were of donor origin (Figure 1).
In contrast, spleens from uninoculated, irradiated scid mice or
mice inoculated with Ly-2+/Ly-4+ cells had no cells reactive with
mAb to kappa, IgM or Ly-5(B220).

300

200

Cell Number

100

0 10 100

FITC-IgmP
Fluorescence Intensity

Figure 1:

FACS analysis of spleen cells from a C57BL/6 mouse (IgMP allotype;
dashed line) or from a scid mouse inoculated with Mac-1* cells from
BALB/c (IgM2 allotype;solid line) BM. Cells were reacted with
FITC-labeled anti-IgMP mAb

Surprisingly, when spleen cells from mice inoculated with Mac-1*

cells were analyzed for expression Thy-1, Ly-2 and Ly-4, all had

between 13% and 23% T cells (Table 1). Spleens of mice receiving
Ly-2+/Ly-4* cells contained 2-3% T cells (Table I) but no T or B
cells were detected in scid mice receiving 400R alone.

To determine if both the T and B cells in mice reconstituted with
Mac—-1+ cells were of donor origin, radiation chimeras were
constructed using 5 X 105 sorted Mac-1* or Ly-2+/Ly-4* cells from
B6(Ly-5.2) mice for transfer into B6-Ly-5.1 congenic hosts. Since
Ly-5 is a pan—-leukocyte antigen, donor cells can be distinguished
from host for lymphoid and myeloid cells by their reactivity with
mAb specific for Ly-5.2. Two color FACS analysis of Ly-5.2 vs
kappa, Ly-2, Ly-4 and Mac-1 showed that B cells and T cells in
spleen and Mac-1* cells in BM of mice inoculated with Mac-1* BM
cells were comprised of both donor (Ly-5.2*) and host (Ly-5.2-)
cells (Figure 2;Ly-2 profile not shown). Spleens of mice
inoculated with Ly-2+/Ly-4* cells were also comprised of donor and
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host Thy-1+ cells, but contained only host kappa* cells, and only
host Mac-1* cells were detected in BM of these animals (Figure 2).

To evaluate the composition of T lineage cells in the thymuses of
chimeric mice, thymocytes from B6-Ly-5.1 mice inoculated either
with Mac-1* or Ly-2+/Ly-4* cells were examined by three-color FACS
analysis for the expression of Ly-2, Ly-4 and Ly-5.2. The results
show that in the thymus of a mouse inoculated with Mac-1+ cells,
all four major thymocyte subpopulations, ie. Ly-2+, Ly-4+, Ly-2+,4+
and Ly-2-,4- consisted of donor and host cells (Figure 3). Each
subpopulation was comprised of >75% donor cells, except for the Ly-
2,4 population which consisted of 46% donor cells. In contrast,
no donor cells were detected in any of the thymocyte

Figure 2: Two color
FACS analysis of
spleen cells (top
four panels) and BM
cells (bottom two
panels) from
C57BL/6-Ly-5.1
congenic mice
inoculated either
with Mac-1* cells
(left panels) or Ly-
2+/4* cells (right
panels) from a
C57BL/6 (Ly-5.2)
donor. Cells were
reacted with biotin
anti-Ly-5.2 mAb and
PC-avidin and with
FITC-labeled anti-
kappa, anti-Ly-4 or
anti-Mac-1 mAb as
shown

subpopulations of the mouse inoculated with Ly-2+/Ly-4* cells (Fig.
4).

The results of these studies show that Mac-1* cells in BM include
cells capable of differentiation within the B and T cell lineages.
The expression of Mac-1 by B lineage precursors was predicted by
the observed coexpression of Mac-1 and B lineage antigens Lyb-2 and
Ly-5(B220) on normal cells (Holmes and Morse 1984) and on several
pre-B cell lymphomas (Davidson et al. 1984; Holmes, Pierce et al.
1986) The reconstitution of T cells with Mac-1* cells may also
have been predicted from recent observations that 9 of 52 T lineage
lymphomas, induced with a unique MCF murine leukemia virus, Cas—-NS-
6 (Holmes, Langdon et al. 1986), were Thy-1*+ Ly-4+ Mac-1* (Holmes,
manuscript in preparation).
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Figure 3:

Three color FACS analysis of thymocytes from a C57BL/6-Ly-5.1
congenic mouse inoculated with Mac-1* cells from a C57BL/6 (Ly-5.2)
donor. Cells were reacted with FITC-labeled anti-Ly-2,
phycoerythrin-labeled anti-Ly-4 and with biotin labeled anti-Ly-5.2
mAb and PC-avidin. Each of the four thymocyte subpopulations,
identified in the Ly-2 vs. Ly-4 profile, are shown for their
expression of Ly-5.2 vs. Ly-2 (four bottom panels). Note that the
thymus contains cells of both donor (Ly-5.2*) and host (Ly-5.2-)
origin

Figure 4:

Three color FACS analysis, as above, of thymocytes from a C57BL/6-
Ly-5.1 congenic mice inoculated with Ly-2+/4* cells from a C57BL/6
donor. Note that the thymus contains only cells of host (Ly-5.2-)
origin

The expression of Mac-1 in lymphoid differentiation appears most
often to be transient as Mac-1* Ly-5(B220)* or Mac-1* Thy-1* cells
were not detected by two color FACS analysis of BM, spleen or
thymus of the gscid mouse inoculated with Mac-1* cells in experiment
#2 (data not shown). However, the observation that the Ly-1* sIgt
B cell lymphoma, BCL:1 is Mac-1* (Davidson et al. 1984) and that
Mac—-1 is expressed by Ly—-1* and Ly-1- B cells in the peritoneum of
normal mice (Herzenberg et al. 1987) suggests that the Mac-1
antigen may persist in some B cell populations. The observed lack
of Mac-1 expression on splenic B cells of Mac-l-inoculated scid
mice is consistent with transfer experiments showing that adult BM
is a poor source of precursors for Mac-1* mature B cells (Hayakawa
et al. 1985).

It remains to be determined whether these injected Mac-1+ BM cells
can mediate long term reconstitution of lymphoid cells. Although it
is clear that Mac-1* BM cells include thymocyte precursors,
experiments in which mice are analyzed for lymphoid reconstitution
at time points longer than 5 weeks are necessary to assess their
self-renewal capacity.
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Molecular Characterization of a Transforming Retrovirus
Involved in Pre-B Cell Lymphomas

W.Y. LANGDON!, J.W. HARTLEY?, S.P. KLINKEN!, S.K. RUSCETT??, and H.C. MORSE III?

INTRODUCTION

Cas-Br-M is a biologically cloned ecotropic murine leukemia virus
[MuLV] originally isolated from wild mice of the Lake Casitas region
of California. Inoculation of Cas-Br-M into newborn NFS/N mice in-
duces hematopoietic neoplasms. The tumors are evident at 18-30
weeks and include T- and B-cell lymphomas, myeloid leukemias and
erythroleukemias [Fredrickson et al, 1984]. It is unclear how Cas-
Br-M is able to generate such a wide spectrum of hematopoietic
neoplasms, although envelope-recombinant mink cell focus-forming
[MCF] MuLVs are involved in some of these tumors [Holmes et al,
1986]. This was determined by preparing cell-free extracts from a
range of tumors and injecting the extracts into newborn NFS/N mice.
It was reasoned that if Cas-Br-M was the etiological agent then the
mice should develop a range of tumor phenotypes with long latencies.
1f, however, MCF viruses were involved, the mice should develop
tumors with the same phenotype as the extracted tumor and with
reduced latency. Of 12 extracts examined, three appeared to support
the latter hypothesis [Holmes et al, 1986]). On further examination
one of these extracts, called Cas NS-1, was found to contain a virus

capable of transforming mouse fibroblasts. This extract had been
prepared from the spleen of a mouse that developed a pre-B cell
lymphoma following Cas-Br-M inoculation. When the extract was

inoculated into newborn NFS/N mice, 8 of 10 tumors were found to be
‘'pre-B lymphomas. This suggested that a transforming virus, and not
an MCF virus, induced these tumors. Here we describe the molecular
cloning of the transforming virus and preliminary characterization
of its oncogene.

RESULTS AND DISCUSSION

Molecular cloning of the Cas NS-1 transforming virus.

The Cas NS-1 extract contains a mixture of ecotropic, MCF and trans-
forming viruses [Langdon et al, 1984]). To enable the cloning of the
transforming virus we attempted to isolate a transformed nonproducer
cell line using normal rat kidney [NRK] cells. NRK cells were
chosen in preference to a mouse cell line since the endogenous viral
sequences present in the rat genome do not hybridize to MuLV probes

at high stringency. Initial screenings to isolate a nonproducer
cell line were unsuccessful. However, a transformed line free of
MCF virus was obtained. DNA from these cells was used for prel-

iminary genomic restriction mapping and subsequent molecular clon-
ing. As shown in Fig 1, DNA from the transformed NRK cells showed
more viral insertions than would be expected from the ecotropic Cas-
Br-M virus and the transforming virus. Using the viral probes shown
in Fig 1 to hybridize Eco RI digested NRK DNA it was determined that
there were 4 viral integrations. These were 2 integrations of an
envelope negative virus [in the 11 and 17 kb Eco RI fragments], one
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integration of Cas-Br-M [(in the 13 kb Eco RI fragment] and one inte-
gration of a virus with a recombinant xenotropic/MCF envelope [span-
ning three Eco RI fragments of 4.0, 3.6 and 2.3 kb]. Further map-
ping showed this virus to be smaller than a replication-competent
MCF virus. The presence of two internal Eco RI sites also distin-
guished this virus from any known MCF viruses.

Since either the envelope-negative virus or the "defective MCF"
could be candidates for the transforming virus, attempts were made
to molecularly clone both. Two genomic libraries were prepared; one
from Eco RI digested DNA into bacteriophage Charon 4A and one from
partial MboI digested DNA into ABF10l1. The libraries were screened
with an LTR probe and the Charon 4A library yielded one of the
envelope-negative virus integrations [l1l1 kb Eco RI fragment], the
ecotropic virus [13 kb Eco RI fragment)] and the envelope and 3’ LTR
of the "defective MCF" [3.6 kb Eco RI fragment]. The ABF101 library
yielded many partial clones, one of which contained most of the
"defective MCF". This clone overlapped with the Charon 4A
"defective MCF" envelope clone at a BclI site common to MCF viruses.
This site was used to join the clones and the complete "defective
MCF" was subcloned into a pUC plasmid vector. Similarly, the
envelope-negative virus was subcloned into a pUC plasmid.

Figure 1

MuLV insertions in normal rat kidney [NRK] cells transformed with
Cas NS-1 virus. The DNA was digested with Eco RI and hybridized to
the MulV probes shown above. 1. NRK control DNA, 2. NRK DNA from
cells transformed with Cas-NS-1. The pEc-B4 probe is an ecotropic-
specific envelope probe, and pXenv is a xenotropic/MCF-specific env-
elope probe. The Bam/Bgl probe detected endogenous rat gag
sequences since the washes (55°C, 0.1XSSC) were not as stringent as
for the other probes (65°C, 0.1XSSC)
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Transforming properties and restriction mapping of the "defective
MCF" virus.

DNA transfection of the viral clones into mouse fibroblasts conclus-
ively proved the "defective MCF" to be the transforming virus in the
Cas NS-1 extract. In contrast, the envelope negative viral DNA had
no effect on mouse fibroblasts. The morphologies of the transformed
and normal fibroblasts are shown in Fig 2.

Figure 2
Morphology of A. normal ¥2 mouse fibroblasts and B. Y2 fibroblasts
transfected with Cas NS-1 viral DNA.

The molecular cloning of the transforming Cas NS-1 virus allowed for
more extensive restriction mapping. A detailed restriction map is
shown in Fig 3. By comparing the Cas NS-1 virus with Cas-Br-M, and
an MCF virus [NS-6] derived from Cas-Br-M, it was possible to
determine the sites where recombination had occurred. As shown in
Fig 3 the Cas NS-1 oncogenic virus contains the gag p30 Xba I site
[at 2.1 kb)] common to both Cas-Br-M and NS-6 viruses. However,
restriction sites 3’ of the Xbal site differed in Cas-NS-1. The
BclI site of Cas-Br-M and NS-6, present in the 5’ end of pol at 3.1
kb, had been lost and a Sac I site at 2.6 kb gained. This suggested
the virus-oncogene junction was in gag pl0, between p30 and pol.
This is consistent with the inability of anti-gag pl0 antibodies to
immunoprecipitate the 100,000 dalton gag-onc fusion protein [S.R.
unpublished observations]. Further mapping showed the Cas NS-1
virus to have a typical recombinant MCF envelope and the coding
region to be intact. This indicated the oncogene terminates at the
3’ end of pol.
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Restriction enzyme maps of Cas Br-M ecotropic MulLV, Cas NS-6 MCF
MuLV and Cas NS-1 transforming MulV. The Cas NS-1 virus has

provisionally been called v-cbl (pronounced Sybil) for Casitas
B-lineage Lymphoma.

In summary, the restriction mapping showed Cas NS-1 to be a dual re-
combinant virus, 7.4 kb long, of which 2.2 kb is non-viral. Since
the parental Cas-Br-M virus is 8.8 kb it can be deduced that Cas NS-
1 has lost 3.6 kb of viral sequence - equivalent to the size of the
pol gene. Sequencing of the oncogene in Cas NS-1 is in progress.
Preliminary results, coupled with searches of sequence data bases
suggest that this virus might contain a new oncogene.
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In Vitro Transformation of Murine Bone Marrow Cells with a
v-raf/v-myc Retrovirus Yields Clonally Related Mature B Cells
and Macrophages

M. PRINCIPATO!, S.P. KLINKEN!, J.L. CLEVELAND?, U.R. Raprp’, K.L. HOLMES!,
J.H. PiERCE?, and H.C. MoRsE III!

INTRODUCTION

Observations by various laboratories have indicated that lymphoid
and myeloid cells derive from distinct precursors (Abramson, et al.
1977; Williams, et al. 1984) while other analyses have suggested
that the differentiative programs of B cells and macrophages may be
closely related. Some tumors (Davidson, et al. 1984; Neame et al.
1985; Strong, et al. 1985) and perinatal spleen and bone marrow
cells were shown to coexpress putative B and myeloid lineage
specific antigens (Holmes and Morse III, 1984), and tumors of B cell
precursors have differentiated into cells with characteristics of
mature macrophages (Boyd and Schrader, 1982; Holmes et al. 1986;
Davidson et al. 1988). The demonstration of shared immunoglobulin
heavy and light chain gene rearrangements in myeloid and B tumor
cell lines have also suggested a close developmental relationship
between these lineages (Holmes et al. 1986; Davidson et al. 1988;
Bauer et al. 1986).

Morse and coworkers have previously reported a striking synergism
between raf and myc oncogenes for transformation of hematopoietic
cells in vivo utilizing a series of retroviral constructs containing
v-myc, v-raf, or both oncogenes (Rapp et al. 1985; Cleveland et al.
1986; Morse et al. 1986). Thus, while v-raf induced erythroid
hyperplasia and fibrosarcomas in muscle and spleen, deregulation of
v-myc expression following inoculation of J3 produced lymphomas of
T, pre-B, and B cell lineages. Animals inoculated with the v-raf/v-
myc containing J-2 virus uniformly exhibited an expansion of the
target population and a summation of the diseases induced with
either v-raf or v-myc alcne. Flow cytometry analysis of the J2
induced tumors demonstrated mixtures of T cell and B lineage blasts.

The in vivo induction of multiple hematopoietic tumors, and
subsequent in vitro derivation of myeloid transformants following
infection of fetal liver cells by J-2 (Blasi et al. 1985; Blasi et
al. 1987) presents the question as to whether the target for v-
raf/v-myc transformation represents the independent targeting of
cells committed to each of these hematopoietic lineages, or whether
the target is a common precursor, which can give rise to clonally
related hematopoietic tumors. To evaluate this possibility, we
compared the cell types obtained following in vitro infection of
NFS/N murine bone marrow cells with v-raf (3611 MSV), v-myc (J-3),
or v-raf/v-myc (J-2) oncogenes in a transformation assay system
which permits growth of B and myeloid lineage cells (Pierce and
Aaronson 1982; Holmes, Pierce et al. 1986).
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In Vitro Transformation of Bone Marrow Cells

J-3 and 3611-MSV stimulated moderate growth of lymphoid cells but
were ineffective in transforming myeloid precursors. In contrast,
.the J-2 raf/myc construct induced the rapid outgrowth of lymphocytes
and myeloid cells in the presence of 2-ME. Single lines of 3611-MSV
or J-3 transformed cells were selected for further study along with
three lines, designated J2C3, J2C5 and J2C9, transformed by J-2.

The 3611-MSV and J3 lines retained a homogeneous lymphoid morphology
in long-term culture. In contrast, each of the J-2 lines rapidly
developed into heterogeneous mixtures of cells with nonadherant
lymphoid features and adherant cells with characteristics of
macrophages. FACS analyses of these lines (Table 1) showed that the
3611-MsV and J-3 lines had characteristics of pre-B cells; they were
uniformly Lyb-2+, Ly-5(B220)+ and heterogeneous for ThB expression
but did not express surface Ig (Davidson, et al. 1984; Holmes, et
al. 1986). 1In addition, they lacked the T cell marker, Thy-1, and
were negative for expression of the putatively myeloid specific
marker, Mac-1l. The demonstration by radioimmunoassays (RIA) that
both lines contained cytoplasmic mu chains confirmed their
designations as pre-B cells. By comparison, each of the J-2 lines
was uniformly L¥-5(B220)+ but contained subpopulations of Mac-17,
IgM+, and kappa™ cells, consistent with the heterogeneous
appearances of the cultures. These results suggested that the J-2
lines had differentiated along two pathways, becoming either mature
B cells or macrophages, or that some cells coexpressed myeloid and B
lineage markers.

Table 1. FMF analysis of cell lines derived from in vitro
transformation with 3611-MSV J-3 and J-2

Cell surface antigens

Cell line Thy-1 Mac-1 Lyb-2.1 Ly-5(B220) Kappa IgM Ly-1

3611-1 - - +++ + - - -
J3 - - +++ ++ - - -
J2c3 - -/+ - ++ -/+ -/+ +
J2C5 - -/+ - ++ -/+ -/+ +
J2c9 - -/+ - ++ -/+ -/+ +

Single cell suspensions were prepared and stained for FMF assays as
described. The origins and specificities of the monoclonal
antibodies are detailed elsewhere (Holmes et al. 1986).

Reactivity of the cell lines with the indicated antibodies in
relation to staining on normal NFS/N spleen cells. -, non reactive;
+, reactive but with lower intensity than normal cells; ++, reactive
with intensity equal to normal cells; +++, reactive with intensity
greater than normal cells; +/-, positive and negative subpopulations
of cells with more than 50% of cells positive; -/+, positive and
negative subpopulations with less than 50% of cells positive.

Characterization of J-2 Subclones

We therefore cloned the J-2 lines by limiting dilution and analyzed
the subclones for expression of lineage-specific determinants. All
of the subclones resulted from seedings at 0.3 cell/well or 1.0
cell/well which resulted in growth frequencies of less than 25%
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(data not shown). Approximately 30 subclones were analyzed and of
these, six J-2C3 clones (clones 1 through 6), two J-2C5 clones
(clones A and E), one J-2C9-1lymphoid clone (C9-1), and one J-2C9-
myeloid subclone (C9-2), were characterized extensively by flow
microflourometry (Figure 1). Four phenotypic patterns were defined
by this analysis.

In the first category were four clones; (J2C3 clone 2, J2C5 clones A
and E, and J2C9-2) which differed from any other normal or
transformed cells previously examined in our laboratory in
expressing Ly-24 but no other antigens associated with lymphoid or
myeloid lineages. Despite their different origins, they were
morphologically quite similar, growing as clustered adherant and
nonadherant cells with ruffled cytoplasmic membranes and prominent
cytoplasmic vacuoles. In spite of their resemblance to macrophages,
these cells were not phagocytic and they did not produce nonspecific
esterase or lysozyme. In addition, they were negative for
cytoplasmic mu chains by RIA. This overall lack of distinguishing
characteristics made it impossible to assign these clones to any
hematopoietic lineage.

The second category, representative of pre-B cells, included only
the J2C3 subclone 1. These cells were uniformly Ly-17(FcR)t, sIg~,
and contained a subpopulation of Ly—S(BZZO)+ cells. In culture,
these cells resembled lymphoblasts with large nuclei and sparse
cytoplasm. By RIA these cells contained cytoplasmic mu chains but
not kappa light chains, confirming their designation as pre-B cells.

The third category included clones with many features of mature B
cells. J2C3 clones 4 and 5, and J2C9 lymphoid clone C9-1 were
uniformly sIgM+, kappa +, Ly-17(FcR)+, and Ly-5(B220)+. 1In
addition, the J2C3 clones were ThB+ and contained subpopulations of
"Ta+ and Ly-1+ cells. Morphologically, these subclones resembled B
lymphoblasts. None of the clones secreted Ig after stimulation
with lipopolysaccharide and all were lysozyme and esterase negative.

The final category included subclones with characteristics of mature
macrophages and monocytes. J2C3 clone 6 contained a subpopulation
of cells that was Mac-1+, Mac-2+, Ly-17+, and Ia+, thus
resembling mature, activated macrophages. Functional studies of
this clone showed that the cells phagocytosed latex beads and
produced alpha naphtyl esterase and lysozyme. J2C3 clone 3 did not
express mature myeloid markers aside from Ly-17, but it was
lysozyme positive and was therefore included in this category.

Taken together, these observations indicate that the sIg+, Mac-1+
phenotype obtained in the original parental J2C3 clone did not
represent coexpression of cell surface markers, but rather the
existance of discrete populations within a single cloned
transformant.

Evaluations of Clonality.

The observations that the J-2 subclones included cells from
different lineages raised the question of whether the initial lines
may have been composed of a series of cells derived from independent
transformation events. We therefore analyzed DNA prepared from the
lines and subclones described above for the organization of Ig heavy
and light chain genes and v-myc integrations (Fig. 2).
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Fig. 1. FMF analyses of J2 subclones. Clones obtained by limiting
dilution were analyzed by FMF with apanel of antibodies. The
organization of Ig genes in each clone is indicated within the cells
rearranged (R) or deleted (-) for alleles at the
heavy chain (top line) or light chain loci (bottom line)

as germline (G),

The organization of the Ig loci was determined by hybridization of
EcoRl digested genomic DNA to a JH specific probe. 2all of the J2C3
subclones contain identical JH rearrangements at both alleles as
evidenced by the prescence of 9 kb and 1.7 kb fragments, and loss
of the unrearranged germline 15 kb fragment found in NFS/N liver
DNA. This observation would strongly suggest that all of the cells
obtained, including pre-B, B, and myeloid lineages, were derived
from a single transformed cell. A comparison of the J2C5 and J2C9
clones and their subclones also demonstrate identical rearrangements
within each family. Thus,
identical rearrangements indicative of their clonal origin.

each clone and subclone presented
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Fig. 2. Southern blot hybridization studies of v-myc integrations
and Ig gene organization. 10 ug samples of high molecular weight
DNA prepared from normal NFS/N liver or the indicated cell lines and
clones was digested with appropriate enzymes, separated in 0.8%
agarose gels, transferred to nitrocellulose and hybridized with
nick-translated probes by established techniques. Panel A. BamHl
digests with a v-myc specific probe. Panel B. EcoRl digested DNA
hybridized with a JH specific probe (J11). Panel C. Hybridization
pf HindIII digests with the pECk probe. Panel D. Bam Hl digests
:0rganization of kappa genes. Myeloid clones 3 and 6 had single
rearrangements of 5.2 and 4.1 kb, repectively. The J2C5 parental
population retained germline configuration while clones A and E had
rearrangements of 7.5 and 5.5 kb. The J2C9 myeloid culture
exhibited a 7.8 kb rearrangement. CC9-2 retained one germline allele
and appeared to have lost the second allele. In panels C and D,

the intense hybridization seen with DNA from J2C3 clone 4 represents
contamination with pBR DNA
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In order to confirm the clonality of the transformants, DNA from
the cultures was digested with BamHl and hybridized to a v-myc
probe which detects MC-29 v-myc sequences incorporated into the J-2
and J-3 retroviral constructs but does not cross hybridize with
endogenous c-myc sequences. Thus, NFS/N liver DNA and DNA
extracted from the 3611 culture does not hybridize with the v-myc
sequences, while the J-3 induced cultures and all of the J-2
induced transformants exhibited distinct hybridizing bands. The
J2C3 subclones presented two identical bands, suggesting that all
of the subclones were in fact derived from a single transformed
cell. The J2C5 family contained multiple bands, with a single
shared band. A common hybridizing fragment is evident with the J2C9
family. Variations in the intensities of hybridizing bands in
individual clones probably reflect reinfections occurring at
different times during culture. Taken together, these data strongly
support the clonality of the transformants.

Kappa Light Chain Gene Organization

The organization of kappa light chain genes was analyzed on Southern
blots of DNAs digested with Hind III or Bam Hl and hybridized with
the Jk-Ck probe, ©pECk (Fig. 2). The kappa genes of the 3611MSV
pre-B cell line were in germline configuration, indicating that the
cells were arrested at the large pre-B stage of differentiation.

The finding that both alleles were rearranged in the J3 pre-B cell
line permitted its designation as a small pre-B cell line.

The J2C3 mature B cell subclones 4 and 5 differed in having
rearranged kappa genes, but unexpectedly the rearrangements were
distinct for the two clones. Strikingly, analyses of the BamHl
digests revealed that the J2C3 myeloid clones 3 and 6 also had
single kappa rearrangements that differed from each other and from
those present in the B cell lines. The J2C5 family also exhibited
some variability in kappa gene organization. The genes in the
parental line were in germline configuration while both alleles were
identically rearranged in the undifferentiated subclones. 1In the
J2C9 family, the J2C9 lymphoid line and the derivative C9-1
subclone had two identical rearrangements, one of which was shared
by the original myeloid line, but was deleted in the
undifferentiated subclone C9-2.

Expression of Cellular and Viral Genes.

Our analyses of Ig gene organization demonstrated that identical and
clearly functional rearrangements of heavy chain genes were shared
by J2 subclones representative of each of the four general
phenotypes, and that rearrangement at the kappa locus was an
ongoing process in each cell type. Although FMF ad RIA studies had
shown that expression of Ig proteins was restricted to the B and re-
B cell lines and subclones, it was unclear if their absence in the
myeloid and undifferentiated cell lines was determined at the level
of transcription or translation. To answer this question, poly(A)+
RNA was prepared from cells and analyzed by Northern blot
hybridizations for expression of mu heavy and kappa light chain
genes (Fig. 3). The results of these studies showed that
transcription of both loci was completely restricted to lines and
subclones of the B cell lineage. The observation that the J-3 pre-B
cell line had high levels of kappa transcripts although no protein
was detected by RIA indicated that the transcripts were either
sterile or functional but not translated.
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The same RNA preparations were also analyzed for expression of c-
myb, Ia, H-2K, and beta-2 microglobulin. c-myb transcripts were
detected in the B lineage but not in the myeloid or undifferentiated
lines or subclones. This was somewhat unexpected as many myeloid
tumors and cells enriched for hematopoeitic precursors are
characterized by high levels of myb expression (Duprey and
Boettinger 1985). High levels of Ia mRNA were observed with the J-3
pre-B cell line and low levels with the J2C3 B cell clones 4 and 5.

Fig.3 Northern blot analysis. Poly(A)+ mRNA was prepared from
3611MSV, J-3, and J-2 bone marrow transformants and NIH 3T3
fibroblasts infected with the same viruses and separated in 1%
agarose/6 % formaldehyde gels by established techniques. Probes
utilized for this analysis were purified inserts. The mu probe was
a 1.96 kb BamHl1/EcoR1l fragment, Kkappa light chain was detected
using a 2.8 kb Hind III fragment of the pECk probe, a 0.5 kb EcoRl
fragment of murine c-myb, an 800 bp EcoRl fragment of the IAd
alpha probe, an 820 bp PvulI/Pvulll fragment of mouse H2-K cDNA,
and a 500 bp Pst I fragment of human beta-2 microglobulin. Sizes of
mRNAs are shown in kb and were determined from their migration
relative to 32P end labelled DNA fragment size standards and 28S and
18S ribosomal RNAs
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Although there were variations in the levels of H-2K and B2M
expression, no clear associations with the different phenotypes was
observed. In further studies, it was found that none of the cells
contained messages hybridizing with probes for IL-3, I1-4, IL-6, GM-
CSF, or fms (data not shown). Finally, the mRNAs were examined for
expression of v-myc, c-myc, and c-raf. All the tumors induced by
J-2 or J-3 expressed high levels of genomic and lower levels of
spliced messages hybridizing with the v-myc and c-raf probes. 1In
keeping with earlier studies, high levels of v-myc expression were
associated with complete suppression of c-myc transcription while c-
raf transcripts were readily detected in cells expressing high
levels of v-raf (data not shown).

DISCUSSION

We have demonstrated the derivation of clonally related
undifferentiated progenitors, pre-B cells, B cells, and
macrophages following in vitro infection of murine bone marrow cells
with combined v-raf/v-myc oncogenes. The heterogeneous phenotypes
obtained were not due to differences in target cell distribution
based on LTR regulatory sequence differences, as the vectors in
this analysis were constructed with identical LTR sequences (Rapp et
al. 1985)

Phenotypically, the B lineage transformants were unusual in that
they were negative for ThB and LyB-2, differing from established
phenotypes characteristic of B cells. Although the significance of
this observation is unknown, one may speculate that the combined
oncogenes may be substituting within signal transduction pathways.
Past reports have documented that antibodies to Lyb-2 stimulate B
cell proliferation, suggesting that this molecule may be a receptor
for a B cell growth factor (Subbarao and Mosier 1983). Since the
pre-B cell lines induced by 3611-MSV or J-3 were LyB-2+, expression
of both genes in B lineage cells may substitute for the signal
transduction pathway initiated by binding of Lyb-2 to its ligand.

The demonstration of clonality strongly suggests that the target of
v-raf/v-myc induced transformation was common to both B and myeloid
lineages. Past analyses have suggested a close developmental
relationship between these lineages. The derivation of myeloid
cells from pre-B lymphoid HAFTL-3 and BAMCl cell lines (Holmes et.
al. 1986; Davidson et. al. 1988) provide strong support for this
hypothesis. The related pre-B and myeloid lines obtained in this
instance exhibited shared rearrangements of the immunoglobulin heavy
chain locus. However, the lack of concommitant Ig expression by
the pre-B lineage cells suggested that these rearrangements were
aberrant. This implied that differentiation into the myeloid lineage
was a consequence of aberrant Ig rearrangements and may have
represented a salvage pathway for B lineage cells incapable of
completing their normal differentiation scheme.

This was clearly not the case for the J2C3 B cell clones 4 and 5 and
myeloid clone 6 as they exhibited identical JH rearrangents. The
presence of different kappa rearrangements in the B cell and
macrophage subclones suggests that the events determining final
lineage commitment may have occurred only after these rearrangements
were initiated.
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Fig. 4. Proposed pathway of B/myeloid differentiation.

Established pathways of maturation are indicated by solid lines
while pathways suggested by the present study are indicated by
dashed lines. The ability of different oncogenes to transform cells
arrested at various stages of differentiation is indicated by lines
above or below the lineages, and is based on data presented here
and elsewhere (Alt et al. 1981; Holmes et al., 1986; Lichtman et
al., 1986; Pierce et al., 1984; Radke, et al., 1982; Rosenberg and
Baltimore, 1976) The transition from the B cell to the
monocyte/macrophage lineage may occur at any of several stages in
the B cell pathway as indicated by cell lines transformed with
raf/myc (this study), abl, bas, or Ha-ras (Holmes et al. 1986)
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Closely Related BCR/ABL Oncogenes Are Associated with the
Distinctive Clinical Biologies of Philadelphia Chromosome
Positive Chronic Myelogenous and A cute Lymphocytic
Leukemia

O.N. WITTE

OVERVIEW

The study of oncogene activation in naturally occurring human leukemias
provides a useful approach to define the range of growth regulatory
mechanisms used by hematopoietic stem cells. Recent analysis of the
structural changes created by the Philadelphia chromosome translocation
[t(9:22)-(g34;9q11l)] shows that two alternative regions of the BCR gene
on chromosome 22 can be used as the breakpoint site. This results in
two alternative subsets of exons of the BCR gene remaining on the
Philadelphia chromosome, which can be joined by RNA splicing to a
common set of exons of the ABL oncogene derived from chromosome 9
sequences. The resulting chimeric mRNAs encode a 210,000 MW protein in
CML (P210BCR/ABL) and a 185,000 MW protein in ALL (P185BCR/ABL). Both
proteins retain an active tyrosine kinase activity derived from the ABL
portion.

Although structurally related, these two alternative forms of the
BCR/ABL oncogene are correlated with quite distinctive biologies. 1In
CML most patients progress from a rather indolent or chronic stage of
the disease towards a more aggressive blast crisis stage over a period
of months to several years. During the chronic stage myeloid and
erythroid elements capable of maturation but derived from the affected
stem cell predominate in the peripheral blood. During the blast crisis
phase a monomorphic outgrowth of an immature myeloid, erythroid, or
lymphoid cell type without maturation dominates in the marrow and
peripheral blood. 1In contrast, Phl positive ALL patients frequently
present with very high peripheral white blood counts of leukenmic
lymphoblasts without maturation.

The major goals of this brief review are to describe the current status
of our understanding of the structural rearrangements occurring in the
Ph chromosome, the control of expression of the chimeric BCR/ABL
oncogenes, the functional consequences of expression of BCR/ABL
oncogenes in fibroblastic and hematopoietic cell types, and tae
connections between variation in clinical presentation and the
structures of the oncogene products. The answers to many of these
questions are incomplete at this time, but experimental strategies
currently being used in attempts to clarify these issues will be
described.

ALTERNATIVE BREAKPOINTS ON CHROMOSOME 22 RESULT IN DIFFERENT
CONTRIBUTIONS OF BCR EXONS TO THE CHIMERIC ONCOGENES IN CML AND ALL

The important observation by Groffen and colleagues (Groffen et al
1984) that the breakpoint regions for the Phl chromosome in almost all
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CML patients could be localized to a small (5 Kb) segment (breakpoint
cluster region) on chromosome 22, while the breakpoint on chromosome 9
upstream of the main body of ABL gene was less precisely localized can
now be understood in terms of a splicing model to generate the chimeric
BCR/ABL mRNA (see Figure 1). A subset of the exons of the gene
surrounding the breakpoint cluster region on chromosome 22, now called
BCR, can be spliced in-frame to the second coding exon of the ABL gene,
resulting in a predicted large primary transcription product. By
splicing out of the intronic regions this product results in an 8.7 Kb
mRNA (Mes-Masson et al 1986; Shtivelman, Lifshitz, Gale & Canaani 1985)
which encodes the P210BCR/ABL gene product (Daley, McLaughlin, Witte &
Baltimore 1987; Konopka, Watanabe & Witte 1984). Depending on the
precise location of the breakpoint on chromosome 22, the contribution
of BCR exons at the BCR/ABL joint can vary subtly resulting in two
alternative structures which are both in the same translational reading
frame as the ABL segment (Shtivelman et al 1986). The resulting
P210BCR/ABL protein is an active tyrosine kinase, with in vitro
enzymatic properties indistinguishable from the gag/abl form expressed
by the Abelson murine leukemia virus (Davis, Konopka & Witte 1985). A
cohesive and convincing body of evidence at the DNA, RNA and protein
levels has correlated this set of molecular events with the clinical
setting of CML and has proved useful in diagnosis, monitoring response
to therapy and exploring the pathobiology of this disease (see
Rosenberg & Witte 1988; Witte 1986 for recent reviews).

This condensation of cytogenetic and molecular data lead to a
comparative study of leukemias related to CML either by a similar
blood picture or a related cytogenetic event. One striking observation

CHROMOSOME 22 CHROMOSOME 9
BCR GENE ABL GENE
5KB CML
JALL BREAKPOQINTS, BREAKPOINT CLUSTER’,
. . ‘.. REGION -
- ,;/"(’IJIIIII wiwi wem noy, 0 WL 0o M
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Fig. 1. Schematic representation of the molecular consequences of the
Phl chromosome translation in CML and ALL. Distances are not to
precise scale
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was the discovery that an ABL related protein of 185,000 MW with active
tyrosine kinase activity could be identified in acute lymphoblastic
leukemia (Chan et al 1987; Clark et al 1987; Kurzrock et al, 1987).
Initially it was not appreciated that the BCR gene was involved because
the breakpoint cluster region seen in CML was not altered and fine
structure cytogenetic mapping suggested that the site on chromosome 22
was more centromeric. However, recent data from several laboratories
has clearly established that the P185 product is derived by a splicing
mechanism that uses exons from both BCR and ABL (Clark et al 1988;
Fainstein et al 1987; Hermans et al 1987). In this case the chromosome
22 breakpoints are found in the first intron of the BCR gene (Hermans
et al 1987). To date, very few patients have been successfully mapped
at the genomic level, but the complementary results from cDNA analysis
and serological reactivities of the P185 protein unambiguously show
that the amino terminal region of BCR is joined to precisely the same
set of exons of the ABL gene as are used in the formation of P210.

This structural information has been used to develop an ultrasensitive
polymerase chain reaction technique starting with mRNA to detect
leukemic cells in peripheral blood or bone marrow (Kawasaki et al
1988). Characterization of the in vitro enzymatic activity of the P185
product shows that it is indistinguishable from the viral abl forms or
the P210 protein (A.M. Pendergast, S. Clark and O. Witte, unpublished
observations) .

BIOLOGICAL ACTIVITIES OF THE BCR/ABL GENE PRODUCTS

Although the correlation of the expression of P210 and P185 to CML
and ALL provided a strong suggestion that they played a central role in
the genesis of these leukemias, it was critical to test various in
vitro tissue culture and in vivo animal models to assess their
functional capabilities. Complete cDNA copies of the coding sequences
for the P210 protein (Mes-Masson et al 1986) were constructed into
retrovirus vectors and expressed in murine 3T3 type fibroblastic cell
lines (Daley, McLaughlin, Witte & Baltimore 1987; McLaughlin, Chianese
& Witte 1987) by transfection or infection. Surprisingly, unlike the
Abelson murine leukemia virus gene product (P160v-abl) which is a
potent transforming gene for 3T3 lines (Rosenberg & Witte 1988), the
P210BCR/ABL expressing retrovirus did not induce morphological
transformation even though high amounts of active tyrosine kinase were
produced. Clearly the requirements for efficient fibroblast
transformation were not met in the BCR/ABL chimeric protein.

During the course of these transfection experiments, recombinants
formed between segments of the gag gene of the helper Moloney murine
leukemia virus DNA included to provide viral packaging proteins and the
BCR/ABL gene created a trimeric structure expressing a gag/BCR/ABL
protein (named P220) with potent transforming activity for 3T3 lines
(Daley, McLaughlin, Witte & Baltimore 1987). This strongly suggested
that there was no defect in the tyrosine kinase activity of the BCR/ABL
segment, but rather a cellular localization or perhaps protein
association selectivity which the presence of an amino-terminal segment
of the gag gene could overcome. It is likely that the amino-terminus
of the gag gene directs the post-translational myristy- lation of the
gag/BCR/ABL protein as it does for the native gag gene itself and the
gag/abl fusion of the Abelson murine leukemia virus (Rosenberg & Witte
1988).

When the rescued stocks of P210BCR/ABL expressing retrovirus were
tested in the standard Abelson murine leukemia virus (A-MulV) bone
marrow agar transformation assay, they showed no ability to induce the
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large transformed foci routinely seen with A-MuLV preparations.
Occasionally, small foci (less than 500 cells) were detected with P210
expressing stocks, but they could not be explanted into continuous
lines in vitro (unpublished observations). As an alternative approach,
we exploited a long term bone marrow culture technique which can
selectively enrich and replicate immature elements of the B cell
lineage for many months (Whitlock & Witte 1982; Whitlock, Robertson &
Witte 1984). When fresh bone marrow was infected with the P210
expressing retrovirus and plated under these selective conditions, we
could demonstrate the outgrowth of clonal cell lines expressing P210
(McLaughlin, Chianese & Witte 1987). Such lines were clearly altered
from the normal lymphocytes in the long term cultures in that they grew
to higher densities, had a larger modal size, and had a lessened (but
not zero) requirement for growth factor enriched media or stromal
layers for continuous growth in vitro. Each of the clonal lines
expressed high levels of the P210 tyrosine kinase, and showed one or a
small number of retroviral vector integrations. Phenotypically, these
clonal lines were in the early stages of the B cell lineage with
immunoglobulin gene rearrangements of the DJ type, high levels of
terminal deoxynucleotidyl transferase, and surface markers like B220
(MCLaughlin, Chianese & Witte 1987).

Most interestingly, although these clonal lines were very similar in
differentiation phenotype to A-MulV transformed cell lines, the P210
stimulated lines were in many cases non-tumorigenic in syngeneic animal
challenges despite the presence of high levels of the P210 gene
product. After continuous passage in culture for several months some
of the low tumor potential lines could convert to a malignant
phenotype, while others remained non-tumorigenic. Clearly, the
expression of the P210 tyrosine kinase may be necessary, but it is in
itself not sufficient for the full progression of the transformed
phenotype in these cultured lymphocyte populations.

The dramatic difference between the clinical biology of Phl positive
ALL and CML could possibly be due to a difference in efficiency of the
growth stimulus of P185 compared to P21C in certain subpopulations of
hematopoietic cells, such as immature lymphccyte precursors. Although
this may be too simple, it is important te compare these gene products
in the same quantitative transformation systems. We and others have
recently described the molecular cloning of the unique BCR/ABL mRNA
junction found in Phl positive ALL (Clark et al 1988; Fainstein et al
1987; Hermans et al 1987), and we have used this information to create
a precise site directed deletion in our infectious P210 expressing
clone which can now express the P185 protein (J. McLaughlin and O.
Witte, manuscript in preparation). When this retrovirus is used in the
same lymphoid transformation assay used for P210 we find that the P185
protein is an efficient growth stimulator for early B lineage cells.
Clonal lines expressing P185 overgrow uninfected cells in the cultures.
Our preliminary observations suggest P185 may be a stronger mitogenic
signal than P210 for lymphoid cells but further work is needed to
verify this point (J. McLaughlin, E. Chianese, and O. Witte,
unpublished observations).

CURRENT STRATEGIES TO IDENTIFY GENES WHICH MAY COMPLEMENT THE FUNCTION
OF P210 DURING PROGRESSION OF CML

The biological pattern of disease progression during CML is clear, but
the molecular correlates that regulate these changes have not been
identified. Two general mechanisms should be considered. The first
would involve changes in the expression or regulation of P210BCR/ABL



46

which would result in an altered level of the tyrosine kinase. This
could putatively explain altered growth kinetics of the leukemic
population, but it would be difficult to rationalize a selectivity for
a specific cell type to grow out in blast crisis. The second general
mechanism would require secondary genetic (mutations) or epigenetic
changes ( changes in gene expression which could cyclicly vary from an
active to inactive state but do not involve changes in DNA sedquence).
Such secondary changes could be of two types: those which require the
complementary expression of P210 for activity, and those which are
transdominant to P210 expression and do not require continued
expression of P210 or in fact the Philadelphia chromosome.

Although cell preparations from some patients in the blast crisis stage
of CML show enhanced levels of the specific chimeric BCR/ABL mRNA, this
is not a constant finding (Stam et al, 1985; Shtivelman et al 1987).
Separate analyses of the levels of protein expression generally show a
significant increase in the recovered amount of BCR/ABL kinase activity
(Konopka et al 1985; Konopka et al 1986; Clark et al 1987). However,
these are difficult studies to compare, since the cell population
mixtures found in chronic phase vary between patients, and numerous
other variables like treatment protocols could affect the relative
messenger and protein levels. Little is currently known about the
specific transcriptional regulation of the BCR gene. Genomic clones
upstream of the first coding exon have been isolated but no functional
demonstration of promotor or other regulatory elements has been worked
out. Recently, work from this laboratory (A. Muller, J. McLaughlin, M.
Timmons, and O. Witte, manuscript in preparation) has documented that
the 5' untranslated region of the BCR gene contains sequences which are
suppressive for translation. When synthetic mRNAs varying in the
amount of 5' untranslated sequence are compared, only the species
truncated to begin just above the AUG start site for P210 are strongly
active in rabbit reticulocyte translation extracts. Even as few as 90
bases of 5' untranslated region will suppress the efficiency by 200 to
500 fold. The relationship of these in vitro observations to the
clinical progression are difficult to define at this time, but it opens
the area of translational regulation as a mechanism to vary the
effective dosage of P210 in different cell types.

The possible activation of secondary oncogenes during blast crisis has
been investigated in two alternative fashions. 1In the first, a
specific search targeted at a known oncogene can be accomplished if
there is a sensitive and practical screening method available. These
criteria have been met for the ras oncogene family by searching for
specific mutations in the cellular DNA with the use of the polymerase
chain reaction technology and probing with oligonucleotides which vary
at single base changes. Such an approach has revealed that many
patients with acute myelogenous leukemia contain mutations in one of
the cellular RAS alleles (Janssen et al 1987). A similar analysis of
CML patients did not show an appreciable frequency of RAS mutations by
this approach. An alternative approach is to search for activated
oncogenes capable of inducing a transformed phenotype in rodent
fibroblast cells following genomic DNA transfections. Mutated ras
oncogenes would be expected to score well in such an assay due to their
small size and potent effects on 3T3 type lines. In a recent paper
(Liu, Hjelle & Bishop 1988) DNA from several independent blast crisis
patients and one chronic phase patient could be shown to contain
activated ras alleles of the N and H types, and in one case an
unidentified fibroblast transforming gene. It will be interesting to
see if these genes can work with P210 in hematopoietic transformation.
It has already been shown that activated RAS oncogenes in retroviral
form can abnormally growth stimulate multiple hematopoietic cell types.
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Many oncogenes have been described which do not efficiently transform
3T3 lines, like some myc derived genes and P210 itself. Because of
this we attempted to establish a system where a putative second
oncogene of this type would co-operate with P210 to induce
transformation of rodent fibroblast cell lines. Stocks of a P210
retrovirus rescued from a helper virus free packaging cell were used to
create non-producer clones of NIH3T3 and Rat-1 fibroblast cell lines
which stably produce high levels of the P210 protein (T. Gross-Lugo and
O. Witte, unpublished observations). Interestingly, the Rat-1 derived
line forms small colonies in agar under the growth stimulation of P210,
while the NIH3T3 line did not form colonies. If the Rat-1/P210 line is
superinfected with a murine retroviral construct expressing a form of
the myc oncogene (Schwartz et al 1986) giant colonies are formed in
agar. Nude mouse tumor challenge experiments show parallel changes.
The Rat-1/P210/myc line causes rapidly growing tumors with a short
latency period. We hope to use such systems to search for genes which
by themselves cannot transform fibroblast cell lines, but in concert
with P210 can induce growth changes.

PATHWAYS AND POSSIBLE MECHANISMS FOR THE ROLE OF P210 AND P185 IN HUMAN
LEUKEMIAS

There is no clear evidence at this time for a single specific
biochemical pathway on which members of the abl oncogene family
function. However, the recent demonstration that A-MulLV can render
myeloid and lymphoid cells growth factor independent suggests one
possible mode of action (Cook et al 1987; Cook et al 1985; Pierce et al
1985). Similar results can be obtained with expression of P210
transferred by retroviral vector infection into myeloid cell lines
dependent on either GM-CSF or IL-3 (G. Daley and D. Baltimore, personal
communication; A. Muller, E. Chianese, and O. Witte, unpublished
observations). Using a bcr/v-abl chimeric construct, S. Cory and
colleagues (personal communication) have also shown IL-3 independence
for a cultured cell line. Decreasing the requirement for growth
factors naturally acting on progenitors of the myeloid and lymphoid
pathways would certainly be a logical step in creating the cellular
overgrowth common to both CML and ALL, but would not explain the
variation in their biologies with regard to cell specificity unless
P210 and P185 differ significantly in which growth factor pathways they
can perturb.

Because such a variety of growth factor requirements can be reduced by
the action of the abl oncogene, it is likely that its site of action
may be further downstream, in a factor/receptor pathway common to a
number of signaling systems. Searches for putative targets for the
tyrosine kinase activity of abl oncogenes have turned up numerous
candidates based on their containing detectable levels of
phosphotyrosine (Bell et al 1987; Frackelton, Ross & Eisen 1983).
However, at this time it is difficult to determine if these proteins
form a link in a regulatory cascade or irrelevant phosphorylations of
bystander proteins.

SUMMARY

our understanding of the activation of the ABL oncogene in Phl positive
human CML and ALL has dramatically increased in the last few years.

The general mechanisms used to unite BCR and ABL segments has been
deciphered, and critical biological, nucleic acid and serological
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reagents have now been prepared. Biological activities in an in vitro
model system have been established for the P210 and P185 proteins.

The next generation of experiments will likely focus on the difficult
issues of relationship of gene expression to pathogenesis, and the
intracellular pathways of action of these leukemia specific gene
products.
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The Pathogenesis of Tumors Induced by Helper Virus-Free
Abelson Murine Leukemia Virus

P.L. GREEN, D. KAEHLER, and R. RISSER

INTRODUCTION

The Abelson murine leukemia virus (A-MuLV) rapidly induces pre-B
cell lymphomas in susceptible mice (Risser et al., 1978) and trans-
forms bone marrow lymphocytes in vitro (Rosenberg and Baltimore,
1976) when inoculated as a complex of virions containing A-MuLV
genomes and Moloney MuLV (M-MuLV) genomes. Recently, we have anal-
yzed the activity of helper virus-free A-MuLV pools harvested from
supernatants of the psi2 retroviral packaging cell line which had

been transfected with a cloned A-MuLV P160 provirus (Green et al.,
1987a). The availability of helper virus-free A-MulLV has allowed us
to follow the progression of transformed cells in vivo without the
complications that result from virus replication (Green et al., 1987b;
Whitlock et al., 1983). 1Individual transformed cells recovered from
A-MuLV(psi2)-infected mice were analyzed molecularly and biologically
to determine which properties correlate with the progression of the
transformed cell to a fully malignant cell.

ISOLATION AND CLONALITY OF TRANSFORMED CELLS PRIOR TO TUMOR EMERGENCE

A-MuLV(psi2) efficiently induces monoclonal tumors in weanling BALB/
cByJ mice (age 14-20 days). To follow the kinetics of the appearance
of A-MulLV transformed cells in vivo, total bone marrow cells were
removed from A-MuLV(psi2)-infected mice at various times after infec-
tion. These cells were plated in the in vitro agarose transformation
assay and scored 10-14 days later as described (Green et al., 1987b).
As early as three days after infection 0.2 transformed cells per

1 x 106 total bone marrow cells were present in infected mice. As
expected, the number of transformed cells increased throughout the
preleukemic phase of the disease and were at their maximum in tumor-
bearing mice (Table 1).

Individual preleukemic transformed colonies (isolated from total
bone marrow of A-MuLV(psi2)-infected mice 14 days after infection)
were picked from agarose, and chromosomal DNA was isolated from each
colony. Approximately 1 ug of DNA could be obtained from a single
colony, and the proviral integration pattern of each colony was anal-
yzed with an abl-specific probe by nucleic acid hybridization.
Hybridization of colony DNAs digested with Hind III will detect an
A-MuLV proviral/cellular DNA junction fragment for each independent
proviral integration, in addition to the endogenous c-abl fragment.
A total of seventy-five colonies from five infected mice were anal-
yzed, and a representation of the hybridization pattern of eight
colonies of one mouse is presented in Fig. 1. In addition to the
c-abl endogenous band, a single A-MuLV provirus was detected in each
of the 75 colony DNAs analyzed.
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These data indicate that, within the limit of detection of this
experiment, the population of preleukemic transformed cells present
within an individual A-MuLV(psi2)-infected mouse is monoclonal by
the midpoint of the tumor latent period.

Table 1. Transformed colonies from BALB/cByJ mice infected with
helper virus-free A-MulLV

Source of Cells
(Days post-infection) Number of Colonies¥* Range Number of Mice

3 0.2 0-0.3 5
7 0.8 0-2.4 11
14 72 0-370 23
Leukemic BM (25-30 days) 270 1-1x103 13
Leukemic Tissue 270 1-1x103 15

Total bone marrow (BM) cells or a suspension of tumor cells were
obtained from BALB/cByJ mice infected with A-MuLV(psi2). The cells
were plated in the agarose bone marrow transformation assay, and
colonies were scored 10-14 days after plating.

¥*The number of colonies are per 1 x 106 total bone marrow cells plated.

Fig. 1. Southern blot of DNAs from individual preleukemic colonies
and a single tumor induced by transplantation of the same preleukemic
colonies. Preleukemic colonies were isolated by the agarose trans-
formation assay from total bone marrow of a 5 week old BALB/cByd
mouse infected 2 weeks earlier with 5 x 103 FFU of A-MuLV(psi2).
Fourty individual colonies were picked from agarose. Chromosomal
DNAs were prepared from 20 colonies (approximately 1 ug) and the
other 20 colonies were transplanted into newborn BALB/cByJ mice.

One tumor was induced by colony transplantation and chromosomal DNA
was prepared. The DNAs were digested with Hind III, electrophoresed
through a 0.7% agarose gel, and transferred to nitrocellulose. The
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nitrocellulose filter was hybridized with 2 x 107 CPM of 32p-iabeled
abl-specific probe pAB Bgl II and washed as described (Green et al.,
7987a). The filters were exposed for 7 days with two intensifying
screens at -70°C. Lanes: 1 (C), 1 ug BALB/cByJ 1liver DNA; 2-9,
individual preleukemic colony DNAs; 10 (C), 5 ug BALB/cByJ liver
DNA; 11 (Tu), 10 ug of DNA from the tumor induced by transplantation
of a preleukemic colony. Molecular weights were determined by com-
parison with a Hind III digest of lambda DNA (23.1 kb, 9.42 kb,

6.68 kb, 4.36 kb, 2.32 kb, 2.03 kb, and 0.564 kb). The c-abl hybrid-
izing fragment (3.9 kb) and the proviral junction fragment (12 kb)
are indicated.

PROPERTIES OF INDIVIDUAL PRELEUKEMIC AND LEUKEMIC COLONIES

The results presented in the previous section indicate that A-MulV-
transformed cells present in the bone marrow of an individual pre-
leukemic mouse are descendants of a single infected cell. We next
determined whether the preleukemic colonies from a single infected
mouse were qualitatively the same by studying their plating efficien-
cies in vitro and their tumorigenic potentials. Leukemic colonies

were also analyzed in this manner as a basis for comparison.

Individual preleukemic and leukemic colonies were picked from agarose
and were dispersed and counted. Each colony was divided into three
equal parts (Fig. 2) and the cells were: a) replated in agarose

with no feeder layer; b) replated in agarose in the presence of mouse
bone marrow feeder layers; c¢) injected intraperitoneally into a new-
born BALB/cByJ mouse. Replating efficiency was heterogeneous, but

on the average leukemic colonies plated with approximately 15-fold
higher efficiency than preleukemic colonies in the absence of feeder
layers (Figs. 2C and 2A, respectively). The replating efficiency of
preleukemic colonies in the presence of bone marrow feeder layers

was increased approximately 8-fold; however, leukemic cell plating
efficiency was not significantly changed (Figs. 2B and 2D, respect-
ively) indicating a dependence of preleukemic transformed cells on
feeder layers for in vitro growth.

The analysis of the tumorigenic potential of these colonies revealed
that greater than 84% (16/19) of leukemic colonies were tumorigenic
(Figs. 2C and 2D, shaded boxes). 1In contrast, approximately 3% (2/63)
of preleukemic colonies were tumorigenic when injected into animals.
This tumorigenic phenotype correlated with high plating efficiencies
in the absence of feeder layers among preleukemic colonies (Figs. 2A
and 2B, shaded boxes). Comparison of the A-MuLV proviral integration
pattern of one of the tumors induced by transplantation of a preleu-
kemic colony showed the same proviral integration pattern as the
primary colony, thus indicating the tumor was an outgrowth of the
inoculated preleukemic colony (Fig. 1, compare lanes 2-9 with lane 11).
Transplantation of four individual leukemic colonies which arose

from total bone marrow of the same tumor-bearing mouse resulted in

the induction of four tumors. The A-MuLV proviral integration pat-
terns of these tumors were identical to each other (data not shown).
This result is consistent with the hypothesis that the primary leu-
kemic colonies were monoclonal in origin and indicates that the
initial tumor was a result of the expansion of these clones.

The data presented so far indicate that A-MuLV transformed cells
present in an individual mouse during the preleukemic phase of the
disease are monoclonal with respect to A-MuLV integration. However,
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analysis of their tumorigenic potential revealed qualitative differ-
ences between preleukemic colonies, suggesting that additional changes
are necessary for a preleukemic transformed cell to progress to a
malignant cell.

Fig. 2. 1Individual preleukemic colonies were isolated from total
bone marrow of preleukemic mice (14 days post-infection) and indi-
vidual leukemic colonies were isolated from total bone marrow of
tumor-bearing mice (25-30 days post-infection). Each colony was
divided into three equal parts (approximately 1 x 104 cells/part).
Part 1 was replated in agarose over no feeder layer, part 2 was
replated in agarose over bone marrow (BM) feeder layers, and part 3
was transplanted into newborn BALB/cByJ mice. Macroscopic colonies
were scored 10-14 days post-plating, and mice were observed for three
months after inoculation. Each box represents a single colony tested,
and the shaded boxes represent colonies which were tumorigenic. A
and B are plating efficiencies of preleukemic colonies in the absence
and presence of feeder layers, respectively. C and D are plating
efficiencies of leukemic colonies in the absence and presence of
feeder layers, respectively. Tumorigenic preleukemic colonies/total
preleukemic colonies tested (2/63). Tumorigenic leukemic colonies/
total leukemic colonies tested (16/19).
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THE EXPRESSION OF V-ABL IN PRELEUKEMIC AND LEUKEMIC COLONIES

The v-abl P160 protein is a member of the tyrosine kinase family of
oncogenes, and this kinase activity is required for its transforming
function. The v-abl P160 protein phosphorylates itself as well as
other cellular proteins. To determine if different levels of the
v-abl oncogene product correlated with the qualitative differences
between preleukemic and leukemic colonies, the level of v-abl protein
product expressed in individual preleukemic and leukemic colonies

was measured by in vitro kinase assays.

Preleukemic and leukemic colonies were picked from agarose, and cell
lysates were made from 5 x 104 cells of each colony. These cell
lysates were immunoprecipitated and the immune complexes subjected
to an in vitro protein kinase assay. Immediately following the

in vitro kinase assay, the phosphorylated proteins were identified
by SDS-PAGE and autoradiography. The autophosphorylation activity
of the P160 v-abl transforming protein was determined in the indi-
vidual colonies by aligning the exposed film with the dried gel,
excising the P160 band, and determining the amount of 32P present by
liquid scintillation. The data represented in Fig. 3 indicate that
the autophosphorylation activity of v-abl (32p CPM present in the
P160 v-abl protein) in preleukemic colonies does not differ signifi-
cantly from that in leukemic colonies. These results indicate that
the changes that occurred within a clonal population of preleukemic
colonies to make them leukemic cannot be attributed to selection for
a specific level of v-abl kinase activity. Therefore, progression
of a preleukemic cell to a leukemic cell most likely involves an
additional event(s).

Fig. 3. Comparison of the autokinase activity of the p160 v-abl
protein in preleukemic and leukemic colonies. Individual colonies
were isolated from A-MuLV(psi2)-infected mice by an agarose bone
marrow transformation assay. Individual preleukemic colonies were
isolated from total bone marrow of preleukemic mice (14 days post-
infection) and individual leukemic colonies were isolated from total
bone marrow of tumor-bearing mice (25-30 days post-infection). Indi-
vidual colonies were picked from agarose, and the viability ( 85%)
and cell number (5 x 10%-1 x 105) was determined. Lysates were made
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from 5 x 10Y% viable cells and immunoprecipitated with p15828 anti-
sera. The in vitro protein kinase assay was performed on the Staph A-
immune complexes, and the eluted proteins were immediately subjected
to SDS-PAGE. All lanes contain 5 x 104 cell equivalents of lysate
except lanes: 3 (8.8 x 104); 7 (7 x 104); 11 (2.6 x 104), Lanes:
1-7, individual leukemic colonies; 8-13, individual preleukemic colo-
nies; 14 (-C), normal bone marrow. The exposed film was aligned

with the dried gel, and the region containing the p160 protein was
excised, and the amount of 32p was determined by liquid scintillation
counting. The raw counts in CPM (parentheses) normalized to 5 x 10
cell equivalents are: Lanes: 1 (159); 2 (158); 3 (141); 4 (117);

5 (125); 6 (129); 7 (205); 8 (117); 9 (102); 10 (130); 11 (188);

12 (154); 13 (119); 14 (20).

RESCUE OF TUMORIGENIC POTENTIAL OF A-MuLV(psi2) FOLLOWING SUPERINFEC-
TION OF RESISTANT MICE WITH A-MulV(psi2)

Previous data indicated that adult BALB/c mice and weanling C57BL/6
(B6) mice were 30- or 100-fold less sensitive to tumor induction by
A-MuLV(psi2) than weanling BALB/c mice (Green et al., 1987a). To
determine if this quantitative resistance could be overcome by super-
infection of the mice with helper virus, we infected adult BALB/c

mice with a subtumorigenic dose of A-MuLV(psi2), and then infected
some of the mice with M-MuLV helper virus. The results of that experi-
ment, summarized in Table 2, indicate that superinfection of A-MulLV-
(psi2)-infected mice with helper virus can rescue the tumorigenic
potential of A-MuLV(psi2), even when the helper virus is inoculated

as late as 11 days after infection with A-MuLV(psi2). The latent
period, but not the final incidence, is affected by the dose of helper
virus used to rescue tumor formation. Less extensive, data with B6
mice indicate that tumor formation can be induced by superinfection

of A-MuLV(psi2)-infected mice with M-MuLV helper.

Table 2. Rescue of tumorigenic potential of A-MuLV(psi2) by superin-
fection of adult BALB/c mice with helper virus

Day of

A-MuLV(psi2) M-MuLV M-MuLV Tumors Latent

Dose (FFU) Dose (PFU) Infection Total Period
104 0 - 0/30 90
10 3 x 105 0 7/15 36
104 2 x 106 0 7/9 34
104 2 x 105 8-11 8/17 47
104 6 x 105 8-11 7/12 42
104 2 x 106 8-11 6/17 34

These results suggest that A-MuLV-infected cells persist in resistant
mice for at least 11 days after infection with A-MuLV(psi2), and the
cells (or virus within them) are activated to induce tumors following
infection with helper virus.
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To determine if A-MulLV(psi2)-infected resistant mice contained trans-
formed cells, we infected the mice with subtumorigenic doses of
A-MuLV(psi2), removed the bone marrow 14 days later, and quantified
the number of transformed cells present in the bone marrow. The
results of that experiment, presented in Table 3, indicated that
resistant mice contain significantly fewer colony-forming cells than
susceptible mice. The morphology of the cells is more myeloid, and
individual colonies are smaller (50-200 cells) than those found in
preleukemic mice.

Table 3. Transformed colonies in bone marrow of A-MuLV(psi2)-infected
mice

Colonies/106

Mouse Age (4) Virus Dose FFU BM cells Tumors
BALB/c 14 5 x 103 23 25/27
BALB/c 60 5 x 103 2 0/30
BALB/c 14 2 x 105 70 17/17
C57BL/6 1Y 2 x 105 3 2/20
BALB/c 14-60 (2 x 106 M-—MuLV) 0.05 ND

DISCUSSION

We followed the progréssion of Abelson disease in vivo by comparing
growth and tumorigenic properties of preleukemic and leukemic cell
clones isolated from the bone marrow of mice infected with helper
virus-free A-MuLV. Our results indicate that only 3% of preleukemic
colonies formed tumors on transplantation in vivo, and these cells
also had high replating efficiencies in the absence of feeder layers.
Greater than 84% of leukemic colonies formed tumors on transplanta-
tion in vivo, and the replating efficiencies of these cells were not
dependent on feeder layers. Preleukemic and leukemic colonies were
monoclonal populations of cells identified by single proviral inte-
gration events, and they showed similar levels of the v-abl protein
as determined by protein kinase assays. Therefore, it is reasonable
to infer that preleukemic colonies give rise to leukemic colonies.
From the results presented, we conclude that an event(s) unrelated
to the expression of A-MuLV occurs within a transformed cell clone
and provides that cell with a selective growth advantage character-
istic of a malignant cell.

These results are consistent with the theory that a cellular event(s)
in addition to the expression of v-abl is required for a cell to be
tumorigenic. At least two hypotheses can be considered for the nature
of this event. One hypothesis is that the target cell for tumori-
genesis generates progeny cells with differing self-renewing capabili-
ties, but no stable genetic differences distinguish these progeny.
Thus, the process of clonal selection results in the enrichment of
cells with greater self renewing capabilities. The second hypothesis
is that leukemic cells differ from preleukemic cells as a consequence
of a genetic mutation which is selected for during tumorigenesis.

This mutation could involve the activation of a cellular proto-onco-
gene. If a second genetic event is required, experiments could be
designed to try to identify that event.
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The role of the helper virus in resistant mice may be to increase
the dose of A-MuLV in vivo and thereby effect transformation of
additional or more sensitive target cells, or the helper virus may
mediate an essential step in tumor induction, such as the activation
of a proto-oncogene. Experiments in progress with self-inactivating
A-MuLV vectors may help to answer these questions.
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The Development of Three Distinct Avian B Cell Lymphomas

E.H. HuMPHRIES, C. FRiISCH BARTH, and E. PIZER

INTRODUCTION

The infection of 1 day old SC Hyline chicks with avian leukosis
virus (ALV) induces a bursal-dependent B cell 1lymphoma in
approximately 50% of the population (Baba and Humphries 1984).
This disease has provided a useful model for the examination of
multistep neoplastic development (Purchase and Burmester 1978).
Progression to terminal metastatic disease occurs only after 4 to 6
months of incubation and follows the appearance of distinct
preneoplastic and neoplastic lesions (Cooper et al. 1968; Neiman et
al. 1980). Both of these earlier stages are dependent upon the

bursal microenvironment for their development. Progression from
preneoplasia to neoplasia appears to be stochastic in nature (Baba
and Humphries 1985). Examination of both the tumor and cell 1lines

derived from the tumor has demonstrated that they synthesize and
may secrete IgM (Cooper et al. 1974; Chen et al. 1983; Baba et al.
1985). Extensive analysis has demonstrated that ALV integration
and formation of the provirus disrupts one allele of the c-myc
locus (Hayward et al. 1981; Fung et al. 1981; Payne et al. 1982).
This insertional mutagenesis results in elevated transcription of
c-myc MRNA and appears to be responsible for the development of the
preneoplastic lesion (Neiman et al. 1985; Thompson et al. 1987).
The nature of the subsequent genetic alterations required for
progression from preneoplasia to neoplasia and later to metastatic
disease have not been identified.

Recent data from studies both in our laboratory and elsewhere have
demonstrated that at least two other genetic alterations can lead
to the development of an avian B cell tumor. The initial oncogenic
events associated with the development of these tumors result in
the expression of c-myb and v-rel. Characterization of these
newly described lymphomas indicates that, while the tumor cells are
phenotypically similar to those of the ALV-induced bursal-dependent
B~cell lymphoma, their biological development is distinct.

THE EXPRESSION OF V-REL INDUCES A B CELL LYMPHOMA

Reticuloendotheliosis virus [REV-T(REV-A)] induces a poorly defined
tumor originally described as reticuloendothelial (Theilen et al.
1966; Olson 1967). It has been suggested that cell lines developed
following in vitro infection of spleen cells are early lymphoid in
nature (Beug et al. 1981; Lewis et al. 1981). In contrast to these
observations, we have recently shown that infection of 1 day old
chicks with REV-T and the non-immunosuppressive helper virus,
chicken syncytial virus [REV-T(CSV)], leads to acute development of
B cell 1lymphomas (Barth and Humphries 1988). The development of
these tumors is extremely rapid, killing the chick within 7 to 14
days. Tumor development appears to be independent of the bursal
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environment and occurs in multiple tissues. Further, the
establishment of cell lines from tumor tissue does not require
extended in vivo transfer or prolonged in vitro culture indicating

that additional genetic changes are not required for in vitro
proliferation. In contrast to the isolation of cell lines derived
from the ALV-induced lymphoma, isolation of cell lines expressing
v-rel is a highly efficient process.

We have continued our analysis of the REV-T(CSV)-derived cell lines
in order to further define their B cell character. o assay for
the secretion of IgM, the lines were labeled with 355-methionine
and the culture media collected and used for immunoprecipitation

with antisera directed against chicken Ig. All 10 cell 1lines
examined thus far have released IgM. The analysis of several cell
lines is shown in Fig. 1. The variation in the amount of IgM

secreted was 50 to 100-fold.

Cell lines were also examined for the continued expression of the
oncogene Vv-re/l using a Northern analysis of total cellular RNA
(Fig. 2). Both the genomic and the spliced subgenomic mRNAs are
expressed abundantly. While some variation was noted, the level of
expression was consistent with that expected from a viral LTR. The
analysis also indicates that c-re/ mRNA 1is expressed in these
lines. Further analysis has thus far failed to detect elevated
expression of any additional oncogenes.

Fig. 1. Secretion of Igy by REV-T(CSV) cell lines. Cell lines
were incubated with S-methionine and the culture media
immunoprecipitated with a rabbit polyclonal antisera against
chicken Ig. Immunoprecipitates were collected using protein A-
Sepharose and subjected to polyacrylamide gel electrophoresis.
Lanes 1,3,4,5,7 and 8 are independently isolated REV-T(CSV) cell
lines. Lane 2 is an IgM secreting bursal lymphoma cell line (Baba
et al. 1985); Lane 6 is an REV-T(CSV) derived cell line that does
not express IgM (Barth and Humphries 1988).

H and L indicate the position of heavy and 1light chain,
respectively; *L indicates the position of glycosylated light
chain. Molecular mass markers are given in kilodaltons
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Fig. 2. Expression of v-rel in REV-T(CSV) cell 1lines. Total
cellular RNA was prepared from REV-T(CSV) cell 1lines using
guanidine isothiocyanate and examined by Northern analysis. The
probe in the hybridization was a 967bp EcoRI fragment from v-rel
(Wilhelmsen and Temin 1984). Lanes 2,3,4,5,6 and 7 are RNAs from
REV-T(CSV) cell lines. Lanes 1, 8 and 9 are RNAs from normal
fibroblasts, a cell line derived from an ALV-induced bursal
lymphoma and an AMV-derived myeloid cell line respectively.
G:genomic(5.9kb) mRNA; C:c-rel(4.0kb) mRNA; S:spliced(2.9kb) mRNA.
Molecular mass markers are given in kilobase pairs(kb)

Fig. 3. Southern analysis of DNA from REV-T(CSV) lines. DNAs were
digested with Sa/lI and Scal and analyzed by electrophoresis,
capillary transfer and hybridization to a 1.2Kb EcoRI-Sall DNA
fragment from the avian light chain constant region (Thompson and
Neiman 1987). Lanes 1 through 8 contain DNA from independently
derived cell lines. M, G and R designate the migration positions
of the diversified, germ line and rearranged (non-diversified)
alleles of the light chain locus. The large fragment [G*] in lanes
4 and 6 is the methylated form of the germ line allele
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REV-T(CSV) cell line DNA was doubly digested with ScaI/Sall and
examined by Southern analysis to establish the configuration of the
two alleles of the light chain Ig locus (Fig. 3). This analysis
distinguishes between germ line, rearranged and diversified alleles
(Reynaud et al. 1985; Thompson et al. 1987). The analysis of 26
IgM positive cell lines revealed that 24 of the lines had one
allele in germ line configuration. Of the 24 active alleles, 11
were rearranged and diversified while 13 were rearranged without
diversification. In no instance was the rearranged allele
partially diversified. The presence of active alleles that are
exclusively rearranged or rearranged and diversified suggests that
the expression of v-rel/ inhibits the process of diversification of
the active allele. As further evidence in support of this
hypothesis, it was noted that the ratio of rearranged alleles to
diversified alleles in the B cell population of a 1 day old bursa
was the same as the ratio in the cell lines derived from tumors of
chicks infected at day 1 of age. (Thompson et al. 1987; and data
not shown).

The data presented above further substantiate that the expression
of v-rel induces an IgM positive B cell lymphoma. These lymphomas
secrete IgM and contain rearranged light chain genes. while the
active light chain allele may have undergone diversification,
further diversification appears to be inhibited by v-rel. In
addition, we have examined the lymphomas for the expression of a
variety of surface markers that are present on B cells. our
results indicate that, while the development of this B cell tumor
is very different from that of the c-myc-derived lymphoma described
above, we can not distinguish the two tumors at the cellular 1level
by expression of surface antigens.

INTEGRATION OF ALV WITHIN THE C-MYB LOCUS RESULTS IN THE
DEVELOPMENT OF A THIRD B CELL LYMPHOMA.

In studies that were designed to increase the frequency of
preneoplasia in the SC Hyline chick, we had infected 12 day old
embryonated eggs with the RAV-1l strain of ALV. To our surprise, 13
of 34 chicks developed disseminated lymphoma 4 to 6 weeks after
hatching. The metastatic tumor was characterized by irn situ
immunoperoxidase analysis using a monoclonal that detects avian
IgM. The results demonstrated that all 13 chicks had developed a
rapid metastatic B cell lymphoma. In our previous studies of the
bursal-dependent B cell 1lymphoma, in which all the chicks were
infected as 1 day old hatchlings, the earliest metastatic disease
we observed was detected at 15 weeks of age. Further, while
histological analysis revealed aberrant expression of IgM, which
may mark a population of malignant cells, there was no obvious
primary tumor in the bursa. These observations suggested that this
tumor was a B cell lymphoma distinct from both the c-myc and the v-
rel-derived lymphomas described above.

Using Southern analysis, we examined the c-myc locus in '9 of these
apparently novel B cell lymphomas. In one tumor there was a
fragment diagnostic of an altered c-myc locus. The yield of this
fragment, however, was well below the molar yield expected from a
clonal tumor. The remainder of the tumors contained apparently
normal c-myc loci. In contrast, Southern analysis of the c-myb
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loci revealed that this locus had been altered in all 9 tumors. We
have analyzed these tumors further and have identified integrated
ALV proviral sequences located at different sites within the c-myb

locus (Fig. 4).

Kb-8 -7 -6 -5 -4 -3 -2 -1 ] 1 2 3 4 5 6

120 2 1990y 131 o qv 1
1-a 56789 g
- - — } probes

Fig. 4. The sites of 9 RAV-1 insertions are located (1) within the
c-myb locus. [- -] c-myb exons; VE1l indicates the first exon
transduced into v-myb. Restriction endonuclease sites: Eco RI (@):
BamHI (M):; NotI (QO); HindIITI (d); Smal (@): PstI (w): BgIIT (O):
Nucleic acid fragments used as probes in mapping these insertions
are as indicated and are derived from a molecular clone of c-myb
(Perbal et al. 1983)

Fig. 5. Northern analysis of RNA isolated from B-cell lymphomas
that contain altered c-myb loci. Total RNA was isolated from tumor
tissue and subjected to agarose gel electrophoresis, capillary
transfer and hybridization to a DNA probe containing v-myb
sequences. Lanes 1 to 10 contain RNA from 10 different tumors. The
lane marked REV-T contains RNA from a cell line derived from one of
the REV-T(CSV)-induced B cell lymphomas described above
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Northern analysis of RNA isolated from 8 of these tumors
demonstrated that c-myb mRNA was 50 to 100-fold more abundant than
in normal B cells (Fig. 5). Further analysis has shown that an LTR
probe hybridizes with RNA at the same location on the gel
suggesting that both c-myb and viral RNA sequences are part of a
single mRNA species. It would appear, therefore, that the
transcription from the c-myb locus may be influenced by integrated
LTR sedquences using mechanisms similar to those described
previously in ALV-induced deregulation of the c-myc locus.

The data presented in Figs. 4 and 5 indicate that elevated
expression of c-myb can induce a biologically distinct B cell
lymphoma. We do not yet know whether the protein product of c-myb
is structurally altered in these tumors. Again, using monoclonal
antibodies that detect surface proteins, we have been unable to
distinguish this B cell tumor from the two B cell tumors
described above (data not shown). Similar findings have recently
been reported by Kanter et. al. (1988).

THE THREE B CELL LYMPHOMAS ARE BIOLOGICALLY DISTINCT

Table 1 summarizes the biological properties of the three tumors
described in this work. These observations indicate that these
tumors, while all B cell tumors, develop along distinct biological
pathways. The most striking difference is the multistep nature of
the c-myc-derived tumor. While there is clear evidence for
progression in the development of this tumor, the rapid
dissemination of metastatic disease in both the v-rel and c-myb-
derived tumors suggest that the initial oncogenic event in these
tumors is sufficient for the appearance of malignant disease. This
property also suggests that microenvironmental factors play little
if any role in the establishment of specific stages required for
tumor development. In contrast, the critical role that the bursal
environment plays in the development of the c-myc-derived tumor has
been well documented.

Perhaps the most interesting difference among the tumors is the
marked in vitro proliferative capacity of the v-re/-~induced
tumors. While only preliminary data are available at present, it
appears as though the c-myb tumors resemble the c-myc tumors in
that both are difficult to adapt to culture as are normal avian
B cells. These three tumors provide an opportunity to compare
significant differences in B cell proliferative capability and
experimental comparison should yield important information
regarding B cell growth requirements.
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Table 1. A Comparison of the Development of Three Avian
B cell Lymphomas?

Initial Oncogenic Event

Property ALV\c-myc ALV\Cc-myb v-rel Expression

specific target
cellsP yes yes no

a stochastic
multistage process yes probably not no

a specific micro-
environment is
critical for tumor

development yes probably not no
in vitro
proliferation of
the tumor no probably not yes
1° tumor localized diffuse/not diffuse/not
and easily identifiable identifiable
defined
metastatic tumor normal but yes yes
not always
present
somatic delayed apparently blocked by
diversification normal tumor
of the VA locus development

average time
until death 4-6 months 6-8 weeks 7-14 days

aThe initial oncogenic event has been designated by ALV\c-myc
(ALV insertion within the c-myc locus): ALV\c-myb (ALV insertion
within the c-myb locus): v-rel expression (REV-T(CSV) infection)

bpiscrete cell populations at different stages of avian
development that are susceptible to tumor formation
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SUMMARY

We have described the development of three distinct avian B cell
lymphomas. Characterization of the tumor cells has shown them to

have all the well recognized markers of this lineage. At
present, we are unable to distinguish them by surface antigen
profile. In contrast, their development as tumors can be

uniquely identified at the biological level. These data lead us
to propose that the genetic pathways by which these tumors
develop are also unique. The evidence in support of this
hypothesis at present is that the three genetic alterations
believed to be responsible for initiation of the neoplastic
process are different.
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Bursal Stem Cells as Targets for myc-Induced Preneoplastic
Proliferation and Maturation Arrest

P.E. NEmmMAN!, E.B. GEHLY!, L.M. CARLSON?, R.C. COTTER!, and C.B. THOMPSON?
INTRODUCTION

Induction of lymphomas in the bursa of Fabricius of chickens by
replication competent, non-transforming avian retroviruses (Avian
Leukosis Virus, ALV) is both an economically significant, naturally
occurring disease and an experimental model system which has provided
seminal insights into the role of the myc oncogene in B-cell
neoplasia. Infection of the bursa of susceptible birds results in the
development of lymphomas in a series of specific stages beginning with
a preneoplastic proliferation of pyroninophilic B-lymphoblasts within
individual bursal follicles, a lesion termed a transformed follicle
(Cooper et al. 1968, Neiman et al. 1980a). Transformed follicles
appear to be precursors of discrete bursal nodules and, later,
metastasizing lymphomas (Neiman et al. 1980a, 1980b, Baba and
Humphries 1985). These advanced lesions are clonal neoplasms (Neiman
et al. 1980b) in which the expression of the c-myc proto-oncogene has
been deregulated as a result of the nearby integration of an ALV
provirus (Hayward et al. 1981).

We recently explored further the role of myc in this process by
exploiting a bursal transplantation technique (Neiman et al. 1985).
Embryonic bursal lymphocytes were infected exvivo with a replication
defective transforming virus, HBl1, which carries a v-myc oncogene
(Enrietto et al. 1983) and infused into recipient birds whose bursal
lymphocytes had been ablated by treatment with a cytotoxic drug,
cyclophosphamide. Bursal follicles reconstituted by HBl-infected
cells, and expressing v-myc, were indistinquishable from the
transformed follicles observed in the early stages of ALV induced
lymphomagenesis. Based on these observations we postulated in these
proceedings (Thompson and Neiman 1986) that the effect of myc
deregulation was to fix bursal lymphocytes in an activated cycling
state represented by the cell population of the transformed follicle.
The inability to turn off myc expression in these cells, we supposed,
prevented the normal accumulation of small resting lymphoctes which
make up the majority of the post hatching bursal lymphocyte
population. Apparently maintenance of cell proliferation by v-myc
leads to a high probability of further changes characteristic of
lymphoid malignancy. In this paper we modify and extend this model to
take into account the evidence that myc-mediated bursal
lymphomagenesis is a developmentally regulated process.

DEVELOPMENTAL ASPECTS OF BURSAL LYMPHOMAGENESIS
A distinctive feature of ALV induced lymphomagenesis is the fact that
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the virus induces this disease in the bursa only if infection takes
place during bursal organogenesis in the embryo or a few days after
hatching (Burmester et al. 1960, Maas et al. 1982). This limited
window of sensitivity exists despite the fact that resting and cycling
bursal lymphocytes are present for several months after hatching and
might be expected to serve as targets for tumor induction. It was
intriguing to us that this window in development corresponded to the
period when bursal stem cells have been detected in the bursa
(Toivanen and Toivanen 1973, Pink et al. 1985, Ratcliffe 1985, Weill
et al. 1986). This stem cell has been characterized by these
investigators as a bursal derived sig+ cell with the specific ability
to repopulate cyclophosphamide depleted bursal follicles. As pointed
out previously in these proceedings (Thompson et al. 1986, Weill et
al. 1987) our initial results transplanting HBl1 infected embryonic
bursal lymphocytes (Neiman et al. 1985) were consistent with the
notion that such bursal stem cells might be selective targets for the
action of myc oncogenes.

The cells of HBl1 v-myc induced transformed follicles have the cardinal
properties of bursal stem cells.

We tested HBl induced transformed follicle cells for the principal
phenotypic properties of bursal stem cells, namely their ability to
repopulate ablated bursal follicles and to diversify their
immunoglobulin genes (Weill et al. 1986, Reynaud et al. 1985, 1987,
Thompson and Neiman et al. 1987). The main experimental strategy was
the use of serial bursal transplants as outlined in Figure 1.

Figure 1. Schematic representation of the serial bursal transplant
system (Thompson et al. 1987). The steps are: 1) Recipient embryos
(days 15, 16, 17) are treated with cyclophosphamide to ablate
lymphocytes in bursal follicles. 2) Bursal donor lymphocytes from 18
day embryos are infected with HBl virus bearing a v-myc gene and
transplanted into primary recipients. 3) Four weeks after hatching.
reconstituted follicles are mixtures of normal and transformed (darkly
shaded) follicles. Cell suspensions from these bursas are
transplanted into secondary cyclophosphamide treated recipients. 4)
Four weeks after hatching these secondary transplants contain only
transformed reconstituted follicles. Cell suspensions from these
secondary transplants can be transferred to a third recipient (see
Table 1)
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As displayed in the figure, bursas reconstituted with HB1l infected
embryonic lymphocytes contain a mixture of transformed and normal
follicles by four weeks after hatching (Neiman et al. 1985). The
difference between transformed and normal follicle morphology was
determined by the presence or absence respectively of the HB1l v-myc
gene expressed at high levels in the follicle lymphoid cell population
(Neiman et al. 1985, Thompson et al. 1987). Normal follicle cell
populations lack bursal stem cells detectable in the transplantation
assay by four weeks after hatching, even when the proliferative cell
compartment is specifically isolated and tested (Thompson et al.
1987). We found, however, that four week bursal follicle populations
from primary recipients of HBl1 infected transplants could repopulate
ablated follicles in secondary recipients when transformed follicles
were present in the primary transplant and that all follicles in
secondary recipients had transformed morphology (Fig. 1, Thompson et
al. 1987). Figure 2 shows myc RNA levels by Northern blotting
analysis in small resting and large cycling lymphocyte populations
from normal 4 week bursas compared with gx% RNA levels in nearly pure
populations of transformed follicle cells from secondary transplants
(Fig. 1)

Figure 2. Myc RNA levels were assayed by Northern blotting in bursal
lymphocyte populations fractionated by size by counter flow
centrifugation as shown in the lower panels. Fractions 1 and 3 are.
respectively the large cycling and small resting populations of normal
4 week bursas. Fraction 2 is the large transformed follicle cell
population of a secondary bursal transplant (see Fig. 1). RNAs
detected include 18S ribosomal RNA as a loading control, 5.1Kb v-myc
and 2.2Kb c-myc in RNAs detected with a c-myc exon 3 probe, and the
same 2.2 Kb c-myc RNA detected with c-myc exon 1 probe (not present in
HBl v-myc RNA)
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The data in Figure 2 show that the 5.1 Kb HB1 V—EXE mRNA is present at
levels at least 20 fold higher than those of either normal bursa
lymphocyte population [or of normal embryonic bursal lymphocytes (not
shown)]. 1In addition 2.2 Kb c-myc mRNA levels were reduced below
detectable levels in these transformed follicle cells. Furthermore,
transformed follicle cells from primary recipients (i.e. four weeks
after introduction of the HBl v-myc gene) were at least 100 fold more
efficient at producing detectable repopulation than were normal bursal
cell populations from 18 day embryos (Table 1, Thompson et al. 1987).
Finally, we found by measuring the disappearance of germ line
restriction endonuclease sites from the rearranged light chain
variable region gene (Thompson and Neiman 1987) that HBl-induced
transformed follicle cells were as efficient as the progeny of normal
bursal stem cells in diversification of immunoglobulin genes (Thompson
et al. 1987).

Interpretation: HBl1 v-myc permits proliferation of and induces a
selective maturation block in bursal stem cells.

A reasonable interpretation of these observations is ocutlined in
Figure 3.

Figure 3. Schematic interpretation of the effect of unregulated HB1
v-myc expression on bursal stem cell differentiation. The left side
depicts a pyroninophilic embryonic stem cell which differentiates into
resting and activated population after hatching, shown on the
right-side. The lower segment depicts effects of arrested maturation
in the presence of a deregulated myc gene expressed from a viral
promoter—-enhancer system (LTR)

Normal bursal stem cells present among the proliferating cells of
embryonic bursal follicles give rise to the population of ‘small
resting lymphocytes which dominate the post-hatching bursal follicles.
These cells in turn are activated, at least transiently, to produce
the proliferative large cell compartment of the bursal cell
population. None of these post hatching populations retain stem cell
activity detectable in transplantation assays. Although the purpose
of this transition is at this point unclear, we postulate that a
period of quiescence is required for some aspect of bursal lymphocyte
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maturation. If a deregulated myc gene is introduced into bursal stem
cells they fail to differentiate into the small resting and activated
large cell populations of normal post hatching follicles but, instead,
remain arrested in the stem cell stage and form the pyroninophilic
blast cell population of the transformed follicle. For convenience
Figure 3 depicts the normal stem cell target of the embryonic bursa as
having the same morphology as the transformed follicle cell, but, in
fact, the morphology of such cells has not yet been determined. The
availability of nearly pure populations of transformed follicle cells
in this experimental system may permit the generation of monoclonal
reagents which will recognize normal stem cell specific antigens and
permit the identification of normal bursal stem cells. 1In any case
these myc induced transformed follicle cells retain the capacity to
reconstitute bursal follicles and appear to continue to require
association with the bursal epithelium for proliferation.
Furthermore, they continue to diversify the germline sequence of
rearranged immunoglobulin light chain variable region genes at a rate
indistinquishable from that of normal bursal cells (Thompson et al.
1987). Therefore their maturation arrest is selective in that it
involves the persistence of stem cell function, but does not block
diversification of Ig light chain genes.

FUNCTIONAL INSTABILITY AND NEOPLASTIC PROGRESSION IN V-MYC INDUCED
TRANSFORMED FOLLICLE CELLS

The foregoing discussion emphasizes the normal stem cell-like
properties of myc oncogene induced transformed follicle cells, but
these cells are clearly phenotypically unstable and subject to
functional change in two important respects. First, their efficiency
in repopulating ablated bursal follicles, as measured by the minimal
number of transformed follicle cells required for histologically
detectable repopulation, deteriorates over time without obvious
morphologic change in the cell population. This conclusion is
supported by the data in table 1.

As shown in the table the minimal reconstituting dose of transformed
follicles cells in a secondary transplant (see Fig. 1) is about 10 .
In a third round of transplantation, which is about 8 weeks after the
original infection with HB1l, transformed follicle cells are about 100
fold less efficient (minimal reconstituting dose around 10

transformed follicle cells) in reconstituting cyclophosphamide ablated
bursal follicles than similar donor cells in the secondary
transplants. The nature of the changes which underlie this
deterioration of function are not presently known, but could be
related to neoplastic progression since more advanced bursal neoplasms
also are inefficient in homing to the bursa (Neiman, unpublished
data).

The second change in transformed follicle cell populations with time
is gross neoplastic progression. About 5% of primary bursal
transplants with HB1 infected donor stem cells contain obvious bursal
lymphomas (spreading neoplasms not confined to the follicular
architecture). As shown in Table 1, in secondary transplants this
number has increased to about 20%, a proportion which persists in
tertiary transplants. These data are consistent with the
interpretation that v-myc transformed stem cells gradually both lose
the ability to act as stem cells and undergo full neoplastic
conversion at a fairly high rate. The tumors that we detected after
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each transfer probably represent the progeny of residual functional
reconstituting stem cells in the Exg transformed population which
underwent further genetic change mediating full neoplastic conversion
during the four week period between transplantation and histologic
analysis of reconstituted bursas.

TABLE 1. Efficiency of normal and v-myc transformed bursal stem cells
in reconstituting cyclophosphamide ablated bursal follicles.

Source of bursal Numbers of Minimum Percent of
stem cells recipients reconstituting recipients
analysed dose *° with bursal
tumors
Normal 18 day > 100 0.5 - 1 x10° -
embryos
Total normal 37 No reconstitution -—

4 week bursa

Proliferating 5 No reconstitution -
fraction 4 week
bursa (normal)

T.F cells from 40 1-3x 10 21%
primary N

transplants

T.F. cells from 11 2 X 10° 19%
secondary

transplants °

a. Minimal reconstituting dose is the number of donor cells required
to repopulate at least 10% of ablated bursal follicles in at least 1/3
of recipient birds.

b. T.F. cells are transformed follicle cells from primary recipients
of HBl infected embryonic donor bursal lymphocyte analysed four weeks
after hatching as depicted in Figure 1.

c. These are pure transformed follicle cell preparations from
secondary transplants (described in Fig. 1) transplanted to tertiary
cyclophosamide treated recipients as analysed four weeks after
hatching.

CONCLUSION

The principal conclusion from these studies is that deregulation of
myc expression in the chicken B-cell lineage is tumorigenic
principally when it occurs in a particular window of development
represented by the bursal stem cell. The phenotype of such myc
transformed stem cells involves a partial maturation arrest which
doesn’t seem to affect adversely the processing of immunoglobulin
genes. Such transformants are, however, phenotypically unstable and
both lose stem cell function and undergo neoplastic conversion at a
high rate. Thus, while myc oncogenes do not seem sufficient for full
neoplastic change in this system, their expression in bursal stem
cells appears to place these target cells at high risk for further
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genetic change, the precise nature of which remains to be determined.
The availability of reasonable numbers of myc transformed stem cells
in this experimental system may provide an opportunity for further
insights into oncogenesis in the B-cell lineage.
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Molecular Analysis of an AIDS-Associated Burkitt’s Lymphoma:
Near-Identity with Endemic Cases

F.G. HaLUskA!, G. RUsso!, M. ANDREEFF?, and C.M. CROCE!

INTRODUCTION

The most completely studied B-cell malignancy is Burkitt's lymphoma, an
understanding of which has been facilitated by a cytogenetic and molecular
analyses of the chromosome translocations which are consistently exhibited by
these tumors (reviewed in Haluska et al., 1987a). The translocations seen in
Burkitt's lymphomas abnormally juxtapose one of the immunoglobulin loci with the
c-myc proto-oncogene. A small proportion of these chromosome translocations
involve the Tight chain loci. Thus, the t(2;8)(pll;q24) translocation approxi-
mates the kchain genes on chromosome 2 with the c-myc gene on chromosome 8;
similarly, the t(8;22)(q24;qll) translocation juxtaposes the c-myc gene and the
A chain genes. But in over 80% of cases, the relevant translocation is the
t(8;14)(q24;932). In this instance, the c-myc gene is translocated into the
immunoglobulin heavy chain region. Consequently, normal regulation of c-myc
expression is abrogated, and malignancy ensues.

Extensive study of the molecular structures of translocated t(8;14) chromosomes
has revealed that the chromosome breakpoints are dispersed throughout both the
IgH and c-myc regions. Despite this apparent heterogeneity, the distribution of
breakpoints is not random. The locations of translocation breakpoints have been
shown to correlate with the origin of the tumor from which they derive.
Burkitt's lymphomas of endemic origin generally carry ldg+ chromosomes which
join regions far 5' of c-myc (Haluska et al., 1986; Pelicci et al., 1986) to Ig
JH (Haluska et al., 1986) or Dy (Haluska et al., 1987b) regions. This suggests
that these trans]ocat1ons arise early in B-cell ontogeny through mistakes in the
function of the immunoglobulin recombinase system (reviewed in Haluska et al.
1987c). In contrast, tumors which arise sporadically most commonly exhibit
junction of regions immediately 5' of c-myc, or within the first exon or intron
of the gene, to Ig u, v, or a switch sequences. These tumors apparently
arise later in B-cell development due to translocations catalyzed by Ig isotype
switching enzymes. These molecular differences between endemic and sporadic
tumor-specific translocations therefore suggest an explanation for well-
described clinical, epidemiologic, and phenotypic differences between these
subtypes of Burkitt's lymphoma (Klein and Klein, 1985).

Burkitt's lymphomas also occur in patients suffering from the acquired immune
deficiency syndrome (AIDS) (Ziegler et al., 1982). These tumors share several
features with endemic Burkitt's lymphomas. Many of them occur in conjunction
with infection by the Epstein-Barr virus (Ziegler et al., 1982), while EBV is
found in over 95% of endemic Burkitt's lymphoma cases (Klein and Klein, 1985);
they arise in the clinical setting of severe systemic immunosuppression, thought

1The Wistar Institute, 3601 Spruce Street, Philadelphia, PA 19104 USA
2Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 10021

Current Topics in Microbiology and Immunology, Vol. 141
© Springer-Verlag Berlin - Heidelberg 1988




76

to be an important co-factor for the development of endemic Burkitt's lymphoma
(Klein and Klein, 1985); and they are often preceded by expansion of clonal B-
cell populations (Pelicci et al., 1986), also regarded as a step in the
pathogenesis of endemic Burkitt's tumors (Klein and Klein, 1985). These
clinical parallels between AIDS-associated and endemic Burkitt's lymphomas
suggested to us that molecular similarities might exist as well. To this end we
analyzed a case of Burkitt's lymphoma diagnosed in a patient infected with HIV.

RESULTS

Clinical Presentation

The patient, a 26 year old male homosexual, first came to medical attention six
years prior to being seen by us when he experienced generalized lymphadenopathy
and was told he had contracted mononucleosis. Four years ago he suffered an
enlarged right axillary lymph node and night sweats; biopsy of the node demon-
strated reactive hyperplasia, and the patient was informed that he had "chronic
mononucleosis". Four weeks prior to his presentation he noticed a painful mass
in his right axilla, which subsequently enlarged rapidly. Biopsy of the mass
disclosed a Burkitt's lymphoma. Cytogenetic analysis revealed a t(8;14)
translocation in the tumor. The patient also was shown to harbor the HIV.

Molecular Analysis

Genomic DNA was extracted from the biopsy tissue and digested with various
restriction enzymes as previously described (Haluska et al., 1986). Southern
blot experiments (not shown) revealed rearrangement of both Ig Jy alleles,
germline Ig ¥ and X Toci, and germline c-myc and bc1-2 configurations, uti-
lizing previously described probes for these genes (Haluska et al., 1986;
Tsujimoto et al., 1985; Erikson et al., 1983; Croce et al., 1983). By analogy
with the observations we have made in endemic Burkitt's lymphomas, we hypothe-
sized that the t(8;14) translocation breakpoint would 1ie far 5' of c-myc and
within the Jy region of the IgH locus. We thus undertook to isolate clones
containing the Ig Jy region. We constructed a genomic library using biopsy DNA
and screened approximately 800,000 recombinant clones with a DNA probe for the
Jy region (as per Haluska et al., 1986). Clones were obtained which, when phy-
sically mapped, corresponded to both rearranged Jy alleles. Some of the

clones are illustrated in Fig. 1.

A unique 1.9kb Hind III fragment was purified and subcloned from the region 5'
of the region of homology to the Jy probes (see Fig. 1). This probe, when
hybridized to Southern-blotted DNAs from a panel of somatic cell hybrids con-
taining segregated human chromosomes, hybridized only to hybrids containing
human chromosome 8 (not shown). As Fig. 2 illustrates, the genomic DNA
including this probe is amplified in the HL 60 and COLO 320 cell lines, both of
which carry amplification units which encompass regions surrounding c-myc.

These lines of evidence demonstrate that the clones illustrated in Fig. 1 indeed
include the t(8;14) junction, and that the Hind III 1.9kb fragment derives from
chromosome 8.

We obtained the nucleotide sequence of the translocation breakpoint (see
Fig. 3). Using the dideoxynucleotide chain termination method on M13 clones, we
found that the breakpoint on chromosome 14 is upstream of the J5 segment.
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Fig. 1. Restriction map of FID recombinant clones. Two rearranged clones
encompassing the t(8;14) chromosomal translocation are shown on the top. On the
bottom, two germ line clones encompassing Cy, Sy and Jy on chromosome 14 are
represented. The probe H1.9 used for mapping is also indicated

Fig. 2. Southern blot analysis of
Hind III-digested DNAs with the
probe H1.9. HP is human placental
DNA, 697 is a pre-B leukemia cell
line, HL60 is a promyelocytic cell
line, and COLO 320 is a moderately
undifferentiated adenocarcinoma of
the sigmoid colon. HL60 and COLO
320 carry an amplification unit
which encompasses regions
surrounding c-myc (see text for
explanation)
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v
1(8;14) TTTTAACAGGAAATATCTATGTCAACCCCGGGCCCTCTCGGACTCAGTCT

I [ Il CErrryrr ettt
lgdi GCCTCTGGGGTCCAATGCCCAACAACCCCGGCCCTCCCCGGGCTCAGTCT
A

FID P3HR-1

Fig. 3. Nucleotide sequences of the FID t(8;14) breakpoint and the normal 14 Jy
region. The breakpoint of FID is indicated by A. The P3HRL breakpoint is
indicated by

Interestingly, the breakppint is seven nucleotides from the previously described
P3HR-1 endemic Burkitt's lymphoma breakpoint (Haluska et al., 1986). Upstream
of the breakpoint on chromosome 14 there is a heptamer which matches at 5 out of
7 positions the heptamer recombination signal which lies apposed to the J5 seg-
ment: CAATGCC is found near the breakpoint, whereas CAATGTG is observed at J5.
Located further upstream, 23 base pairs from the heptamer, is a nonamer also
previously described for the P3HR-1 breakpoint. In short, the breakpoint
localization on chromosome 14 is nearly identical to that of the endemic
Burkitt's lymphoma P3HR-1.

Where does the breakpoint reside on chromosome 8? The Hind III 1.9%b fragment
hybridizes to somatic cell hybrid DNA whose only human chromosome is the 1l4q+
These data also suggest that the common features of these otherwise very
different diseases are central to their common molecular pathogenesis. EBV
infection, clonal B-cell expansion, and immunosuppression appear to increase the
1ikelihood of the occurrence of a pathogenic recombinase error. In this
patient, as well as in endemic Burkitt's lymphoma patients, all of these factors
are operative. As a result, the recombinase mistakenly joins regions near c-myc
to the Jy (or Dy) region. Consequently, c-myc deregulation and tumorigenesis
follow.
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Transgenic Mouse Models for Hematopoietic Tumorigenesis

A.W. HARRIS, W. Y. LANGDON, W.S. ALEXANDER, . K. HARIHARAN, H. ROSENBAUM,
D. Vaux, E. WEBB, O. BERNARD, M. CRAWFORD, H. ABUD, J.M. ADAMS, and S. CORY

The development of transgenic mice carrying specific cancer-
promoting genes represents a major advance in molecular oncology
(for reviews, see Cory and Adams, 1988; Hanahan, 1987). In
principle, the effect of a particular oncogene can be assessed for
every cell type within the animal by this approach. The transgene
can either be linked to a catholic requlatory sequence and expressed
throughout all tissues, or its expression can be confined to a
particular «cell 1lineage by fusing it to a tissue-specific
promoter/enhancer control element. Our own interests center on
hematopoietic neoplasia, so we have produced transgenic mice
harboring oncogenes targeted for —constitutive expression in
hematopoietic cells. The principal regulatory sequence we have used
is the immunoglobulin (Ig) heavy chain enhancer (Eu). While the
function of this sequence is to direct expression of Ig heavy chain
(IgH) genes in B lymphoid cells, it may also be active in at least
some T lymphoid and even myeloid cells since the IgH locus is
transcriptionally active in certain T and myeloid cell lines (Kemp
et al, 1980a) and thymocytes (Kemp et al, 1980b) and an
immunoglobulin y transgene can be expressed in T as well as B cells
(Grosschedl et al, 1984). By linking an oncogene to Eu, we
therefore expected to be able to assess its transforming potential
for B lymphoid cells and perhaps also other hematopoietic cells.
The oncogenes introduced into mice were selected principally on the
basis of known associations with hematologic malignancies and
include the myc, N-myc, abl and N-ras genes. We here discuss our most
recent results with the well-established Ew-myc line and our
preliminary findings with new lines.

Ey—-myc MICE

Deregulated expression of the c-myc gene has been implicated in
several types of neoplasm. Most human Burkitt lymphomas, murine
plasmacytomas and rat immunocytomas carry a chromosome translocation
which has activated c-myc by 1linking it to the /H locus (Cory,
1986). The plasmacytoma ABPCl7 proved to have undergone a more
complex recombination which resulted in removal of a 2.3 kb segment
of the enhancer region from one /gH allele and its insertion at a
site 361 bp 5’ to the c-myc gene (Corcoran et al, 1985). 1Injection
of the Eu-myc gene cloned from this tumor into fertilized oocytes
produced a unique strain of mice predestined to develop B lymphoid
tumors (Adams et al, 1985).
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Pathology of Eu-myc Disease

Autopsies on animals with advanced disease, combined with histologic
analysis of affected tissues and phenotypic characterization of the
tumors have established a detailed picture of the pathology of
Eu-myc disease (Harris et al, 1988). Most mice develop a massive
enlargement of all lymph nodes and/or the thymus. The tumors are
highly malignant by transplantation assay and are categorized
morphologically as lymphoblastic lymphomas, usually accompanied by
lymphoid leukemia and granulocytosis. They thus clearly differ from
the reticulum cell type B tumors that arise much later in some non-
transgenic mice of the same (C57BL/6 x SJL)F2 genetic background.
The Ewp-myc tumors appear to arise at random from a population of
pre-B cells expanded by constitutive expression of the myc transgene
(see below). Some tumors arise as early as 3 weeks, others as late
as 9 months. The rate at which cycling benign pre-B _cells
spontaneously convert to malignancy is estimated to be ~10-1 per
cell per generation.

All of the more than 50 tumors analyzed to date have proved to be of
B lymphoid origin, even those predominantly involving the thymus
(Harris et al, 1988; Cory, Harris, Langdon and Adams, in
preparation). They exhibit B lineage surface markers and Ig gene
rearrangements, none carry Thy 1, and only one or two have undergone
rearrangement of the y or B T cell receptor loci. A minority (19%)
of the tumors express surface Ig and are thus B cell lymphomas,
another 29% contain varying mixtures of pre-B and B cells, while
the major class can be assigned to various pre-B stages exhibiting
either DJ or VDJ heavy chain rearrangement. The apparent
restriction of expression of the transgene to B lymphoid cells
(Alexander et al, 1987) would account for the absence of T or
myeloid tumors in Ey-myc mice.

Most of the primary tumors can readily be established as permanent
lines in culture. Significantly, many of the pre-B tumors yield
cultured lines of sIgt B cells. The Ig gene rearrangement patterns
and the occurrence of mixed pre-B/B tumors suggest that maturation
of some malignant pre-B cells can proceed in vivo. Thus mycinduced
tumorigenesis need not prevent some subsequent differentiation.

Influence of Genetic Background

Oone factor contributing to the variation in the rate of onset of
tumors in Euy-myc mice is their variable genetic background. Because
transgenic mice are produced most efficiently from hybrid eggs, the
founder mouse was an F2 derived from the C57BL/6 (B6) and SJL/J
strains and the colony has been maintained as an F2 pool by
successive matings of male transgenic mice with multiple normal
(B6 x SJL)F1 hybrid females. At the same time, we have begun to
directly test the influence of genetic background by serial
backcrossing with three inbred strains, SJL, B6 and BALB/cAn (Table
1). The SJL line was lost after 3 backcrosses because it developed
lymphomas too rapidly. The B6 line, by contrast, develops tumors

relatively slowly and has now reached generation 11. Transgenic
females of this 1line transmit a higher ©predisposition to
lymphomagenesis in their progeny than do males - an example of

gender-specific imprinting of transgene activity. The tumor onset
kinetics are different again in the BALB/c line. While the first
lymphomas appear very early in life, the subsequent onset rate is
fairly low. How the genetic background influences the rate of
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tumorigenesis is wunclear, but it is interesting to note that the
longest-surviving B6SJL Eu-myc mice had a lower increase in the
number of pre-B cells (Langdon et al, 1986).

Table 1, Lymphoma onset in sublines of Eu-myc 292-1 mice

Eu—-myc subline® Tumor onset
lag periodb linear rate median age
(wk of age) (% per wk) (wk)
B6SJL 5 17 and 6 9
SJL N3 6 36 7
B6 N5 5 6 16
BALB/c N6 0 6 11

aGroups of mice were progeny of appropriate backcross transgenic
males mated to normal females of indicated strain

boptained by extrapolating log-linear decline in % healthy mice back
to 100%

Plasmacytoma Induction

To date, no plasmacytomas have arisen spontaneously in Eu-myc mice,
even though most conventional plasmacytomas carry a myc dene
deregulated by recombination with the Igd locus (reviewed by Cory,
1986). This paradox might have reflected the genetic background of
the mice, since plasmacytoma induction is readily accomplished only
in BALB/c or NZB mice. However, the BALB/c Eu-myc line also
produces lymphomas rather than plasmacytomas. The limiting factor
may be the presence of an adequate milieu for the progressive growth
of plasma cells. When Ewy-myc mice from the B6SJL and the B6 lines
are injected with pristane, which provokes the formation of a
granuloma, those which do not succumb to B lymphoid tumors of the
"spontaneous" type by about 7 months of age develop plasmacytomas in
association with the granuloma tissue in the peritoneal cavity. The
role of the granuloma may be to provide a sustained local source of
IL-6, a factor that stimulates plasma cell growth (Nordan and
Potter, 1986; O’Garra et al, 1988). Since the transgene allows
plasmacytomas to develop in strains that are normally resistant to
pristane induction, plasmacytoma susceptibility in conventional mice
may be determined primarily by genes that affect the propensity to
undergo a myc—Ig locus translocation.

Tumor Onset Requires Additional Genetic Change

Several observations argue that lymphomagenesis in Eu-myc mice
requires more than expression of the transgene. (a) Lymphoid
tissues in young Eu-myc mice lacking any overt sign of disease
express the transgene at the same level as do Eu-myc tumor cells
(Alexander et al, 1987), but do not provoke malignancy on
transplantation (Langdon et al, 1986). (b) The time of onset of
tumors in individual mice varies widely (Harris et al, 1988). (c)
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The tumors are clonal (Adams et al, 1985), even though probably all
B lineage cells in the mice express the transgene.

To test directly the hypothesis that tumor onset requires the
activation of additional oncogene(s), we are screening Eu-myc tumor
DNA for the presence of genes capable of transforming NIH-3T3
fibroblasts to grow as fibrosarcomas in nude mice. DNA from one
Eu-myc tumor provoked particularly rapid fibrosarcomas which were
found to harbor an amplified N-ras gene. Since integration of
transfected DNA frequently involves amplification and/or
rearrangement, we inferred that the amplified N-ras gene derived from
the Eu-myc tumor. An N-ras cDNA has now been cloned from the Ey-myc
tumor and shown to carry a mutation at amino acid 61, one of the two
residues most frequently implicated in ras activation. The mutated
N-ras gene has recently been cloned into a retroviral vector and
shown to transform non-tumorigenic pre-B cells from Eu-myc bone
marrow. These results clearly establish that collaboration of at
least two oncogenes (myc and N-ras) was responsible for development of
one B lymphoid tumor (Alexander, Bernard and Cory, in preparation).

The Pre-Neoplastic State in Eu-myc mice

To investigate how constitutive myc expression establishes a high
predisposition to malignancy, we have analyzed in some detail the
pattern of B lymphoid differentiation in young pre-~tumorous animals
(Langdon et al, 1986). A remarkable polyclonal expansion of pre-B
cells becomes evident as early as 18 days of gestation. Young adult
Eu-myc mice contain some 5 times as many pre-B cells as their normal
littermates, and the pre-B cells are found in the spleen as well as
the bone marrow. Significantly, the thymus and lymph nodes are
essentially free of pre-B cells, even though these are prominent
sites of tumor growth in older animals.

The number of mature (sIgt*) B cells in the animals is somewhat
depressed, and fewer splenic B cells express surface 1IgD.
Nevertheless, the mice remain healthy and their immunologic function
is not grossly impaired (Vaux et al, 1987). Immunization provoked
specific antibody responses, although some were delayed. Moreover,
isotype switching was not grossly impaired because both IgM and IgG
antibody-forming cells were generated in the spleen. Stimulation
in vimo with either mitogens or T-independent antigens enabled some of
the Ewu-myc B cells to proliferate and differentiate into. antibody-
secreting cells, albeit at lower frequency than in normal controls.
The 1level of Eu-myc expression in the LPS-stimulated B cells was
comparable to that in the bone marrow pre-B cells. In sun,
derequlated myc expression within the B lymphoid lineage appears to
favor self-renewal over maturation, resulting in an increased
proportion of pre-B cells. B cell differentiation, while retarded,
is not prevented.

Both pre-B and B cells in the Ewy-myc mice are notably larger than
most equivalent cells in normal mice. Indeed, the typical resting
small pre-B and B cell populations are undetectable. At least 2.5
times as many of the pre-B and B cells are in the G3+5 phases of the
cell cycle and the large size of the nuclei of cells in the Gy/Gy
fraction suggests that they are in G; rather than Gg (Langdon,
Harris and Cory, submitted). Thus constitutive c-myc expression may
prevent B lymphoid cells from entering the Gg state.
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Eu-myc Pre-B Cells Progress Towards Autonomy upon Prolonged Culture

To analyze further the effect of constitutive myc expression on
cells in the B lineage we have characterized the growth of Eu-myc
bone marrow cells in culture (Langdon, Harris and Cory, submitted).
The Ew-myc B lineage cells are not autonomous, since they die
rapidly when cultured without feeder cells. Long-term cultures can
be readily established on a feeder layer of bone marrow stromal
cells. The proliferating Eu-myc cells are markedly larger than
normal pre-B cells grown under these conditions and show much more
cell cycle activity. Since the Ew-myc cultures initially grow to
only slightly higher densities than normal cultures, the rapidly
cycling Ew-myc cells must die more rapidly than normal cells,
perhaps due to an inability to regulate their myc expression in an
environment in which growth is limited by the availability of some
growth factor.

A striking feature of the Euy-myc cultures was their dramatic change
to much higher density growth after about 15 weeks. Despite this
change, the cells still died rapidly when removed from their feeder
layers, and they were not tumorigenic when inoculated into
histocompatible recipients. The Ewy-myc population that survived 23
weeks of culture underwent a further change and became stromal cell
independent and tumorigenic. This approach has thus allowed us to
monitor stepwise growth changes that occur during the progression to
a fully malignant cell.

The Ewp-myc Mouse as a Test-Bed for Cooperating Oncogenes

The pre-neoplastic B lineage cells in young Euy-myc mice provide an
ideal system in which to investigate the ability of other oncogenes
to collaborate with deregulated myc expression to transform B
lineage cells. We have used retroviruses to deliver the second
oncogene, both in vivwv and in vire, and have compared the growth
characteristics of «cells expressing two oncogenes with those
expressing a single one.

Transgenic animals infected with helper virus-free stocks of viruses
carrying the v-H-ras or v-raf oncogenes were found to develop advanced
lymphomas by 3 weeks of age, while infected non-transgenic and non-
infected transgenic animals did not. Thus, both of these oncogenes
can individually cooperate with the activated myc gene to induce
lymphoid malignancy. Abelson virus did not enhance the onset of
pre-B lymphomas, raising the possibility that wv-abl cannot
collaborate with myc in the transformation of pre-B cells or that
the co-expression of these genes is usually lethal for pre-B cells.
An alternative hypothesis, which we currently favor, is that the
primary target for transformation by Abelson virus is a primitive
cell in which the heavy chain enhancer is not yet active (Langdon,
Harris and Cory, unpublished).

Invitro infection of bone marrow cells from Eu-myc and normal mice with
the same viruses has confirmed and extended the in vivo work (Dyall-

Smith and Cory 1987; Alexander and Cory, 1in preparation).
Uninfected Eu-myc B lineage cells did not proliferate in soft agar
or liquid culture and were not tumorigenic. Infection of Ewp-myc

bone marrow with either the Harvey or 3611 murine sarcoma virus
produced 50-100 times more colonies in the agar assay than similarly
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infected normal marrow cells, a striking illustration of the synergy
between myc and either v-H-ras or v-af. Furthermore, in 1liquid
culture, B lymphoid lines emerged from v-H-ras or v-raf virus—-infected
Eu—-myc marrow cultures at higher frequency and with shorter latency
than from infected normal marrow. The B lymphoid cells expressing
v-raf alone were clearly only partially transformed; they required
feeder cells for growth inviro, did not form colonies in soft agar
and were non-tumorigenic. While tumorigenic lines did grow out from
the H-ras virus-infected normal marrow, the early cultures were only
oligoclonal and most of the cells were unable to grow in soft agar.
The low frequency of transformed cells implies that these clones
harbored other oncogenic changes and that v-H-res expression is
insufficient for complete transformation of B lineage cells.

Wwith the Abelson wvirus, Eu-myc bone marrow cultures produced
somewhat fewer colonies than normal cultures, even though the target
for Abelson virus is thought to be the pre-B cell, and pre-B cells
are 4-fold more frequent in Eu-myc than in normal bone marrow. The
newly derived Abelson/Eu-myc lines, like normal Abelson lines, were
not all tumorigenic in nude mice. However, when tumorigenic lines
were compared, the Eu-myc/v—abl lines plated more efficiently in soft
agar than the Abelson lines derived from normal bone marrow. Taken
together, these results suggest that co-expression of v-aeb/ and a
deregulated myc gene offers certain growth advantages but 1is
insufficient for complete transformation of early B lineage cells.

PRODUCTION OF NEW TRANSGENIC LINES
To expedite the introduction of other oncogenes into mice, we have

developed two cassettes containing the heavy chain enhancer (Ey) and
the RNA splice signals and polyadenylation sequence from the SvV40 T

antigen gene. One vector (EuSV) contains the SV40 early region
promoter. The other (EuVy) contains the immunoglobulin variable
region promoter. A polylinker inserted after the promoter allows a
choice of restriction sites for cloning the gene of interest. The

assembled cassette <can be removed from plasmid sequences by
digestion with the restriction endonuclease Not I, which cuts
extremely rarely within eukaryotic sequences. Hence the gene can
readily be delivered to the mouse eggs in a form free of bacterial
sequences, which sometimes prevent proper tissue-specific expression
of a transgene.

Eu—-N-myc Mice

The vertebrate genome contains several my~related genes, one of
which, N-myc, 1is homologous to c-my both in organization and
sequence. The amplification and elevated expression of N-myc in
many human neuroblastomas, retinoblastomas and small cell 1lung
carcinomas (reviewed in Schwab, 1986) suggested that abnormal
expression of the gene was instrumental in the progression of these
tumors. Its validation as an oncogene was obtained by in viro
experiments showing that, like c-myc, N-myc can transform established
lines of rat fibroblasts (Small et al, 1987) and can collaborate
with an activated ras gene to transform embryonic fibroblasts (Schwab
et al, 1985; Yancopoulos et al, 1985). Low level N-myc expression
has been noted in pre-B cell (but not B cell or plasma cell) lines
(zimmerman et al, 1986), but the oncogenic potential of N-myc for
hematopoietic cells was unknown.
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To directly assess in vivo the consequences of constitutive N-myc
expression for B lymphoid development, we have produced two lines of
transgenic mice carrying N-myc in the EuSV cassette. Strikingly,
both lines show a high predisposition to lymphoma development. The
disease profile in the first line is very similar to that in Euy-myc
mice; the animals develop «clonal disseminated pre-B (and B)
lymphomas involving lymph nodes and thymus, mostly at 8 to 18 weeks
of age (Fig. 1). Tumor development within the second 1line is
considerably slower, the mice being free of tumors until 17 weeks or
more after birth.
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Fig. 1. Incidence of lymphoma in a group of 76 EuSV-N-myc mice.
Onset times were assessed by weekly examination for enlarged lymph

nodes. Mice were killed when they showed general signs of ill
health

Eu-N-ras Mice

Although the three closely related ras genes - H-ras, N-ras and K-ras -
are activated by similar mutations, there appears to be a bias in
certain cancers towards mutation of a particular member of the ras
family. More specifically, N-ras mutations predominate in human
hematologic malignancies, particularly acute myeloid leukemia (Bos
et al, 1985; Farr et al, 1988). In the mouse, treatment with N-
methylnitrosourea induces thymic lymphomas which frequently harbor a
mutated N-ras gene (Guerrero et al, 1984).

To produce N-ras transgenic mice, a mutated human N-rs CDNA was
inserted into the EuSV vector. The mutation was effected inviro and
the cDNA encodes an aspartic acid residue at amino acid 12 instead
of glycine. The two female primary transgenic Euy-N-ras mice
developed T lymphomas, one at 10 weeks and the other at 17, and a
line was established from the second. To our surprise, no B
lymphoid tumors have developed within this line. 1Instead, the mice
succumb to either T lymphomas or tumors that appear to be of myeloid
derivation, the latter being classified morphologically as type A
reticulum cell sarcomas (Table 2). Strikingly, when an Euy-SV-N-ras
mouse was bred to Eu-myc mice, offspring carrying both transgenes
rapidly developed very early B lymphoid tumors. The cells in these



89

tumors express the B lineage cell surface marker Ly5(B220), but most

have not yet undergone IgH recombination. The profile of tumor
development within the Eu-N-ras line suggests that the EuSV vector
can promote expression within the B, T and myeloid lineages. It is

not clear why the tissue-specificity of expression is broader than
for Euy-myc mice, but it presumably involves the apposition of the Eu
and SV40 sequences. At face value, the data argue that a mutated N-
ras gene strongly predisposes to development of T lymphoid and
myeloid rather than B lymphoid neoplasia and that co-expression with
a deregulated myc gene renders it a potent transforming agent for
early B lymphoid cells.

Table 2. Tumors of EuSV-N-ras mice in the first 6 months of life

Tumor type? No. of animals with tumorP
females males
Thymic T lymphoma 9 3
Reticulum cell sarcoma type A 10 17
TTL and RCS-A together 10 3

AThe first 15 of each type were diagnosed by cell surface markers
and/or histology; the remainder by distinctive gross pathology
From a monitored group of 85 transgenic B6SJL animals

Eu-v-abl Mice

The abl oncogene was first identified as the transforming gene of the
acutely transforming Abelson murine leukemia virus. When injected
intravenously or intraperitoneally, this virus transforms pre-B
cells (Rosenberg, 1982), but intrathymic injection provokes T
lymphomas (Cook, 1982). Moreover, BALB/c mice treated with pristane
develop plasmacytomas at a faster rate after Abelson virus injection
(Potter et al, 1983).

We have produced three lines of mice transmitting a v-abl gene linked
to Eu and the SV40 promoter. Surprisingly, none of the transgenic
offspring have developed pre-B lymphomas. Perhaps, as suggested
above, the primary target for Abelson pre-B disease is a very early
cell in which the Ey enhancer is not yet active. To date, two of
the Eu-v-abl lines have produced plasmacytomas with quite long latent
periods, while the third has produced T Ilymphomas (Fig. 2).
Preliminary results from a cross between one of the former and the
Eu-myc strain indicate that double-transgenic Ey-my¢/Euy—-v-abl mice can
develop plasmacytomas very early in life without a requirement for
pristane treatment.
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Fig.2.T lymphoma in 13-wk
mouse of the Eu-SV-v-
abl 1 line. Autopsy
shows a very 1large
thymoma, an enlarged
spleen and expanded
inguinal and mesen-
teric lymph nodes

Eu-bcr—v-abl Mice

The hallmark of chronic myeloid leukemia is the small ‘Philadelphia‘
chromosome produced by a 9;22 chromosome translocation which fuses
most of the c-abl gene to the 5’ portion of a gene termed ber
(Shtivelman et al, 1985; Grosveld et al, 1986). The hybrid gene
encodes a chimeric bcr-abl protein with increased tyrosine kinase
activity (Konopka and wWitte 1985). We have constructed a facsimile
of the be~c-abl gene by fusing the relevant bcr sequences from a ber
cDNA clone (Hariharan and Adams, 1987) to v-abl sequences. Although
v-abl bears a few amino acid substitutions and a deletion with
respect to c-abl, these alterations are unlikely to play a major role
in activating c-abl as a transforming gene (Ben-Neriah and Baltimore,
1986).

The bc—-v-abl gene was inserted into the EuVH vector and several
primary transgenic mice have been born carrying multiple copies of
the hybrid gene. One mouse died of a pre-B lymphoma only 17 days
after birth, while two others developed T lymphomas after 7 and 11
weeks. A line was successfully established from one of the T
lymphoma-bearing mice and from another Ep-bc~-v-abl mouse which is
still healthy after 1 yr. Tumor incidence in both the lines is very
low but three T lymphomas have been characterized. The predominant
occurrence of T lymphomas was most unexpected, since CML usually
develops into an acute myeloid 1leukemia or B cell ALL, not a T
lymphoid neoplasm.

FUTURE DIRECTIONS

We are currently analyzing the pre-tumor phase in each of the new
transgenic strains, hoping to gain insight into the effect of the
different oncogenes on proliferation and differentiation of cells
within the various hematopoietic lineages. The timing, distribution
and level of expression of the transgenes may provide important
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clues to the cellular origins of the disease profiles in the
different strains. The mice provide a wunique resource for
dissecting the role of individual oncogenes,and their potential for
cooperativity, in the generation of hematologic malignancies.
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Genetic Studies on Ey-myc Transgenic Mice
C.L. SipMaN!, J.D. MARSHALL!, and A. W. HARRIS?

INTRODUCTION

Transgenic mice carrying the c-myc oncogene under the control of the Ig
heavy chain enhancer ("Eu-myc" mice) (Cory and Adams, 1988; Harris et
al., 1988a) develop B lineage tumors within the first year of life, and
offer a reproducible and attractive system with which to dissect the
genetic and cellular processes involved in tumorigenesis. Because the
founder mouse of this strain was a (B6xSJL)F2 animal, the primary
transgenic mouse stock has been maintained by continual crossing of
transgenic animals to (B6xSJL)F1l hybrids. The line so maintained
(genetically equivalent to an F2, and thus termed FE2) continously
segregates the B6 and SJL genomes. Although over time the amount of
each component averages 50%, any locus in any individual mouse could
have 2 B6 alleles, 2 SJL alleles, or one of each. Thus, it is not
surprising that considerable heterogeneity has been observed in the
rate with which individual (B6xSJL)FE2-Eu-myc transgenic mice develop
visible tumors and die (Harris et al 1988b). In fact, three phases of
tumor onset and death have been described in this stock; a lag phase, a
rapid onset phase for some animals, and a slower onset phase for the
remaining mice (Harris et al, 1988b). With the aim of reducing this
genotypic and phenotypic variability, Ep-myc mice have been repeatedly
backcrossed to the parental B6 and SJL backgrounds. After only a few
generations, the SJL-backcrossed stock developed tumors with
essentially only the rapid onset pattern (Harris, 1987; Harris et al.,
1988a), and could no longer be propagated. 1In contrast, backcrossing
to B6 yielded a stable congenic Eu-myc transgenic line that developed
tumors predcminantly with the slower onset pattern. This stock has now
reached the tenth generation (N10) of backcrossing, and forms the basis
for the genetic and functional studies reported here.

BACKGROUND GENE INFLUENCES

To emphasize the influence of background genes on the phenotypic
expression of the Eu-myc transgene, Table 1 shows the mean lifespan and
average percent SJL genome in several Eu-myc transgenic stocks. At the
least severe extreme, BG(NlO)—EP—myc mice, with only a nominal 1% of
SJL genome remaining, had an average lifespan of 134+11 days. At the
other extreme, the SJL(NE3)-Eu-myc stock, with an average of 87.5% SJL
genome, only lived 82+5 days. Genetically intermediate (average 50%
SJL genome) (B6xSJL)FE2- Epy-myc mice were also phenotyplcally
intermediate, with a lifespan of 103+15 days.

1The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609, USA,
and 2The Walter and Eliza Hall Institute of Medical Research, Royal
Melbourne Hospital, Melbourne, 3050, Australia.

Current Topics in Microbiology and Immunology, Vol. 141
© Springer-Verlag Berlin - Heidelberg 1988
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Table 1. Genetic background and EF—myc lifespan

Background % SJL Lifespan (days)
(B6xXSJL)FE2 50 103+15

SJL (NE3) 87.5 82+5

B6(N10) 1 134+11
(B6xBALB)F1 .5 99+9

Since the genetic context in which the Eu-myc construct is placed
exerts such a profound effect on the rate of tumor development, we have
begun to backcross the slowly affected B6-Eu-myc transgenic strain to
various other backgrounds, to identify and locate genes that interact
with the Eu-myc transgene. The BALB/cByJ strain was included in the
panel of genetic backgrounds thus tested because of the well-known
plasmacytoma susceptibility of closely related BALB/cAn mice. Table 1
also shows that the single (haploid) copy of BALB/c genome in
(B6XBALB)F1l-Eu-myc mice made these mice as severely affected as the
original (B6xSJL)FE2-Eu-myc animals. Thus, at least one gene (or
combination of genes) in the BALB/c background can act in a dominant
fashion to exacerbate the tumorigenesis arising from the Eu-myc
transgene. Further F2, backcross, and recombinant inbred (RI) analyses
are underway in order to determine the number and location of such
tumorigenesis modifying genes in the BALB/cBy genome.

Transgenic Ep-myc mice can be distinguished at weaning from their non-
transgenic littermates by the size of their peripheral blood cell
nuclei (Harris, 1987; Harris et al., 1988b). We have adapted this
technique to the fluorescence activated cell sorter (FACS) in order to
be able to easily type mice at a young age, and then follow them
individually thoughout life. The FACS technique also allows us to
determine the cellular nature of the lymphocyte populations present
during this process. Figure 1 shows as examples of such analysis one
each transgenic and non-transgenic littermate from the B6(N10)-Eu-myc
stock at one week of age. On the left, the scatter plots have been
gated to show only lymphoid cells, and the percentages of those that
fall into the large lymphocyte category (the enclosed areas) are
indicated. Mouse #2 was clearly a transgenic animal, since over twice
as many of its lymphocytes (46%) fell into the large lymphocyte
category as did those from mouse #1 (with 18% large lymphocytes). On
the right in Fig. 1, fluorescence plots show the FITC-anti-Ig
(horizontal) and PE-anti-Thy-1 (vertical) staining of the large
lymphocytes identified in the left-hand scattergrams. Non-transgenic
mouse #1 showed 11%, 4%, and 85% of its large lymphocytes as T cells
(Thy-1* ,Ig-), B cells (Thy-1-,Ig*), and null or pre-B cells (Thy-1-,
Ig-), respectively. In contrast, transgenic animal #2 had an increased
percentage (94%) of null, presumably pre-B, cells. Either these null
(or pre-B) cells were present in greatly increased numbers and so
diluted out the T cells, or the Eu-myc transgene directly down-
regulated the development of T cells in this mouse.

Applying this early FACS typing technique to the same genetic stocks as
were studied for lifespan in Table 1 gave rise to the percentages of
large lymphocytes shown in Table 2. At three weeks of age, the



96

Fig. 1. FACS analysis of peripheral blood lymphocytes from one week old
B6(N10) mice. On the left, scatter plots of gated lymphocytes, with
forward scatter (horizontal) and right-angle scatter (vertical). The
boxed area indicates large lymphocytes, with the number showing the
percentage of total lymphocytes included as large lymphocytes. On the
right, fluorescence plots of the large lymphocytes, with FITC-anti-Ig
(horizontal) and PE-anti-Thy-1 (vertical). The numbers indicate the
percentage of large lymphocytes included within the quadrants shown

Table 2. Genetic background and Ep-myc percentage of large lymphocytes

Background - Ep-myc + Ep-myc

(B6XSJL)FE2 9+1 39+3 (22,23,24,26,30,31,32,34,38
39,43,44,49,51,52,55,57,59)

SJL(NE3) 13+1 41+3 (33,39,41,41,51)

B6(N10) 12+1 25+3 (16,17,20,20,21,27,33,33,39)

(B6XBALB)F1 20+1 49+3 (41,52,54)

shorter-lived transgenic backgrounds (B6xSJL)FE2, SJL(NE3), and
(B6XBALB)F1 showed much higher percentages of large lymphocytes than
the longer-lived B6(N10) stock. Values from individual animals are
also shown in Table 2 for Eu-myc transgenic mice. While far from
conclusive, 4/18 or 22% of the (B6xSJL)FE2-Eu-myc transgenics had
values within the statistical range (less than 28%) of the B6(N10)-Eu-
myc stock, suggesting the possibility of a single gene whose B6 allele
is recessive to the SJL form.
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Fig. 2. FACS analysis of (BGxBALB)Fl—Qp—myc mice. Figure organized
like Fig. 1

TRANSIENT STATE OF BLOOD LYMPHOCYTE ENLARGEMENT

Having developed the assay to initially type transgenic animals, we
began to serially follow individual mice throughout their lifespan.
Figure 2 illustrates some of the patterns observed, using three animals
from the (B6xXBALB)F1-Eu-myc stock as examples. In the top panels of
Fig. 2, typical patterns for a one month old transgenic animal are
seen. Forty-three percent of its lymphocytes were large, and of these,
the greatest percentages were null (or pre-B) (56%) and B (30%) cells.
In the middle of Fig. 2, a transgenic animal is shown which, when
analyzed at one month of age, had shown 54% large lymphocytes. At
three months of age, however, large cells accounted for only 12% of its
blood lymphocytes. Of these, the percentages of null/pre-B and B cells
had dropped to more normal levels (22% and 11%, respectively), while
the T cell compartment had increased to 61%. The repeated finding of
increased numbers of large T cells in mice whose percentages of large
lymphocytes had regressed suggests the possibility that T cell activity
may play a role in such regression. Furthermore, the percentage of
animals experiencing this regression, and its timing, appear to vary
among the different backgrounds of transgenic mice. While all B6(N10)-
Ep-myc mice have been observed to undergo regression in their
percentages of large peripheral blood lymphocytes, some (B6xSJL)FE2-
and (B6xXBALB)Fl-Eu-myc animals have not been seen to do so. Either
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these latter mice have experienced only brief and undetected
remissions, or else they have gone directly from early leukemia into
the terminal leukemic plus lymphomatous phase. 1In any case, all Eu-
myc mice (of all backgrounds) in our experience so far have shown
easily detectable excesses of large peripheral blood lymphocytes
immediately before death. At the bottom of Fig. 2 is an example of a
transgenic mouse (a littermate of that shown in the middle of Fig. 2)
which never appeared to lose its large peripheral blood lymphocyte
population (52% at one month, and 44% at three months). This mouse was
so i1l that it had to be sacrificed one day after the analysis shown,
but as frequently seen in terminally ill Eu-myc transgenics, its large
peripheral blood lymphocytes were predominantly of the B cell type.

CONCLUSIONS

Although the transgenic Eu-myc oncogene guarantees that mice carrying
it will develop B lineage tumors, for some months the animals appear
healthy and are immunocompetent (Vaux et al. 1987). The activated Eu-
myc transgene by itself thus does not preclude any aspect of B
lymphocyte development, differentiation, or function. Secondary events
are likely to be required to complete the tumorigenic process that the
Ep-myc transgene sets in motion. The ability to serially follow
individual animals throughout their development, plus readily
manipulated genetic differences that affect the process, offer powerful
tools with which to dissect the multiple steps involved in
tumorigenesis. Preliminary data presented here indicate that a limited
number of dominant-acting genes may exacerbate the development of this
model of B cell tumorigenesis, and suggest that they may do so by
affecting the animal's attempts to (immunologically?) control the
developing tumor population. Exciting information should emerge during
the coming year from the further genetic experiments currently underway
to define the number and nature of the background genes affecting this
tumorigenesis model, and to probe the role of other immune cells and
reactivities in this process.
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Differential Expression of myc-family Genes During
Development: Normal and Deregulated N-myc Expression in
Transgenic Mice

R. DILDROP, K. ZIMMERMAN, R. A. DEPINHO, G.D. YANCOPOULOS, A. TESFAYE,
and FW. ALT

INTRODUCTION

The myc-family of cellular oncogenes is a dispersed multi-gene family that
includes the c-, N- and L-myc genes (For review see Alt et al., 1986). The
human and murine c-, N, and L-myc genes encode related but distinct nuclear
proteins and have a similar overall organization (Kohl et al., 1986; DePinho et
al., 1986, Stanton et al., 1986; DePinho et al., 1987; Legouy et al., 1987; Kay
et al., 1988); all have three exons with the first encoding a potentially
untranslated leader sequence. All three genes also cooperate similarly with an
activated Ha-Ras oncogene to transform primary rat embryo fibroblasts (REFs)
(Yancopoulos et al., 1985; DePinho et al., 1987). Despite striking
similarities of regions of the myc proteins and the in vitro transforming
activities, the three genes are conserved as distinct sequences throughout
vertebrate species suggesting unique functional roles. This possibility is
supported by findings that the genes are differentially expressed in a stage-
and tissue-specific manner during human and murine differentiation (Zimmerman
et al., 1986). 1In addition, deregulated c-myc expression has been causally
implicated in the genesis of a wide variety of different tumor types and occurs
by a variety of different mechanisms; deregulation of the N- and L-myc genes
has been clearly implicated only in a few naturally occurring tumors (eg. human
neuroblastomas and small cell lung carcinomas) and only by the mechanism of
gene amplification (reviewed by Alt et al., 1986). Together, these findings
suggest that the myc genes play related but distinct roles in growth and/or
differentiation of mammalian cells. This report summarizes our recent efforts
to develop model systems to help define differential functions of these genes
and to elucidate molecular mechanisms involved in the differential control of
their expression.

TISSUE AND STAGE SPECIFIC EXPRESSION OF MYC-FAMILY GENES

High level expression of the N- and L-myc genes is restricted with respect to
tissue and stage in developing mice and humans, while that of c-myc is more
generalized (Zimmerman et al., 1986; DePinho et al., in prep.). In general,
all three myc-family genes show stage-specific expression in most tissues or
cell lineages in which they are expressed; the highest expression levels of N-
and L-myc always seems to occur at earlier stages. Previous studies implied
that c-myc expression has a role in cell growth or differentiation (reviewed by
Marcu, 1987). In situ hybridization analyses of N-myc expression in certain
cell lineages within differentiating mouse brain and kidney suggest that N-myc
expression is a feature of early differentiation stages, regardless of cell
proliferative state; for example, post-mitotic but not yet differentiated
neuroblasts in the brain express high N-myc RNA levels (Maugrauer, Alt, and
Ekblom, J. Cell. Biol., in press).

The Howard Hughes Medical Institute and Departments of Biochemistry and
Microbiology, College of Physicians and Surgeons of Columbia University, 630 W.
168th St. New York, New York, 10032

Current Topics in Microbiology and Immunology, Vol. 141
© Springer-Verlag Berlin - Heidelberg 1988




Myc-gene Expression During Lymphocyte Differentiation

Analyses of B lymphocyte differentiation demonstrated that myc-family genes are
differentially expressed during the progression of cells through this pathway
(Fig. 1; Zimmerman et al., 1986). Significant levels of L-myc expression have
not been observed in any known stage of B lymphocyte differentiation, although
some preliminary results suggest the possibility of expression in tumors
representing very early precursors (DePinho et al., unpublished observations).
Expression of c-myc and N-myc occurs in the earliest defined B cell precursors
and continues in pre-B cells--which express heavy (H) but not light (L)
immunoglobulin (Ig) chains. However, N-myc expression ceases but c-myc
expression continues when pre-B cells progress to the B-cell stage-which
involves expression of complete (H plus L chains) Ig surface molecules (Figure
1). Recently, we have isolated a novel sequence (PB.10) that is potentially
myc-related (Oltz, Kaplan, and Yancopoulos, unpublished); expression of this
sequence appears to decline at the B cell activation stage of the pathway while
that of c-myc continues (Figure 1). Thus, differential and/or combinatorial
expression of myc-family genes or potentially-related genes correlates with the
three distinct stages of this B cell pathway.

PRE-B CELL STAGES B CELL STAGES PLASMA CELL STAGES
(NO SURFACE Ig RECEPTOR) (Ig RECEPTOR ON SURFACE) (SECRETING lg)

2 \Y’

Vo DJ,, Vod, antigenic \_
N-myc\ | joining joining stimulation
PB.10
¢-myc,

Figure 1. Myc-Gene Expression During B-cell Differentiation. Details are in
the text.

Analysis of T cell tumor analogs or purified normal T cells suggest that L-,
N-, and c-myc are differentially expressed in that pathway (DePinho et al., in
preparation). T cells can be purified into surface receptor-positive and
negative subsets based on expression of the receptor-associated molecule T3;
receptor-negative cell populations express both N- and c-myc, whereas
receptor-positive populations express equally high c-myc levels but greatly
reduced N-myc levels. Thus, N-myc expression declines at a similar stage in B
and T cell differentiation, at the point where precursor lymphocytes acquire
their surface receptor and become functional cells poised to react with cognate
antigen.

In general the results with the differentiating lymphocyte populations, coupled
with results from differentiating organ systems (Zimmerman et al., 1986;
Maugrauer, Alt, and Ekblom, In Press) support the notion that differential or
perhaps combinatorial expression of these genes may be important in normal
development (Alt et al., 1986).
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REGULATION OF N-MYC GENE EXPRESSION

Transfection of N-myc Constructs into Cultured Cells

To identify molecular elements that mediate tissue and developmental stage
specific expression of myc genes, we introduced a mouse N-myc genomic clone
containing the promoter and the three exons into various cell lines (Legouy et
al., 1987b). These experiments demonstrated that transiently and stably
introduced human and murine N-myc genes are expressed both in human and murine
cell lines that express the endogenous N-myc gene, as well as in cell lines
which do not express the endogenous gene. As an alternative approach to define
N-myc regulatory elements, we fused portions of the N-myc promoter region to
reporter genes; constructs with as little as 600bp or as much as 3kb 5’ of the
human N-myc exon 1 sequence gave reporter gene expression in cells that did or
did not express the endogenous N-myc gene (Legouy et al., 1987b). Several
factors could lead to differential expression of introduced versus endogenous
N-myc genes in the cell lines (see below).

Expression of the Human N-myc Gene in Transgenic Mice

As an alternative approach to elucidate mechanisms that regulate N-myc
expression, we introduced the human N-myc clone employed in the transfection
assays into the germline of transgenic mice (Figure 2). To date, three lines
have been produced that carry from 1 to 5 copies of the human transgene. To
monitor expression of endogenous murine N-myc and the human N-myc transgene,
total RNA from various newborn and adult tissues was assayed for ability to
differentially protect murine- or human-specific N-myc probes from digestion
with S1 nuclease (Figure 2). As described (Zimmerman et al., 1986), endogenous
N-myc was expressed differentially iIn tissues with highest levels in brain and
kidney; expression in these tissues decreased in older mice. The human N-myc
transgene had an expression pattern essentially identical to that of its murine
counterpart--showing both the tissue- (high levels in brain and kidney) and
developmental-stage specificity.

These findings clearly demonstrate that regulatory elements necessary for both
tissue- and stage-specific expression of the human N-myc gene in mice are
contained within the limited sequences surrounding the gene in the clone
employed (3kb of 5’ sequence and 2kb of 3’sequence). Thus, the lack of
appropriately regulated expression in the transfection experiments apparently
is not due to the lack of proper target sequences. Although other explanations
are possible, these results suggest an interesting possibility regarding
regulation of genes, such as N-myc, that are expressed early in multiple
lineages and subsequently turned-off: factors that establish functional
competence of negative regulatory sequences assoclated with these genes may
only be present during a particular window of differentiation; therefore, the
gene may need to go through normal development to be correctly regulated.

DEREGULATED N-MYC EXPRESSION IN TRANSGENIC B-LYMPHOID CELLS

The N-myc gene is expressed during the early stages of B cell differentiation
and therefore may play some role in this pathway; in addition, despite
significant N-myc expression in pre-B cells (as high as neuroblastomas with a
single N-myc copy), deregulated expression of this gene has never been
implicated in pre-B neoplasias. In contrast, translocation of the c-myc gene
into an Ig locus is a common feature of human B cell lymphomas and murine



plamacytomas (reviewed by Klein and Klein, 1985). Likewise, introduction of a
c-myc gene that is deregulated by the presence of an Ig enhancer element into
the germline of transgenic mice leads to the generation of reproducibly
inherited pre-B and B-lymphoid malignancies (Cory et al., 1985). To study the
role of N-myc in normal B cell differentiation, as well as to elucidate
potential roles in generation of B-lineage neoplasias, we constructed N-myc
transgenic mice carrying various N-myc constructs designed to deregulate
expression in this lineage. All were based on incorporation of the Ig H chain
enhancer element (Eu) into the construct; and were thus similar, in design, to
the deregulated c-myc constructs previously employed by others (Cory et al,
1985). The Eu element 1is active throughout B cell differentiation and
therefore its incorporation into N-myc constructs was used to force N-myc
expression beyond the pre-B/B cell transition (Figure 1). Three such
constructs were employed (Figure 3). One (EN) contained a complete copy of the
N-myc gene including the promoter linked to an upstream copy of Eu. A second
(ESN) contained the second and third exons of the N-myc gene (with the complete
exon 2/3 open reading frame) downstream of Eu and an SV40 promoter. The third
(EVN) contained the second and third N-myc exons downstream from Eu and an Ig
Vy promoter.

Figure 2. Expression of the human N-myc Gene in Transgenic Mice. Details are
in the text.

Lymphoid Neoplasias in EuN-myc Transgenic Mice

Five independent lines of EN-myc, 4 independent lines of ESN-myc, and 6
independent lines of EVN-myc transgenic mice were produced. Copy numbers of
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Figure 3. Deregulated E N-myc Constructs. The location of N-myc exons, the
various promoters, the IgH enhancer, and some restriction endonuclease sites
are indicated. Other details are in the text.

the transgenes ranged from a few to much greater than 10 depending on the
line. Control transgenics carrying the human or murine N-myc transgenes that
were expressed under the influence of their own controlling elements (eg. Fig.
2), did not exhibit an increased rate of neoplasia of any type. In contrast,
at least 8 of 15 primary mouse line carrying the E,-deregulated N-myc
constructs reproducibly developed B lymphoid malignancies; with respect to
onset and type of B cell malignancy, no clear differences were observed among
the three constructs. Several lines that did not appear to express the
deregulated construct did not develop tumors; although analyses are still
preliminary, lines that develop B-lymphoid tumors often have high copy numbers
and express the construct at high levels apparently in a tissue-specific
fashion (see below).

Two EN-myc lines and four EVN-myc lines were chosen for more detailed analyses
(both subsequently referred to as E N-myc because there were no definitive
differences in their manifestations). Offspring from these lines reproducibly
develop B-lymphoid neoplasias, usually during the first 10-20 weeks of
life--although, as with Euc-myc mice (Cory and Adams, 1988), time of onset
appears random with respect to given individuals. The stage of tumors and
their manifestations are also somewhat variable--although all of approximately
40 tumors analyzed (with one possible exception; see below), appear to be of
B-lymphoid origin. Often, these tumors manifest as enlarged lymph nodes with
involvement of the spleen and thymus. Another frequent manifestation is gross
skull-deformation due to the accumulation of tumor cells without obvious
invasion of the brain. Generally, the tumor cells can be characterized as
plasmacytoid in gross morphology, but more detailed analyses demonstrate that
they probably represent all major stages of the B cell pathway (see below). In
general, as with tumor cells from Euc—mxg mice (Cory and Adams, 1988), they
are readily transferable by injection into ascites or intraperitoneally into
syngeneic recipients and are usually readily adaptable to growth in culture.



Staging of EuN-mzc Tumors

Initial analyses of Ig expression patterns in primary E ,N-myc tumors or cell
lines indicated that individual tumors represent either the pre-B (u-only), B
cell (H plus L chain), or in several cases plasma cell stage (evidenced by
presence of serum paraproteins). With respect to cell lines, analyses of Ig H
chain and kappa L chain rearrangement patterns suggested that 3 were at the
pre-B stage (no L chain gene rearrangement) while 9 represented either the B
cell or later stages of this pathway (rearrangement of both H and L chain
genes). Detailed analyses of primary tumors and cell lines also suggested that
some pre-B lines progressed to the B cell stage (rearrangment of L chain genes)
during growth in vivo or in vitro and were thus similar to lines generated from
E,c-myc mice (Cory and Adams, 1988). Analyses of rearrangement patterns
suggest that most tumors are monoclonal as previously noted for B cell
neoplasias in E c-myc mice (Cory et al., 1985).

To date, most characteristics of the E N-myc disease appear quite similar to
those of the Euc-mxg disease (the latter summarized by Cory and Adams,

1988). However, there were certain potential differences. Thus far,
tissue-specificity of E,c-myc activity was absolute; only B-lineage tumors

were observed. This is also true for the E ,N-myc mice with the possible
exception of one tumor that infiltrated both kidneys; the cell line established
from this tumor had no Ig gene rearrangments and passaged tumor cells appear to
home to the kidney. More analyses will be necessary to determine the nature of
this unusual tumor; it may be non-lymphoid or may represent a very early B cell
precursor that has not yet rearranged Ig genes. The latter type of B lymphoid
tumor was not observed in E c-myc mice. In this context, it is also notable
that although tumors representing the B cell stage (H plus L chain expression)
are a minority in the E c-myc mice, so far they are a majority in E,N-myc

mice. Finally, no tumors representing the plasma cell stage were observed in
the E c-myc mice; at least several of E N-myc appear to represent this

stage. However, as noted previously (Cory and Adams, 1988), the stage of
tumors generated could simply reflect strain specific-differences; in fact this
may account for any of the potential differences we have observed since the
E,N-myc mice were of different genetic background than used for generation of
E,c-myc mice. The latter possibility is particularly notable since E N-myc
mice produced in the same strain as the E_ c-myc mice appear to develop a
disease that in most respects outlined above appears indistinguishable from the
Euc—mxg disease (Suzanne Cory, personal communication). However, one

striking difference between tumors that arise in E c-myc as opposed to

E,N-myc mice that seems quite significant is that all EuN-myc tumors

expressed exceptionally high levels of the N-myc gene compared to expression
levels in normal or tumor counterparts derived from normal mice (see below);
E,-c-myc expression levels in tumors were found to be comparable to c-myc
expression levels in normal cells.

B-cell Differentiation in Eu-N—mzc Transgenic Mice

A major goal of the generation of E,N-myc transgenics is to determine how
disruption of normal N-myc expression affects the B cell pathway. The

E,c-myc transgenics have already been quite instructive in this context.

Mice carrying the E,c-myc gene displayed a prelymphomagenic state

characterized by the polyclonal expansion of pre-B cells, at expense of B cells
in the bone marrow and also in the spleen; both pre-B and B cells were also
larger than normal (reviewed by Cory and Adams, 1988). Some E,N-myc mice
display strikingly similar patterns while others do not even though they
develop inheritable B-lymphoid malignancies. Currently it is not clear whether
variations in these aberrations of normal B cell development in some E N-myc
mice is due to specific constructs, different endogenous genetic constitutions
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among various E N-myc mice, or other factors. However, it is clear that the
E,N-myc mice appear to generate mature B cells and an Immune system that
functions reasonably normally. Whether this implies that the decline in N-myc
expression at the pre-B/B cell stage is of no consequence with respect to
normal differentiation in this pathway obviously will require many additional
analyses. For example, we have not yet determined the expression levels of the
transgenic N-myc or of the normal c-myc gene in normal, transgenic B lineage
cells; it is possible that N-myc expression 1s extinguished in normal cells
that progress beyond the pre-B stage or that perturbations in c-myc expression
levels (see below) allow apparently normal differentiation to occur.

CROSS-REGULATION OF MYC-GENE EXPRESSION.

We have found that the relative level of c-myc expression is inversely
correlated with relative N-myc expression levels in neuroblastomas and Wilm's
tumors (Alt et al., 1986; Nisen et al., 1986). Results from other laboratories
demonstrated an inverse relationship between high level expression of one
myc-family member (c, N, or L) and expression of other family members in small
cell lung carcinomas (Nau et al., 1986). To further address this potential
inverse relationship, we assayed c-myc expression in rat embryo fibroblasts
(REFs) that were neoplastically transformed by introductions of an activated
Ha-ras gene plus an N-myc expression vector (Yancopoulos et al., 1985).
Although normal rat embryo fibroblasts express substantial levels of c-myc, the
REFs transformed with LTR-N-myc vectors plus an activated Ha-ras oncogene did
not express significant levels of c-myc (Alt et al., 1986). Together, these
findings led us to propose that high level N-myc expression in certain contexts
may be able to "cross-regulate" c-myc expression (Alt et al., 1986; Nisen et
al., 1986).

We have observed coordinate baseline expression levels (for N-myc, defined as
the expression level in a neuroblastoma with a single copy number of the N-myc
gene) of two or in some cases all three myc genes in normal and transformed
cells (eg. Zimmerman et al., 1986; Nisen et al., 1986). One possibility
consistent with the findings of cross-regulation in some cells and coordinate
expression 1s others is that high level expression of N-myc (i.e., greater than
20-fold the baseline levels seen in unamplified neuroblastomas or pre-B cells)
can lead to down-regulation (cross-regulation) of c-myc expression. Support
for this idea comes from findings that N-myc expression above a similar
threshold level is necessary to down-regulate class I gene expression in
neuroblastomas (Bernards et al., 1986). However, numerous 3T3 cell clones
which expressed greater than 20-fold baseline levels of N-myc from a construct
co-amplified with a dihydrofolate reductase vector all expressed endogenous
c-myc (Zimmerman and Alt, unpublished). Therefore, the exact nature of this
putative cross-regulatory phenomenon and the requirements to produce it remain
to be determined. The E N-myc cell lines offer an ideal system to further
examine these questions.

All transformed cell lines generated from the E N-myc transgenics expressed
very high levels of the N-myc transgene (Figure 4). Expression in E N-myc B
cell neoplasias (including pre-B tumors) are at least 50-fold greater than the
expression levels in the A-MuLV transformed pre-B lines and more similar to
those of neuroblastomas in which the N-myc gene is amplified 50-100 fold
(Figure 4; N-myc expression in the non-transgenic pre-B line 1s barely
detectable in this exposure but 1is still more than 20-fold greater than the
undetectable levels of more mature B lymphoid neoplasias from non-transgenic
mice). Thus, E ,N-myc expression levels were much higher than endogenous
expression levels found in normal pre-B cells or A-MulLV transformed pre-B cell
lines, not to mention B or plasma cell stage tumors or normal cells where N-myc



Figure 4. Cross-Regulation of c-myc Expression in Tumors That Express High
EuN—mxg Levels. 10ug of total RNA from B cell (B), pre-B cell (PB) potential
plasma cell (?) and T cell (T) tumors were assayed by Northen blotting
procedures for hybridization to N- and C-myc-specific probes.

expression is undetectable (Zimmerman et al., 1986; Figure 4). Strikingly,
none of the E N-myc cell lines representing any B cell differentiation stage
expressed endogenous c-myc at detectable levels; the corresponding types of
tumors from normal mice expressed significant levels of c-myc whether or not
they expressed endogenous N-myc (Fig. 4). Thus, as observed in naturally
occurring neuroblastomas and derived neoplastic fibroblast lines whose
transformation was associated with high-level N-myc expression, the E N-myc
transformed B lineage tumor cell lines totally lacked detectable c-myc
expression.

Previous studies have suggested that deregulated c-myc expression may
downregulate c-myc expression from normal c-myc alleles; in support of this
possibility B cell tumor lines generated from E c-myc transgenics did not
express the endogenous c-myc gene (reviewed by Cory and Adams, 1988). It
should be emphasized that neither the putative auto- or cross-regulatory
activities of myc genes has been shown to be a direct effect. Decreased normal
gene expression (myc or class I) associated with high level myc gene expression
may be secondary to other (perhaps differentiative) events associlated with
high-level expression of these genes. For example, a possible explanation for
our apparently discrepant results with the 3T3 cells and REFs 1is that
activities of N-myc and activated Ha-ras genes plus other potential alterations
in endogenous gene expression were selected by the neoplastic transformation
assay. The permanent cell lines may have already had different secondary
alterations which in combination with high level N-myc expression did not lead
to cross-regulation. Also notable is the observation that auto-regulation of
c-myc expression by the E,c-myc B cell tumors occurs at E,c-myc expression
levels similar to those of endogenous c-myc genes in normal cells (Cory and
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Adams, 1988). N-myc cross-regulation, so far, has only been observed in
transformed cells that express dramatically higher N-myc levels than their
normal counterparts. This difference may offer a clue as to why c-myc but
apparently not N-myc deregulation frequently is involved in naturally occurring
B cell neoplasias; both deregulated expression as well as increased expression
may be required for N-myc but not c-myc transformation in this lineage. 1In
this regard, it remains possible that when expressed at high levels, N-myc
shares more overlapping activities (including tranformatting activities) with
c-myc than when expressed at lower ("normal") levels (Alt et al., 1986).
Finally, it will be of great interest to determine N-myc versus c-myc
expression levels in normal B-lineage cells at different stages to begin to
assess how differential expression of these genes might be involved in
progression through that lineage.
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Plasmacytoma Induction by J Series of v-myc Recombinant
Retroviruses: Evidence for the Requirement of Two (rafand
myc) Oncogenes for Transformation

J. TRoPPMAIR!, M. HULEIHEL!, J. CLEVELAND!, J.F. MUSHINSKI, J. KURIE?,
H.C. MORSE, III%, J.S. Wax*, M. POTTER?, and U.R. Rapp!

Introduction

In genetically susceptible BALB/cAn mice intraperitoneal injection
of pristane induces plasmacytomas. More than 957 of these
plasmacytomas show chromosome (6:;15) or (12315) translocations,
which result in continuous expression of c-myc (Ohno et al.1984),
Direct evidence for a causative role of myc in tumor induction came
from experiments using the J series of recombinant retroviruses
(Rapp et al. 1985, Potter et al. 1987). The J2 and J3 viruses carry
an avian MH2/MC29 hybrid v-myc and a mouse v-raf oncogene. However,
in the J3 virus gag-raf gene is taken out of frame by a 256 bp
deletion spanning the gag/raf border. The removal of v-raf specific
sequences by this deletion leaves the minimal transforming sequence
of v-raf intact (Heidecker et al., in preparation). The J5 virus
carries a v-myc oncogene derived from MC29. Injection of pristane-
primed mice with the J2 virus induced myeloid tumors and lymphocytic
neoplasms, whereas only myeloid tumors were seen in animals
inoculated with the J5 virus. Importantly, plasmacytoma development
was accelerated upon infection with J3 virus. This occurred in the
absence of c-myc activation by chromosomal translocation providing
direct evidence for a role of the translocation-activated c-myc in
pristane-induced plasmacytomagenesis since abundant expression of v-
myc appears to have replaced a requirement for translocation-
activation of c-myc. The lack of plasmacytomas in J2 inoculated
animals was thought to be due to the preponderance of other faster
developing myeloid and Tymphoid tumors. In the absence of pristane
only lymphocytic neoplasms were induced by J2 (Table 1).

To determine the basis for the observed differences between the J-
viruses in their ability to accelerate plasmacytomagenesis further
experiments addressed the following questions: (i) Are qualitative
differences in the v-myc gene (entirely MC29 derived v-myc in J5
versus a MC29/MH2 hybrid v-myc in J3) responsible for the inability
of J5 to induce plasma cell transformation? or (ii) Is the presence
of the gag-myc fusion protein incompatible with B cell
transformation ? The possibility that gag-fusion affects target cell
specificity had to be considered since in the case of v-abl a gag-
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Table 1:Cell lineage specificity of tumors induced in weanling
BALB/cAn mice after intraperitoneal inoculation with
J2, J3 and J5 with or without preceding pristane priming
(0.5 ml1 pristane 7 to 25 days before virus)

VIRUS GENE PRISTANE NO.MICE INCIDENCE CELL LINEAGE¥
MY PC TL

J2 raf/myc - 15 2/15 0 0 2
+ 30 21/30 18 0 3
33 pAraf/myc - 45 0/45 0 o0 0
+ 114 35/114 9 25 1
J5 myc - 14 0/14 0 0 0
+ 15 14/15 14 0 0

* MY=myeloid tumors, PC=plasmacytomas, TL=thymic lymphocytic
neoplasms

Table 2: Effects of J viruses on growth pattern of NIH 3T3 cells

VIRUS FOCI OF MORPHOLOGICALLY FOCAL
TRANSFORMED CELLS (1) OVERGROWTH (2)

J2 + N.A. (3)

J3 - +

J3* + N.A.

Jdb - +

Y7 + N.A.

(1) distinct areas of densely growing cells resulting from a
block to post confluence inhibition of cell division in NIH 3T3
cells, Foci appear 10 to 12 days after virus infection.

(2) distinct areas of criss crossing refractile cells appearing
4 to 6 days after infection.

(3)N.A.: not applicable due to early foci of morphologically
transformed cells



112

abl fusion protein is essential for lymphoid cell but not for
fibroblast transformation (Prywes et al. 1983). We therefore
introduced mutations in J5 v-myc, which restricted expression of
a myc protein to the gag-free form. (iii) Will another dual
oncogene virus similar to J2 but carrying a less transforming
raf gene allow for plasmacytoma induction? Truncation-activated
A-raf is less transforming than v-raf in 3611 MSV. It was
therefore expressed in a retrovirus in conjunction with MC29 v-
myc in sense (Y7) or antisense (Y5) orientation. (iv) Does the
ability of J3 to accelerate plasmacytomagenesis result from a
potential selection of mutant virus with altered properties?
Therefore virus was recovered from J3 induced plasmascytomas and
examined for transforming activity.

RESULTS AND DISCUSSION

The series of myc-viruses examined is summarized in Fig.1. In
the J5D virus a portion of MH2 derived v-myc containing the
majority of mutations in MH2 versus MC29 v-myc was transferred
onto the J5 background. In the J5B virus the gag-myc fusion
protein (p107) is taken out of frame, but the MC29 derived v-myc
protein (p58) is still made from a subgenomic RNA, In Y7 MC29 v-
myc was combined with a truncation-activated A-raf.

The predicted expression of the mutant genes in all of these
virus constructs was confirmed by Northern hybridization and
immunoprecipitation (data not shown). Several of these viruses
have been examined for plasmacytoma acceleration in pristane-
primed BALB/cAn mice. The data (Fig.2) can be summarized as
follows: First, the virus J5B which lacks specifically gag-v-myc
behaves like J5 and only induces myeloid tumors, (ii) Second,
combining MC29 v-myc and a truncation-activated A-raf (as done
in Y7) leads to plasmacytoma acceleration comparable to J3,
(iii) Finally, altered virus was recovered from the ascites of 3
out of 3 successive J3 induced plasmacytomas. Infection of NIH
3T3 cells with this virus, which we termed J3%, rapidly (within
4 to 6 days) gives rise to foci of criss crossing refractile
cells as is typical for v-raf containing viruses. In contrast
viruses carrying only v-myc (like J3 and J5) induce focal
overgrowth foci, which develop after confluency with cell lines
normally exhibiting postconfluence inhibition of cell division
(Table 2).

These results show that (i) the target cell specificity of J5 is
not affected by the absence of the gag/myc fusion protein and
(ii) adding an activated A-raf oncogene to MC29 v-myc (Y7)
broadens the target cell spectrum and allows for plasmacytoma
induction, which is not seen with MC29 myc alone. Thus MC29 myc
can contribute to plasmacytoma induction. Moreover preliminary
data demonstrate that transfer of J3 type myc into the J5
background (virus J5D) does not confer plasmacytoma inducing
ability to J5, and (iii) dinitial characterization of J3% as a
focus forming virus strongly suggests selection of altered virus
in the course of plasmacytoma development accelerated by J3. The
basis for the altered biological properties of recovered J3
virus is currently being examined. Considering the fact that the
minimal transforming sequence of v-raf is left intact by the
deletion-induced frameshift mutation used to inactivate v-raf in
J3, it appears likely that v-raf expression was restored in J3%
by a second frameshift mutation.
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Fig.1:Genomic organization of the J series of recombinant
retroviruses. The origin of specific v-onc sequences in the
constructs is indicated by: MC29 v-myc, MHZ2 v-myc,
3611 MSV v-raf, S8} MHZ v-mil

In conclusion several lines of evidence now indicate a
requirement for both, raf and myc oncogenes, in J viruses for
plasmacytoma acceleration: (i) J viruses carrying only v-myc
genes and no functional or truncated v-raf gene do not
accelerate plasmacytomas; (ii) Combining v-myc with a truncation
activated A-raf gene in the Y7 virus accelerates plasmacytomas.
The v-myc negative, A-raf positive Y5 virus control was
inactive; and (iii) J3 virus recovered from plasmacytomas has
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Fig.2:Effects of J series of recombinant v-myc retroviruses on plasmacytoma
acceleration in pristane-primed BALB/cAn mice

biological properties consistent with recovery of active v-raf.
These results strongly support the view that plasmacytoma
induction seen with J3 results from the synergistic action of
myc and reactivated raf oncogenes.
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Synergy of an IgH Promoter-Enhancer-Driven c-myc/v-Ha-ras
Retrovirus and Pristane in the Induction of Murine
Plasmacytomas

R. CLYNES!, L.W. STANTON!*, J. WAX?, S. SMITH-GILL?, M. POTTER?, and K. B. MARCU!

INTRODUCTION

Intraperitoneal injection of BALBc/An mice with a single 0.5 ml dose
of the mineral oil pristane leads to the appearance of malignant Ig-
secreting (usually IgA) plasma cells in 25% of mice after minimal
latent periods of 120 days and mean latent periods between 210-220
days (Potter and Wax 1983). Over 95% of these plasmacytomas (PCTs)
contain rcpt(12;15) or rcpt(6;15) chromosomal translocations in which
the c-myc gene on chromosome 15 is juxtaposed with immunoglobulin
heavy or light chain loci on chromosomes 12 and 6 respectively
These structural alterations disrupt the normal regulation of the c-
myc gene which is thought to be causally related to the development
of malignancy (reviewed in Potter 1984). Indeed infection of
pristane primed mice with wild-type Moloney (Mo-MuLV) helper virus
and the replication defective J-3 retrovirus, which contains a
partially deleted raf oncogene and a hybrid MH2/MC29 avian v-myc
oncogene induced shortened latency plasmacytomas which lacked c-myc
translocations (Potter et. al. 1987). On the other hand experiments
which used murine retroviruses harboring an LTR driven murine c-myc
gene only induced myeloid malignancies in pristane.-primed mice (Wolff
et. al. 1986). A role for second oncogenes in plasmacytogenesis was
shown by the induction of short latency PCTs harboring c-myc
translocations in pristane primed mice infected with Abelson virus
and Mo-MuLV helper virus (Potter et. al. 1973; Ohno et. al. 1984).
Ccontributions of other activated oncogenes in plasmacytogenesis have
not been reported.

In the present study, we describe the properties of a highly
efficient PCT inducing retrovirus, RIM, that contains the coding
exons of a normal murine c-myc cDNA linked to the IgH enhancer and an
IgVy promoter in addition to an LTR driven v-Ha-ras gene. RIM virus
consistently induced a high incidence of IgM secreting PCTs with
short latent periods in pristane treated mice. Another retroviral
construct harboring only v-Ha-ras induced only a few PCTs while
another only containing the IgH promoter-enhancer driven myc cassette
did not induce PCTs.
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RESULTS

Production of Retroviruses

Retroviral vectors were constructed in which v-Ha-ras and c-myc were
placed under the transcriptional control of an Mo-MulLV LTR and IgH
transcriptional enhancer and promoter sequences respectively (Fig.
1). Following transfection of these retroviral constructs along with
pZAP, a wild-type Mo-MuLV proviral clone (Hoffman et. al. 1982), by
the calcium phosphate technique (Graham and van der Eb 1973) into
NIH3T3 cells, high titer retroviral stocks were obtained from neo
resistent NIH3T3 clones. Viruses were designated R (LTR driven v-Ha-
ras), IM (IgH promoter-enhancer driven c-myc) and RIM (combined
version of R and IM).

Fig. 1. Retroviral constructs. Details of the vector constructions
are given elsewhere (Clynes et. al. submitted). The R retrovector
contains the v-Ha-ras gene of the Ha-MuSV rat retrovirus (Gruss et.
al. 1984) on a 700 bp SacI-PstIl fragment inserted into the BamHI site
of a derivitive of ZIPNeoSVX(l) (Cepko et. al. 1984) by linker
ligation. The IM and RIM retrovector constructions contain the
coding exons of a normal murine c-myc cDNA (Stanton et. al. 1983) on
a 1.4 Kb Xhol fragment flanked by IgH gene transcriptional control
elements inserted into the EcoRl site of the modified ZIPNeoSVX(1l)
and R retrovectors respectively. The subgenomic 2.3 Kb myc
expression cassette has the MPC-11 Vg gene’s promoter on a 204 bp
EcoR1-Ncol fragment (Gilmore et. al. 1987) at its 5’ end and the IgH
enhancer on a ~700 bp XbaI-EcoRI fragment (Gillies et.al. 1983) on
its 3’ end

IgM Secreting Plasmacytoma Induction in Pristane-Primed Mice

In the absence of pristane priming RIM virus was injected into
fifteen 3 week old and ten 3 month old BALBc/An mice. Although no
PCTs were induced three percent of adults and twenty percent of 3
week old mice developed thymic lymphocytic neoplasms (Table 1). In
contrast in single dose pristane conditioned BALB/cAn mice infected
with RIM virus, PCTs were induced with a mean latency of 60-70 days
in 28 and 83 % of 2-4 month and 3 week old mice respectively.
Observations of sacrificed animals indicated that 'RIM/pristane
inoculated mice had evidence of plasma cell ascites as early as 40
days post pristane. This requirement for pristane was flexible in
that pristane could be administered either 15 days preceding or up to
60 days following viral infection but the optimal time was 1 to 3
days before viral infection. RIM virus also effectively induced PCTs
in CDF, mice (Table 1) which are resistent to PCT induction by
pristane alone (Potter 1984a).
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A few PCTs were induced in pristane primed BALBc/An mice infected
with R virus and no PCTs were induced with IM virus (Table 2).
Neither sequential nor simultaneous infection with the R and IM
viruses gave rise to PCTs although 22% of the latter mice developed
lymphocytic tumors due to their higher Mo-MulLV dosage.

In contrast to previously studied plasmacytomas which predominantly
secrete Iga, (Potter et. al. 1972) 79 out of 94 RIM induced PCTs
(84%) secreted IgM. One secreted IgG and two animals had both IgG
and IgM components while only 9 (<10%) secreted IgA.

Table l:Induction of Neoplasias by RIM Virus: frequency and latency
of PCTs depends on pristane, animal age and genetic background

Mouse Pristane Virus Mice Tumors (%) PCT Latency Period
Strain (m1) (day) No. Age Myeloid PCT L.N.2@ mean range in days
post-pristane

BALB/cAn - 0 0 2M 0 0 3 -
" - 0 15 3W 0 0 20 -
" 0.5 3-15 122 2-4M 1 28 1 76 (60-118)
" 0.2-0.3  0-1 76 3-40 0 83 0 60 (49-91)
" 0.5 (-10)3 23 3M 0 22 0 77 (72-111)
" 0.5 (-20)P 23 3M 0 22 0 62 (62)
CDF : 0 14 3W 0 0 7 -
0.5 4 38 oM 5 74 0 81 (63-118)
" 0.2 0 50 3W 3 63 0 80(55-119)
‘g = months; W = weeks; CDF; = (BALB/c x DBA/2)F;

lymphocytic neoplasm characterized by enlarged thymus glands, spleen,
mesenteric and peripheral lymph nodes.
virus was inoculated 10 or 20 days prior to pristane

in Pristane Treated BALB/cAN Mice

Viruses Pristane Virus Mice Tumors (%
(m1) (days post- No. Age Myeloid PCT LN
pristane)

IM 0 - 10 2M 0 0 0
IM 0.5 7-14 75 2M 1.3 1.3 1.3
IM 0.3 0 30 3W 0 0 26.6
R 0 - 10 2M 0 0 0
R 0.3 0 15 3W 0 0 20.0
R 0.5 10-41 75 2M 2.6 2.6 0
IM->R 0.5 7->10 40 2M 2.0 0 5.0
R->IM 0.5 7->10 40 2M 2.0 0 7.0
R+IM 0.5 7 40 2M 5.0 0 22.0
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Structure and Expression of Proviral Oncodenes
and Endodenous c-Myc Genes

Southern analysis of DNA extracted from frozen tumor samples was
performed to investigate the proviral structures present in RIM
induced PCTs (Fig. 2). As expected the 2.3 Kb EcoRI fragment
containing the viral c-myc expression cassette was present in all RIM
induced PCTS and the endogenous c-myc alleles remained unrearranged
as a 21 kb EcoRI fragment. All tumors in Fig. 2 contain a v-Ha-ras
700 bp BamHI fragment in addition to endogenous BALBc/An ras
hybridizing sequences. Southern hybridization of SstI digestions to
a neo probe revealed the expected size of the entire recombinant
provirus since SstI only cleaves the integrated provirus once in each
LTR. Nine RIM induced PCTs in Fig. 2 contain an intact 7.4 kb
provirus while two, 2177 and 2274 show altered sizes. However, our
other Southern data indicate that the rearrangements in the 1latter
two recombinant proviruses occur outside of the ras and myc genes.
PC 2143 was obtained with R virus and contains the expected 5.1 kb
provirus as well as a typical endogenous c-myc rearrangement caused
by a chromosomal translocation.

Fig. 2. Contexts of retroviral myc,
ras and neo genes in PCTs. Genomic
DNAs of RIM and R virus induced PCTs
were restricted by the indicated
enzymes and submitted to Southern
hybridization with random primer
labeled restriction fragments. The
c-myc probe was a 1.4 Kb XhoI
fragment derived from the pMc-myc54
cDNA clone (Stanton et al. 1983).

The v-Ha-ras probe was a 700 bp BamHI
fragment and the neo probe was a 1.3
Kb HindIII-Smal segment both isolated
from the R retrovector in Figure 1.
Liver DNA was of BALB/c origin. A
lane denoted by a filled in

circle is an R virus induced PCT.
Arrows indicate retroviral specific bands

Nuclease S1 mapping analysis was employed to investigate the
transcription of proviral ras and myc genes as well as the endogenous
c-myc genes in RIM induced PCTs. Using a 5’ end-labeled S1 probe
derived from the c-myc expression cassette there were at least 6
fragments sized between 210 and 410 nt protected from S1 digestion.
This indicates that there are multiple transcriptional initiation
sites within the Vy promoter (Fig. 3 top). The full length protected
band of 410 nt is a result of read through transcription of myc
presumed to initiate within the 5’ LTR. A second c-myc probe (320-4)
was employed to confirm that the viral c-myc gene but not the
endogenous c-myc genes are transcriptionally active in RIM induced
PCTs (Fig. 3 bottom). As a consequence of the construction of the
RIM vector only 46 nt of exon 1 sequences are present in viral c-myc
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transcripts whereas endogenous c-myc transcripts contain a greater
portion of exon 1 sequences including all those present in the 320-4
probe. Transcripts from the normal c-myc alleles would protect a
298 nucleotide segment from the 320-4 probe as seen for the RNA of
230-23-8 cells, a pre-B cell line with normal c-myc alleles.
However, RNA from six RIM induced tumors protected only a 183 base
fragment as expected for viral c-myc transcripts. Hence the
endogenous c-myc alleles are transcriptionally silent as well as
unrearranged, while the RIM proviral Vp promoter efficiently
transcribes viral c-myc in these plasmacytomas.

Fig. 3. Nuclease S1 analysis of proviral and endogenous c-myc RNA
transcription. Top: A 5’ end-labeled S1 mapping probe was derived
from the 2.3 Kb EcoRI myc expression cassette as indicated. Samples
include: AJ95 (mature B cell line with an amplified c-myc 1locus)
(Citri et. al. 1987), J558 (pristane induced PCT with a translocated
myc gene) (Stanton et. al. 1983), 2143 (R virus induced PCT with a
rearranged cellular myc gene, see Figure 1), all other samples are
RIM induced PCTs. Bold arrows denote Vg promoter driven myc RNAs and
light arrows are myc RNAs which initiated upstream of the expression
cassette (410 nt), within exon 1 (206 nt) or intron 1 (160 nt) of the
cellular myc gene. Hatched circle represents the ATGCAAAT octamer

motif (Shreidereit et.al. 1987). Bottom: S1 mapping with 320-4
probe (derived from an MPC-11 c-myc cDNA clone) (Julius et. al. in
press). Samples include: 230-23-8 (an MulV pre B cell line with

normal myc alleles (Yang et.al. 1985; Alt et. al. 1982), 2145 (RIM
induced PCT lacking the viral myc gene but possessing an endogenous
c-myc rearrangement), all other samples are RIM induced PCTs. Myc
transcripts originating from the RIM provirus would all migrate at
183 nt

In order to detect v-Ha-ras transcription in RIM induced PCTS a 5’
end-labeled rat v-Ha-ras probe was used in nuclease S1 analysis. As
seen in Figure 4 this probe detected comparable levels of v-Ha-ras
transcripts in all the tumor samples. Transcription of these v-Ha-
ras sequences is presumed to initiate in the proviral 5’ LTR. Levels
of ras expression were similar in RIM and R virus induced PCTs.
Protection of endogenous murine c-Ha-ras transcripts was not observed
by this rat v-Ha-ras probe.
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Fig. 4. Nuclease S1 analysis of proviral v-Ha-ras transcription.

A 5’ end labeled v-Ha-ras probe was obtained from the R retrovector.
2143 and 2186 are R virus induced PCTs and the other lanes are RIM
induced PCTs. Arrows indicate the full-length probe (675 nt) and
bands protected from S1 nuclease digestion by v-Ha-ras RNAs (503 nt).
The jagged line in the probe map represents plasmid sequences

Clonality of the RIM induced PCTs was demonstrated by two different
methods. First using a Jy specific probe in Southern analysis it was
seen that RIM induced PCTs had at moést two rearranged Ju alleles
(Fig. 5 right). The appearance of the germline 6.2 Kb EcoRI Jy
fragment in all the samples is due to contaminating normal cells in
these tissue samples. Another band observed in all the tumor samples
is a 2.3 Kb band corresponding to the viral myc expression cassette
and is revealed in all RIM induced PCT samples because of the
presence of IgH enhancer sequences in the probe. Besides these two
ubiquitous bands there are at most two others which correspond to
rearranged Jy loci. These findings indicate a clonal origin for
these B cell malignancies.

Fig. 5. Southern analysis indicates that RIM virus induced PCTs are
monoclonal malignancies. DNAs of RIM inggced PCTs were restricted by
the indicated enzymes and hybridized to P labeled DNA fragments: a
1.3 Kb HindIII-Smal segment of the pN(S) neo gene and a 1.6 Kb BamHI-
EcoRI fragment of the pjll plasmid (Marcu et. al. 1980) which
contains Ig Jy segments 3 and 4 and the 3’ flanking IgH enhancer.
Liver DNA is BALB/c. A filled circle denotes an R virus induced PCT
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A viral specific neo probe was used in Southern analysis of BamHI
digested DNA as a second demonstration of clonality (Fig. 5 left).
The 3’/ BamHI site of the proviral neo hybridizing fragment is donated
by flanking cellular DNA and is unique to each proviral insertion.
The presence of a unique neo hybridizing fragment in each of the
tumor samples in Figure 5 indicates that each tumor contains a single
proviral integration site. The submolar band present in PCT 2143 is
due to a partial digestion.

Moloney Integration is not Necessary for Malignant Transformation

To investigate the possibility that the wild-type Moloney helper
virus present in the viral inoculum contributed to tumorigenesis we
screened for Moloney proviral integration using an AKR derived
ecotropic specific viral envelope probe (Chattopadhyay et. al. 1980).
This probe cross-hybridizes with the single endogenous ecotropic
locus in Balbc/An present on a 4.3 kb Pvull fragment (Potter et. al.
1984b) as well as to a 3.0 kb fragment of Mo-MulV. The 3.0 kb band
was present in two thymocytic and two myeloid neoplasms obtained from
pristane-primed mice infected with retroviral stocks as well as in
M15T, a T cell tumor induced in an infected neonatal BALB/cAn mouse
(Primi et. al. in press). The transformed phenotype of these tumors
which lacked integrated recombinant viruses (data not shown) may in
part be a result of Moloney proviral insertional activation of
cellular proto-oncogenes. In contrast 8 of 9 RIM induced PCs in Fig.
6 lacked the 3.0 Kb band and hence we conclude that the Mo-MulVv
helper virus does not significantly contribute to the transformed
phenotype of RIM induced PCTs.

Fig. 6. Southern analysis for Mo-MulLV envelope sequences in RIM
induced PCTs and other non-PCT retrovirally induced myeloid and T
lymphoid malignancies. DNAs were restricted with PvuIIl and analyzed
by Southern hybridization with a 400 bp DNA probe derrived from the
ecotropic envelope gene of an Akv-1l provirus (Chattopadhyay et. al.
1980). MYT1, MYT2, THY1l, and THY2 are myeloid tumors and thymic
lymphomas obtained from RIM virus infected pristane primed BALB/cAn
mice. M15T is an immature T cell neoplasm obtained from IM virus
infected neonatal BALB/c mice (Primi et. al. in press). All other
lanes are RIM virus induced PCTs and the liver DNA is of BALB/c
origin. NH6-4 is an NIH3T3 line producing RIM and Mo-MuLV which is
not of BALB/c origin and therefore lacks an endogenous ecotropic
locus



122

DISCUSSION

The RIM virus has been shown to induce short latency, monoclonal, IgM
secreting PCTs in pristane primed BALBc/An mice with incidences of
28% in adult mice and 83% in 3 week old mice. CDF; mice, which are
genetically resistant to PCT induction by pristane alone were found
to be susceptible to PCT induction by pristane plus RIM virus,
indicating that RIM virus circumvented normal resistence mechanisms.

The variable incidence (20 to 90%) and the clonality of the tumors
both suggest that other genetic events in addition to RIM virus
infection may be necessary for the malignant transformation of the
target B cells. However the very high incidence of tumors in 3 week
old mice and our recent observations of plasma cell ascites as early
as 40 days post pristane make a requirement for additional genetic
mutations in the target cell less appealing. Indeed much of the time
needed for the development of these tumors may simply reflect the
time required to allow for both infection of a vulnerable target cell
and its subsequent clonal expansion. The latter process may require
the appearance of antigenic and/or other proliferative stimuli within
the oil granuloma.

Two events which are not required for the malignant transformation of
these tumors are c-myc translocations and Moloney virus integration.
We find, with only a few minor exceptions, that RIM induced tumors
contain transcriptionally silent, unrearranged endogenous c-myc
alleles. This observation extends the results of a previous study
involving a v-myc retrovirus (Potter et. al. 1987) by showing that
the presence of a retrovirally transduced normal c-myc gene can
substitute for the requirement for a c-myc translocation in
plasmacytomagenesis. In addition to lacking c-myc rearrangements,
the majority (18 of 24) of RIM induced PCTs in adult mice 1lacked
Moloney proviruses implying that the helper virus present in the RIM
viral inoculum does not contribute to the transformation of these B
cell malignancies by the insertional activation of cellular proto-
oncogenes.

The inability of IM virus to induce malignancies raises two issues.
In another study pristane primed mice infected by retroviruses which
contained an Mo-MulLV LTR-driven c-myc gene developed only myeloid

malignancies (Wolff et. al. 1986). However in the present study c-
myc expression is targeted to the B cell compartment by flanking Igh
transcriptional elenments. Indeed preliminary results of

immunopreciptations of c-myc from cellular extracts from RIM infected
cell lines have indicated that high levels of c-myc protein are
present in RIM infected B cell lines but not in RIM infected myeloid
lines. Secondly, while the IM virus was unable to induce short
latency PCTs, we have shown that the additional presence of the v-Ha-
ras oncogene in the RIM virus imparts a strong plasmocytogenic effect
suggesting a role for activation of ras family genes in
plasmacytogenesis.
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The Genetics of Susceptibility to RIM-Induced
Plasmacytomagenesis

B. Mock, J. Wax!, R. CLYNES?, K.B. MARCU?, and M. POTTER

INTRODUCTION

BALB/cAn mice are susceptible to the induction of plasmacytomas (PCTs) by
the intraperitoneal injection of pristane. An average of 60% of the mice
inoculated with pristane develop tumors with a mean latent period of 220 days
(Potter et al. 1984). DBA/2 mice are resistant to PCT formation (0% incidence
by Day 220). Resistance in DBA/2 is a dominant trait as (BALB/cAnPt x DBA/2N)

F)| mice are solidly resistant to the plasmacytomagenic process. The incidence of
PCTs in F2 (K2%; unpublished data) and backcross progeny (11%; Potter et al.

1984) between BALB/cAnPt (PCTS) and DBA/2N (PCTR) progenitors is suggestive

of a model for 3 recessive genes for resistance to PCT formation. Over 95% of the
tumors which develop in BALB/cAn mice carry either rept (6;15) or rept (12;15)
translocations involving an Ig locus and c-myc directly or indirectly. Attempts
have been made to bypass some of the earlier genetic events in the pathway to PCT
formation through the introduction of specific oncogenes via retroviral vectors.
Vectors carrying v-abl (Potter et al. 1973) or combinations of v-raf and v-myc
(Potter et al. 1987) have produced PCTs in at least 20% of the pristane-primed
BALB/cAn mice inoculated with these retroviral constructs by as early as day 80
post pristane. More recently, a new construct containing an IgH promoter—-c-myc-IgH
enhancer cassette and a MoMuLV-LTR driven Ha-ras oncogene has been examined for
its effect on the development of PCTs in BALB/c mice (Clynes et al., 1988; this
vol.) and in this report, the genetics of susceptibility to PCT formation in
resistant and susceptible mice.

MATERIALS AND METHODS

BALB/cAnPt, DBA/2N, (BALB/cAnPt x DBA/2N)F; and (CxD)F; X DBA/2N backcross
progeny were generated and maintained in a closed conventional colony at Hazleton
Labs under contract number NO1-CB-71085. Three week old mice were inoculated i.p.
with 0.2 ml of pristane one day prior to receiving a wild type Moloney (Mo~MuLV)
helper virus and a replication defective retrovirus (referred to as RIM) that
contains the coding exons of a normal murine c-myc cDNA linked to the IgH enhancer
and an IgVy promoter in addition to an LTR driven v-Ha-ras gene (Clynes et al.
1988; this volume). Mice were followed for the development of plasmacytomagenesis
by examination of ascites smears.
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RESULTS AND DISCUSSION

By day 120 of this PCT induction study with RIM, 1007 of the BALB/cAnPt and
0% of the DBA/2N mice had developed PCTs. Susceptibility is dominant with this
induction scheme; 78% of the (CxD)F; mice developed PCTs. Interestingly, 45% of
the backcross progeny were susceptible to PCT formation (Fig. 1), indicating that
a sing13 gene is likely to control the development of RIM-induced PCTs in BALB/cAn
mice (X 1 = 0.51, p = 0.5, i.e. no significant deviation from 50% susceptible:
50% resistant expected for a single gene model).

These tumor induction patterns are in contrast to those seen in mice given
only pristane in which three or more recessive genes in the DBA/2 produce what
appears to be a dominant resistant phenotype in Fl mice. The scheme of PCT-
induction via pristane plus the RIM retroviral construct provides a unique system
to examine the effect of a single dominant gene involved in the susceptibility of
BALB/cAn mice to PCT formation. The introduction of immunoglobulin and myc
sequences through the retroviral vector appears to have bypassed some of the
early genetic events which precede tumor development and may allow one to examine
the effect of a single gene further along the pathway. Our current efforts are
focused on a linkage analysis of restriction fragment length polymorphisms (RFLPs)
associated with PCTS backcross progeny.

100 - BALB/cAnPt (N=14)

80 1 (C x D)F1 (N=9)

60

Backcross Progeny (N=49)
(C x D)F1 x DBA/2N

CUMULATIVE % OF MICE WITH PCTS

/BA/ZN (N=8)
0 1] T . T T ] v 1

0 50 100 150
DAYS POST VIRUS

Fig. 1 The incidence of plasmacytomas in a set of backcross progeni generated
from a cross between (C x D)F1 females (PCT®) and DBA/2N males (PCT™)
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Significance of Chromosome 8 Breakpoint Location in Burkitt’s
Lymphoma: Correlation with Geographical Origin and
Association with Epstein-Barr Virus

F. BARRIGA, J. KIWANUKA, M. ALVAREZ-MON, B. SHIRAMIZU, B. HUBER, P. LEVINE,
and I. MAGRATH

INTRODUCTION

Burkitt's lymphoma (BL) is a B cell neoplasm, which occurs
throughout the world, predominantly in children and young adults
[Magrath 1983]. 1Its relatively high incidence in equatorial Africa has
led to the African form of the disease being designated as "endemic"
(eBL), while cases outside equatorial Africa are referred to as
"sporadic" (sBL) Burkitt's lymphoma. A number of differences between
eBL and sBL have been described [Magrath 1986] and are summarized in
table 1.

The Epstein-Barr virus (EBV), which was discovered in a BL cell
line derived from an African patient [Epstein 1964], is present in a
latent phase in about 95% of eBLs and some 106% to 15% of sBLs. These
observations make it highly unlikely that EBV can have a role in the
pathogenesis of all cases of Burkitt's lymphoma, and have served to
shed doubt on a causal role for EBV even in EBV positive cases. The
discovery of non-random, reciprocal chromosomal translocations in all
cases of BL [Zech 1976] has focused attention on a genetic event as the
critical pathogenetic step, and the potential role of EBV has remained
entirely speculative. The translocations invariably include chromosome
8 as one partner and one of the immunoglobulin chain loci on chromos-
omes 14 (heavy chain), 2 (kappa chain) or 22 (lambda) as the other.
The 8;14 translocation is the most frequent, occurring in some 88% or
more of tumors, regardless of geographic origin. At a molecular level,
the translocations result in the juxtaposition of the c-myc oncogene to
one of the immunoglobulin loci, an event that has suggested involvement
of cis-acting transcriptional enhancing elements present in the
immunoglobulin loci in the deregulation of c-myc associated with the
translocations.

Recently, a difference between sBL and eBL with regard to the
location of the breakpoints in chromosome 8 has been described [Pellici
1986]. In sBL the breakpoint lies within c-myc or in the immediate 5'
flanking sequences in the majority of tumors, while in eBL, the
breakpoint is usually far upstream of c-myc, although most, if not all
tumors with a far 5' breakpoint have mutations in the first exon of c-
myc. This observation implies that the pathogenetic events and the
mechanism of deregulation of c-myc differ in sBL from eBL, a finding
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Table 1. DIFFERENCES BETWEEN ENDEMIC AND SPORADIC BURKITT'S LYMPHOMA

eBL sBL
Average annual incidence 19 per 8.2 per
children < 15 yrs.) 100,000 100,000
Occurrence Climatically Not climatically

Association with EBV

Chromosome 8 breakpoints

Immunological features

Common sites of tumor

Response of recurrent
tumor (including CNS)

determined
95%

Upstream of
c-myc

CALLA -
T 1l +, B2 +

Jaw
Abdomen
Orbit
Paraspinal

Good

determined
15%

Within c-myc
CALLA +

T1 -, B2 -
Abdomen

Bone marrow
Nasopharynx

Lymph nodes

Poor

which is consistent with the clinical and biological differences

referred to.

Moreover, genetic differences between sBL and eBL leave

open the possibility that EBV has a causal role in the majority of

cases of eBL.

specific structural changes
To examine this

sibility.

issue further,

Indeed, a correlation between EBV association and
in c-myc would strongly support this pos-
we have determined the

breakpoint locations on chromosome 8 in 56 cases of BL and related them
to the presence of the EBV genome in the tumor cell DNA.

SAMPLES, ORIGIN AND DIAGNOSTIC CRITERIA.

Table 2. shows the type and origin of the 56 BLs analyzed.
Samples of eBL, obtained at the time of tumor biopsy or resection and
kept frozen, were obtained from the Burkitt's Lymphoma Project in
Ghana. Samples of sBL were obtained from patients treated at NCI (180)
and other institutions in the U.S. (10).
Most of the sBL cell lines were derived from patients seen at NCI; most
of them and all 6 eBL have been extensively studied. All cell lines had
a t(8;14) karyotype and so did all the fresh tumors in which cytogene-
# eBL). Histological diagnosis was made
immunophenotyping being done in a few

tic data was available (18 sBL,
at the referring institution,

patients. All the tumors

included

in the analysis had rearrangements

of the immunoglobulin heavy chain locus detected by Southern blot

utilizing Jy and C probes.
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Table 2.0RIGIN AND TYPE OF 56 BLs STUDIED

Endemic Sporadic Total
Fresh tumors 19 29 39
Cell lines 6 11 17
Total 25 31 56

SOUTHERN BLOT STRATEGY

Figure 1.

CHROMOSOME 8 BREAKPOINT ANALYSIS

Southern Blot Strategy.

Tumor cell DNA was digested with Hind III, EcoRI, PstI, Pvull and
smal and Southern blot analysis was done using probes for the first
exon(PvulI-PvuIll) [Dalla Favera 1983] and the third exon (ClaI-EcoRI)
[Dalla Favera 1984] of the c-myc gene. Chromosome 8 breakpoints were
inferred from the analysis of c-myc rearrangements and were arbitrarily
classified into the 5 regions shown figure 1:

1 - Breakpoints in 5' regions distant from the gene:
No rearranged fragments were detected by Southern blotting of
DNA digested EcoRl, Hind III Pst I or Sma I and hybridized
with appropriate probes. Some tumors with breakpoints
outside the 5' EcoRI restriction site showed a rearrangement
of c-myc using the first exon probe in Pvu II blots as
previously described {[Pellici 1986]. The rearranged band in
such tumor was usually approximately 1.8 Kb in size - the
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size expected by the loss of the PvuIl site at the 3' end of
the first exon.

Breakpoints in the 5' flanking sequences:

Rearrangements of c-myc were seen with EcoRI, and Hind III;
Sma I digests revealed no rearrangements and the first and
third exon probes detected a rearranged fragment of the same
size in both Hind III and EcoRI blots, demonstrating con-
tinuity between these exons. Breakpoints in region 3 were
distinguished from breakpoints in region 2 by the presence of
rearrangements in Pst I or Pst I and Pvu II digests.

Breakpoints within the first exon:
Rearrangements were detected in Hind III, EcoRI, Pst I, Sma I
and Pvull digests.

Breakpoints within the first intron:

Rearrangements of c-myc were detected with all enzymes except
PvuIl. In addition the rearranged fragments detected by lst
and 3rd exon probes in Hind III and EcoRI digests were of
different sizes, indicating discontinuity between these two
exons.

Poly-A RNA Probed with 1st Exon c-myc

Figure 2.
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Confirmation of First Intron Breakpoints by Northern Blot Analysis and
S1 Nuclease Protection Assays.

Northern blot analysis of RNA from some of the cell lines used in
this study confirmed a breakpoint location in the first intron since
1lst and 3rd exon probes hybridized with different sized transcripts.
The 3rd exon probe detected a 2.4 kb message, while the lst exon probe
failed to hybridize with this message, but instead detected a 968 bp
transcript (fig 2.)

An S1 nuclease protection assay utilizing an 868n single stranded
probe spanning the first exon (PvulI-PvulIl) and encompassing the two c-
myc promoters, Pl and P2 provided further confirmation of the location
of some of the breakpoints (fig 3). When the c-myc gene is not broken
3'of the promoters, transcripts are initiated from both Pl and P2, as
shown by protection of the expected lengths of the probe (518n and
349n). In normal cells transcripts are initiated predominantly from
P2, (4 or 5 to 1) whereas both promoters are equally active in Burkit-
t's lymphoma and hepatoma cells). In the Burkitt's lines examined,
Daudi has a breakpoint distant from c-myc and transcripts are initiated
from both promoters. Namalwa and ST486 have breakpoints in the first
intron by Southern blot analysis. In the first case no RNA fragments
are protected by the probe, indicating that transcription is not
initiated from Pl or P2, and first exon sequences are absent from the
transcript. In ST486, however, in which Southern blot analysis showed
a breakpoint in the intron and northern analysis showed transcription
of the first exon separately from the third (fig 3), the protection of

Figure 3.
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the probe lengths which indicate transcription from both Pl and P2 is
clearly accomplished by transcripts originating from the separate 1lst
exon remaining on chromosome 8.

In one tumor derived cell line (MCl16), with a breakpoint very
close to the 5' Pvull site, Sl protection experiments revealed only
transcripts initiated from P2. The significance of this is discussed
below.

BREAKPOINT LOCATIONS

Fig. 4 shows the distribution of chromosome 8 breakpoints in the
sample analyzed. The tumors have been divided into eBL and sBL and the
distribution of breakpoints among the 5 designated reqions is shown.
The presence of the EBV genome in the tumors analyzed was detected by
Southern blot analysis using a probe derived from the Bam HI "K"
fragment of EBV. All eBLs analyzed were EBV positive. Nine of 31 of
the sBL were positive. Table 3 shows the correlation between break-
points, geographic origin of the tumor and EBV association in the
tumors and cell lines studied. There was segregation of EBV associat-
ion with far 5' breakpoints. Other breakpoint regions included both
positive and negative tumors.

BREAKPOINT DISTRIBUTION ON CHROMOSOME 8
19
17
15

CASES

>H3  H3—Ps Ps—Sm Sm—Pv Pv—Ps
BREAKPOINT REGION
ENDEMIC TUMORS - SPORADIC TUMORS

Figure 4.
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Table 3. CORRELATION BETWEEN BREAKPOINTS, GEOGRAPHIC ORIGIN AND
EBV _ASSOCIATION

BREAKPOINT ENDEMIC SPORADIC EBV + EBV -
Within the HindIII

fragment 6 27 12 21
Qutside HindIII 19 4 22 1
DISCUSSION

Although it is widely believed that the chromosomal translocations
characteristic of Burkitt's lymphoma result in the deregqgulation of c-
myc, and that this constitutes a critical event in the malignant
transformation, the actual mechanisms by which the gene is deregulated
are not clearly understood. There is much new information, however,
regarding the regqgulation of the expression of c-myc, and increasingly
the evidence points towards multiple mechanisms of pathological
deregulation. Since regulatory regions are present both within the
gene and in its 5' flanking sequences, it is apparent that the position
of the breakpoints themselves may well be critical, by virtue of
separating regulatory regions from the gene or causing structural and
functional damage to the regulatory elements themselves. In this
regard, the analysis of chromosomal breakpoint locations in c-myc in
relation to the different regulatory regions may provide useful
preliminary indications as to the mechanism of derequlation which
applies in a particular tumor. In addition, the selective association
of EBV with a specific breakpoint location, or subset of breakpoint
locations, would strongly suggest a specific role for the virus in the
production or maintanance of the transformed phenotype, implying that
EBV may be an essential component of neoplastic growth in the presence
of some structural changes in c-myc, but not others.

The present analysis considerably extends previously available
data [Pellici 1986] both with regard to the number of tumors examined,
and by more precisely localizing breakpoints. We have also demonstrat-
ed an apparent correlation between EBV association and breakpoint
location. Our analysis raises a number of questions which are ex-
perimentally approachable. The first set of questions relates to the
mechanism of deregulation of c-myc. Table 4 lists possible mechanisms
of deregulation which may apply to each major breakpoint group, the
rational basis of which is discussed below. It must be born in mind
that in each case, additional factors are likely to be operative. One
of these probably results from the proximity of c-myc to immunoglobulin
(Ig) sequences - perhaps by virtue of one or more enhancing elements in
the Ig region, although it is entirely possible that the Ig sequence
has a more general role, e.g. maintenance of an appropriate chromatin
environment for c-myc expression. It is also possible that the
necessity for immunoglobulin gene rearrangements during normal B cell
differentiation facilitates or predisposes to chromosomal translocat-
ions involving the 14g region, and that immunoglobulin sequences have
no direct role in the altered c-myc expression. Finally, the abnormal
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expression of other oncogenes, perhaps brought about by additional
chromosomal abnormalities may be a requirement for neoplastic transfor-
mation.

Table 4. MECHANISMS LEADING TO CONSTITUTIVE EXPRESSION OF C-MYC IN
BURKITT'S LYMPHOMA

DISTANT BREAKPOINT WITH MUTATIONS IN 1ST EXON (mostly endemic)
Disabling of elongation block
EBV gene product(s) necessary e.g act via c-myc regulatory
elements ?

IMMEDIATE 5' BREAKPOINTS
Imbalance of normal regulatory elements

1ST EXON OR INTRON BREAKPOINTS

Bypass of elongation block - new transcription start site
in intron - and deletion of regulatory elements

Tumors with breakpoints far distant to the gene are found predomi-
nantly in patients with eBL. These tumors are almost invariably EBV
positive (Table 3). Only one sBL with a breakpoint distant to c-myc
that was EBV negative was found. Another 3 sBL with this type of
breakpoint were EBV positive. Although not statistically significant
at this point, because sBL with distant breakpoints are so few in
number, if more sBL with far 5' breakpoints and EBV positivity are
found, then the probability that EBV is a necessary component of
pathogenesis in this subset of BL would be highly likely. That this
subset is common in endemic regions, and rare elsewhere suggests that
the environment, and possibly differences in the age of acquisition of
EBV, are major predisposing factors.

Although the c-myc gene is intact in tumors with breakpoints
distant to the gene, sequence analysis of c-myc in some of these
tumors, and Southern blot analysis in others has shown the presence of
mutations and other genetic alterations, especially in the first
exon/first intron region. A particularly frequent mutation that can be
detected by Southern blot results in the deletion of the Pvull site in
the 3' end of the first exon and a rearrangement of the PvuII-Pvull
fragment encompassing the first exon. This mutation was found in 12/23
tumors with breakpoints distant to the gene in our series. The
significance of this mutation is not known, but one possible conse-
quence is abrogation of the physiologic block to elongation of the
message that has been described in this region of c-myc [Bentley 1986].

Recently, various cis elements that regulate the transcription of
c-myc promoters have been described 5' of the gene, and within the Hind
111 fragment [Hay 1987]. Breakpoints in this region result in removal
of some elements and could abrogate the function of others, resulting
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in deregulation of the gene. Analysis of one of our tumor cell lines
(MC116) confirmed this possibility. We found, by S1 protection
analysis, that c-myc transcription in MCl16 was only detectable from
the P2 promoter. This cell line had a breakpoint very close to, or
possibly within, a region known to contain both a negative regulatory
element for Pl and P2, and an element necessary for Pl function in the
absence of 5' enhancer regions. The pattern of transcription in this
tumor was identical to that seen in experiments performed by Hay,
Bishop and Levens [Hay 1987] with c-myc constructs which included a
similar amount of the 5' region of c-myc to that translocated with the
c-myc gene in MC116, and is entirely consistent with elimination of the
function of both of these elements. In similar fashion it may be
possible to predict the pattern of transcription from Pl and P2 in
tumors with breakpoints in the region immediately upstream of c-myc,
since the positions of the positive and negative regulatory elements
have been defined.

Finally, in tumors with breakpoints inside the first exon or
intron, both the 5' regulatory elements and the normal c-myc promoters
are separated from the gene and transcription starts from a cryptic
promotor in the first intron [Cory 1986]. Constitutive expression of
the gene in this setting may result from the lack of the 5' regulatory
regions, perhaps coupled to enhancer function provided by the Ig region
juxtaposed to c-myc by virtue of the translocation. Two additional
points of interest arise from this subset of tumors. Firstly it was
exclusively found in sBL in this series. Thus it is presumably at
least rare in endemic regions. Secondly, it was associated with EBV in
approximately half of the cases. It is entirely possible that regulat-
ory elements for c-myc, capable of acting on the cryptic promotor, are
present in the intron. The precise position of the breakpoint in
relation to such elements may determine the necessity of additional
transcriptional enhancing factors provided by EBV.

In summary, our data indicate that the breakpoint location on
chromosome 8 in BL may itself be an integral factor in the deregulation
of c-myc. Moreover, the likelihood that EBV is associated with some
breakpoint locations and not others suggests that in such cases viral
genes may provide necessary factors for transformation or maintenance
of the transformed state.
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B Cell Proliferation in Follicles, Germinal Centre Formation and
the Site of Neoplastic Transformation in Burkitt’s Lymphoma

I.C.M. MACLENNAN, Y.L. L1u, and N.R. LING
INTRODUCTION

Both the nature of germinal centres and the origin of Burkitt lymphoma
have given rise to an exceptional level of divergent speculation. The
histological similarities between this tumor and germinal centres was
recognised as long ago as 1961 by O'Conor. Mann et al (1976) noted
that several American patients with Burkitt lymphoma had tumors which
appeared to arise in germinal centres in lymph nodes or Peyer's
patches. 1In a careful review of the histopathological evidence for
this relationship Lennert (1978) concluded that on morphological
grounds the Burkitt lymphoma cell most closely resembled an
intermediate between a true centroblast and a B blast cell. This
paper reports the findings of a study of synchronised germinal centre
formation in rats. It shows that germinal centre formation is most
apparent in primary B cell responses; secondary responses being
associated with massive extrafollicular B cell responses. Finally the
phenotype of germinal centre cells is compared with that of cells
derived from Burkitt lymphoma. It is concluded that there is an
extraordinary concordance between the cells found in normal germinal
centres and the neoplastic cells of Burkitt lymphoma.

METHODS

Cell Lines

The following cell lines derived from patients with Burkitt lymphoma
were studied BL2 (Derived by Dr G Lenoir, International Agency for
Research on Cancer, Lyon); Daudi (Klein et al 1968); EB2 (Epstein et
al 1965); EB4 (Epstein et al 1966); Kieti, Obagi and WW2BL (kindly
provided by Professor A B Rickinson, the Department of Cancer Studies,
Birmingham; Namalwa (Klein et al 1972); Raji and Jijoye (Pulvertaft
1965); Y4 (Lowe et al 1985).

Monoclonal Antibodies

The following monoclonal antibodies used in this study were included
in the Third International Workshop on Leukocyte Typing (Ling et al
1987) BU-16 (CD9), J5 (CD1l0), BU-12 (CD19), L27 (CD20), BL-13 (CD21),
MHM6 (CD23), BA-1 (CD24), WR-17 (CD37), KiB3, NU-Bl and KB61. OKTI10
(CD38) was derived from the US type culture collection. AC2 (CD39)
was kindly provided by Dr M Rowe (Rowe et al 1982).
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HIS 14 an antibody which identifies an antigen found on all B cells
and HIS 22 which binds to an antigen found on follicular mantle B
cells but not marginal zone or germinal centre B cells (Kroese et al
1985) were a kind gift from Dr Kroese and Professor Nieuwenhuis.

Quantitative Analysis of Antigen Expression on Cell Lines

This was carried out using an indirect immunofluorescence technique
with a FACS IV (Becton Dickinson). The results were expressed as the
'mean gating value' after correction for background, which gives an
approximate measure of antibody bound and hence amount of surface
antigen per cell (Ling et al 1987).

Animals

Wistar rats were used which were bred under clean conditions in the
animal house of the Department of Immunology, University of
Birmingham. These animals were used because of the very low
background level of germinal centres in their spleens.

Antigens and Immunization Procedures, Immunohistological Techniques
and Quantitative Microscopy Methods

These are described in detail in Liu et al (1988) for the rat studies
and by Hoffman-Fezer et al (1976) for human lymph nodes, spleens and
tonsils.

'RESULTS

Synchronised Germinal Centre Reaction

Experimental design: Conditions were found in which synchronised
germinal centre formation could be studied in Wistar rats. 1In order

to do this T cell help was provided by priming rats by intraperitoneal
injection of alum-precipitated spider crab hemocyanin (MSH) mixed with
5 x 109 chemically killed Bordetella pertussis organisms. One month
later the primary B cell response to two haptens 2.,4-dinitrophenyl
(DNP) and phenyloxazalone (OX) was studied following simultaneous i.v.
injection with 50ug DNP-MSH and 50pg Ox-MSH. The reason for using a
two-hapten system was to allow simultaneous identification of
Ox-binding cells and DNP-binding cells in tissue sections by
immuno-enzymatic methods using Ox-horse radish peroxidase and
DNP-alkaline phosphatase (Liu et al 1988). This allowed
endogenously-produced hapten-specific surface immunoglobulin to be
distinguished with confidence from passively bound antibody (Fig. 3b).
The cell cycle status of cells during the response was determined
either by injecting 5 mg Bromodeoxyuridine (BrdUrd) 2 hours before
spleens were taken for analysis or by administration of BrdUrd at 0.8
mg/ml in rats' drinking water for 48 hrs prior to sacrifice. Cells
which had taken up the label were identified by immunohistology (Liu
et al 1988).
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= - i : This
will be described in relation to the time from immunization. The
results are summarised in Figs. la, 2, and are illustrated by
immunohistology in Figs. 3a,b,c,d and e.
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Fig. 1. The relative number of DNP-binding cells in each splenic
compartment during primary &—e and secondary O—O responses to
DNP-MSH. The relative number of cells in a compartment was determined
by dividing the number of hapten-binding cells in a given compartment
by the total area of spleen examined using the Weibel point counting
technique (1963). Vertical bars represent the range of observations
for different rats. The lines are drawn through medians

Almost all the follicles in the spleen were primary follicles. i.e.
they appeared as a uniform area in sections almost entirely filled
with small B cells with the following phenotype: Surface (S) IgM+ve
SIgb+ve, HIS 22+ve, HIS l4+ve. Very few cells were labeled with a 2

hr BrdUrd pulse (Fig. 3a).
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0-24 hr: Hapten-binding B cells were seen to have accumulated in
small numbers in follicles. Most of these cells were not in cell
cycle and were still HIS 22+ve.

24-60 hr: Over this period the number of hapten-binding cells in
follicles increased dramatically. A high proportion of these cells
were in cell cycle as judged by BrdUrd uptake. These cells were seen
to have lost the antigen recognised by the monoclonal antibody HIS 22.

72 hr: At this time the B blasts formed a confluent mass in the
centre of the follicle. These were sIg +ve in that many bound one or
other of the haptens (Fig. 3b) and in common with all B cells were HIS
14+ve but HIS 22-ve. Small HIS 22+ve HIS l1l4+ve SIgD +ve population of
recirculating B cells were now displaced to form a follicular mantle.
At 3 days a significant level of apoptosis was seen to be taking
place in the B blast population. From this stage a significant number

of hapten-binding B cells became apparent in the marginal zone (Fig.
24d)
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Fig. 2. The volume of HIS 22-ve areas within follicles expressed as a
per cent of total spleen volume during primary e—e and
secondary O0——0 responses to DNP-MSH

96 hr: This is the height of the follicular reaction (Figs. 1, 2).
The classical appearance of a germinal centre was now apparent (Fig.
3c) SIg-ve HIS 22-ve HIS 1l4+ve centroblasts had appeared in the part
of the follicle adjacent to the T zone. Most of these centroblasts
were labeled by a 2 hour pulse of BrdUrd. Surrounding the
centroblasts were centrocytes which were SIg+ve, as assessed by
hapten-binding, HIS 14+ve and HIS 22-ve. Very few of these cells were
labeled by the 2 hr BrdUrd pulse. However, after 48 hr BrdUrd
administration in drinking water all of these cells were labeled (Fig.
3c). There was a high rate of apoptosis in the centrocyte-rich area;
tingible body macrophages being laden with BrdUrd +ve nuclear debris.
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If rats given BrdUrd between 48 and 96 hr were kept for a further 2
days without BrdUrd, the germinal centres were largely unlabeled;
suggesting rapid dilution of label by cells in active cell cycle. By
contrast, if rats were kept for 3 weeks after labelling between 48 and
96 hr some of the hapten-binding cells in the marginal zone remained
labeled (Fig. 3f). This finding implies that they had been in cycle
during the BrdUrd administration but over the next 21 days were not in
cell cycle (Liu et al 1988).

After 96 hr: By 7 days, the volume of germinal centres had fallen to
one third of that at 4 days (Fig. 2). This process of germinal centre
involution continued progressively so that very little germinal centre
reaction was apparent at 3 weeks from immunization. However, in a
proportion of follicles small foci of hapten-binding B blasts, which
were labeled by 2 hr BrdUrd pulse, could be identified for several
weeks (Fig. 3e). These seem likely to be the source of B cell
activation which maintains T cell-dependent responses.

Plasma cells: Between 3 days and 4 days substantial numbers of plasma
cells which bound a large amount of one or other of the haptens were
found in red pulp of the spleen (Figs 1d & 3e). By 7 days these were
no longer apparent. Antibody production by this stage had largely
switched to the bone marrow (Chapple et al 1988).

—bindi or in ¢ le: During the response
to the two hapten-protein conjugates substantial numbers of
hapten-binding cells appear in the marginal zone of the spleen (Figs.
1d & 3e). Kinetic studies show that these are derived from cells in
active cell cycle. However, once in the marginal zone they are not in
cell cycle. These memory B cells appear in the marginal zones from as
early as 60 hours and persist in this site for many weeks.

The Main Proliferative Response to Reexposure to DNP-MSH is Outside
Follicles

Experimental design: Groups of animals which had been primed with MSH
and boosted with both DNP-MSH and OX-MSH, as described in section 1
were re-immunised 6 weeks after the second immunization with 50ug
DNP-MSH i.v. The response was followed as described in section 1.1
(Figs. 1, 2). The immunohistological appearance at the height of the
reaction is illustrated in Fig. 3d4.

: The follicular response was considerably less
marked than that observed after the rats were first exposed to the
hapten-protein conjugates. The peak of the follicular response was
again at 4 days but the volume of splenic germinal centres was only
one third of that seen at the same stage in the primary anti-hapten
response. As in the primary response persistent small foci of
proliferating hapten-specific B blasts were seen in a proportion of
follicles for several weeks from immunization (Fig. 3e)
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Fig. 3. Photomicrographs of rat spleen sections. M = marginal zone
F = follicle G = germinal centre R = red pulp. P = T cell-rich
periarteriolar region. Cells with nuclei stained red have taken up
BrdUrd in vivo. Cells stained gold have bound the pan B antibody HIS
14, Cells stained blue have bound DNP-alkaline phosphatase. 1In Fig.
3b cells with a red stained membrane have bound Ox-peroxidase

Fig. 3a. Section of spleen from a rat one month after priming with
MSH. This rat was subjected to 48 hrs labeling with BrdUrd before
sacrifice, indicating the small proportion of cells (stained red)
which had been through cell cycle in this period (microscope
magnification x 60)

Fig. 3b. DNP-binding (blue) and Ox-binding (red) blasts in a
follicle 72 hrs after immunizing MSH-primed rats with DNP-MSH and
Ox-MSH (microscope magnification x 400)

Fig. 3c. A germinal centre (microscope magnification x 60) in a
follicle 96 hrs after immunizing MSH-primed rats with DNP-MSH and
Ox-MSH. The germinal centre is stained uniform red indicating its
cells had taken up BrdUrd over the previous 48 hrs. White areas in
the germinal centre are tingible body macrophages. The small B cells
have been displaced to the outside of the follicle to form a
follicular mantle

Fig. 3d. Extrafollicular and red pulp blast reaction 48 hrs
following reimmunization of a rat with DNP-MSH. The rat was primed
with MSH, one month later boosted with DNP-MSH and Ox-MSH and
reimmunized with DNP-MSH 6 weeks after this. DNP-binding cells are
stained blue. Cells which had taken up BrdUrd in a 2 hr pulse are
stained red (microscope magnification x 60)

Fig. 3e. The spleen of a rat 6 weeks after immunizing an MSH-primed
rat with DNP-MSH and Ox-MSH (microscope magnification x 80). Small
numbers of B blasts labeled by a 2hr BrdUrd pulse are seen in the
follicle. Some of these are DNP-binding. Note DNP-binding memory B
cells in the marginal zone (arrowed). These have not taken up
Brdurd

Fig. 3f. DNP-binding (blue). Marginal zone memory B cells from an
MSH-primed rat three weeks after it had been boosted with DNP-MSH and
Ox-MSH. This rat had been given BrduUrd between 48 and 96 hrs
following boosting. A significant proportion of the marginal zone
hapten-binding cells are BrdUrd labeled (red). This indicates they
had been in cell cycle during the pulse label but had not been in
cell cycle in the 17 days since then. B cells are stained gold with
HIS 14. Microscope magnification x 400

¢ This was by far the most impressive
component of the response.

0-24 hrs: The immediate effect of administration of DNP-MSH was the
selective loss of DNP-binding cells from the marginal zone (Fig. 1d).
The Ox-binding cells, however, remained at that site (Liu et al
1988). At the same time DNP-binding cells were seen to accumulate in
the outer aspect of the T cell- and interdigitating cell-rich
periarteriolar lymphocytic sheath (PALS), but at this stage few of
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these cells took up BrdUrd in a 2 hr pulse.

24 hrs - 48 hrs: In this period there was massive proliferation of
blasts in the outer PALS. Also blasts appeared in marginal zone
bridging channels and the red pulp of the spleen (Fig. 3d). The
number of blasts in these three sites at 48 hrs was of the same order
as that found in follicles at the peak of the primary response. The
median proportion of hapten-binding cells which were labeled by the 2
hr BrdUrd pulse in these sites was 48% in the red pulp and 64% in the
PALS.

After 48 hrs: The extrafollicular response while being dramatic is
short-lived. The red pulp and PALS become virtually devoid of
hapten-binding blasts by 4 days, although substantial numbers of
non-cycling plasma cells remained in the red pulp at this time. Even
these were mostly gone by 7 days when the only residual activity was
in follicles (Fig. 1lb & c).

: The selective depletion of DNP-binding cells from
the marginal zones had completely reversed by 96 hrs. At this stage
there were increased numbers of DNP-binding memory cells in that
site. As in the case of the primary response, substantial numbers of
marginal zone memory cells could be identified for several weeks.

The Phenotype of Cell Derived from Burkitt Lymphoma Closely Resembles
that Found in Human Germinal Centres

In this part of the study the phenotype of: (a) Eleven Burkitt
lymphoma cell lines and (b) germinal centre cells in frozen sections
from five human tonsils and six reactive lymph nodes 3 human spleens.
The results of this analysis are shown in Fig. 4. They show a good
correlation between the median level of expression of 12 distinct
antigens, idéntified by monoclonal antibodies, on the Burkitt
lymphoma lines and the expression of these antigens on centroblasts
and centrocytes in normal secondary lymphoid tissue. Some cell lines
showed antigen expression which deviates markedly from the median.
Gregory et al (1987) have compared the expression of CD39, BLA, CD10
and CD23 on freshly isolated Burkitt lymphoma cells with that of cell
lines established from these cells. They found that the freshly
explanted tissue uniformly had a level of antigen expression which
was close to the medians we describe for Burkitt lymphoma lines in
this study. The established cell lines tended to show some deviation
from this phenotype. Complete phenotypic analysis was carried out on
several different cell types (data not shown): Follicular mantle B
cells (Ling et al 1987), splenic marginal zone cells (Ling et al
1987), bone marrow B cells (Chapple et al 1988), CD19+ve SIg-ve bone
marrow B cell progenitors (Chapple et al 1988), EBV-lymphoblastoid
cell lines and pre-B cell lines (Ling et al 1987). None of these
cells have a phenotype which resembles that of Burkitt lymphoma lines
or germinal centre cells.



146

atibody o Sorminal surface antisen exeression
CB cC 50 100 150 200
cD38 +H 1 LY ﬁ
CD20 +++ +++ ® o0 ofee o
BLA +++ + o0 ¢ L4
cD37 ++ ++ $ ¢ odeq o .
cD19 + + o Lheoo o *
KB61 + + pesage, o b
CcD9 S E 2 YA B LY X
NU-BL - - weter,
cp10 t & o, oo
Ki-B3 ¢ x = "SI
CcD24 - + . ° ¢
CD21 - ? . i
CD23 - - . o L 4
CD39 - - o o .

COMPARISON OF ANTIGEN EXPRESSION BY GERMINAL
CENTRE B CELLS AND BURKITT LYMPHOMA LINES

Fig. 4. The relationship between the phenotype of cell lines derived
from Burkitt lymphoma and the phenotype of normal germinal centre
cells CB = centroblasts, CC = centrocytes. The + and - scale
represents intensity of staining by the monoclonal antibodies
indicated using indirect immunoperoxidase. The results for the
Burkitt lymphoma lines are shown on the right, each point in each row
represents the result with a single cell line, vertical lines are
drawn through the median points

DISCUSSION

The studies in rats described in this paper indicate that germinal
centre formation is more characteristic of primary B cell responses
than secondary responses. On the other hand the cells giving rise to
centroblasts have probably been in active cell cycle for 2 to 3 days
before losing their surface immunoglobulin. The follicular B blasts,
which proliferate in follicles in the first 3 days of the primary
anti-hapten response described, already have some characteristics of
centroblasts i.e. Rapid proliferation, loss of CD22 expression and
loss of SIgD. However, unlike centroblasts, but like Burkitt
lymphoma cells, they still express surface immunoglobulin as assessed
by hapten-binding. Once these B blasts become confluent in the
centre of follicles they show a significant rate of apoptosis. 1In
this respect they resemble Burkitt lymphoma cells. It is unclear if
the phenotype of human follicular B blasts resembles Burkitt lymphoma
cells. Although there are considerable difficulties in studying
these cells from or in human tissues there is clearly a need for
their phenotype to be determined.
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The results of the present study do not conflict with the hypothesis
that germinal centres are the site of somatic hypermutation in
rearranged Ig V-region genes (MacLennan and Gray 1986). The careful
study by Siekevitz et al (1987) has recently shown that extensive
proliferation can occur in memory B cells in mice without further
somatic mutation in their Ig V-region-genes. 1If the sites of B cell
proliferation in secondary responses in their study were equivalent
to those described here, then it is likely that the proliferation was
occurring outside germinal centres. A recent report from
Dalla-Favera's group (Cesarman et al 1987) has indicated that point
mutations characteristically occur in ¢-myc genes translocated to Ig
J segment genes in Burkitt lymphoma. This somatic mutation is seen
to occur within the 70 base pairs at the 3' border of the first exon
of ¢-myc. The possibility that this base pair substitution is
switched on in centroblasts as part of a process normally affecting
Ig V-region genes is intrigquing. This substitution was found in
endemic, sporadic and AIDS-associated Burkitt lymphoma (Neri et al
1988). The possible role of somatic mutation in translocated c¢c-myc
in the neoplastic process remains to be determined.
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Altered Growth Phenotype of a Burkitt’s Lymphoma Line
Following the Introduction and Stable Expression of the EBNA
2A Gene
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SUMMARY

Using recombinant retrovirus-mediated transfer, the coding region
for the Epstein-Barr virus-encoded EBNA 2A gene was selectively
introduced and stably expressed in the Louckes Burkitt lymphoma
cell line. Transfected cells displayed the following altered
growth characteristics when compared with the parental line: (i)
maintenance of proliferation at reduced serum concentrations, (ii)
improved seeding efficiency, (iii) production of a unique
growth-enhancing factor, (iv) increased sensitivity to the unique
factor. These growth-related changes were accompanied by the
appearance of large amounts of soluble CD23 fragments in medium
conditioned by Louckes cells expressing EBNA 2A. Tumor-promoting
phorbol esters were found to induce similar phenotypic change in
the Louckes parental line as seen on the introduction of the EBNA
2A gene. Possible mechanisms by which EBNA 2A provides a growth
advantage to B lymphoma cells are discussed.

INTRODUCTION

The almost invariable association between the Epstein-Barr virus
(EBV) and Burkitt lymphoma (BL) within endemic areas has led to the
nomination of the former as a causative agent for the latter
(Epstein and Achong, 1983). Possibly reflecting a potential role
in oncogenic promotion, EBV can transform resting B lymphocytes
into permanently growing, but non-tumorigenic lymphoblastoid cell
lines (Gordon et al, 1984). A contribution from the EBV nuclear
antigen EBNA 2 to the immortalisation process has been indicated
from the observation that mutant virus containing a deletion in the
coding region for this protein is non-transforming (Gordon et al,
1986) while B-lymphoblastoid cells carrying the EBNA 2A gene
display improved growth characteristics over those expressing the
EBNA 2B allele(Rickinson, Young and Rowe, 1987). Furthermore, the
specific introduction and expression of the EBNA 2A gene sequence
into rodent fibroblasts has been shown to reduce the serum
requirements of these cells (Dambaugh et al, 1986). Recently, it
was found that, following transfection by the EBNA 2A gene on a
retrovirus promoter, the EBV-genome negative Louckes BL cells -
dramatically and, apparently, specifically up-requlated their
expression of the 45 kDa membrane-bound CD23 molecule (Wang et al,
1987). When released by proteolytic cleavage to its 25-35 kDa
soluble form, this glycoprotein has identity with a B-cell-derived
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B-cell growth factor (Swendeman and Thorley-Lawson, 1987). 1In this
study, we have explored the possibility that the introduction of
the EBNA 2A gene into Louckes cells might modify their growth
characteristics and have explored a contribution from the CD23
molecule in this regard.

MATERIALS AND METHODS

Retrovirus Infection and Selection of Transfected Cells

The construction of recombinant murine leukemia virus-derived
expression vectors containing EBV DNA and their introduction into
EBV-genome negative Louckes cells using Polybrene have been
described in detail elsewhere (Wang et al, 1987). The presence of
the neomycin phosphotransferase gene in this vector system allowed
selection of successfully transfected cells by virtue of their
resistance to the neomycin analog G418. Transfected cells were
maintained in medium containing G418 up until one week prior to the
experiments described when they were then washed and transferred
into regular culture medium (RPMI 1640) supplemented with 10% fetal
calf serum (FCS). Louckes cells transfected with retrovirus
constructs containing the EBNA 2A gene (but not other gene
sequences) were found to maintain stable expression over periods of
2-3 months following their removal from the selection medium
(unpublished observations).

Growth Characteristics

Transfected and parental Louckes cells were grown to logarithmic
phase in RPMI 1640 containing 10% FCS, washed extensively, reseeded
at a concentration of 3 x 10° cells per ml and then, after 24hr,
washed again before replating in 96 micro-well plates at cell
numbers and FCS concentrations indicated in the text. Cells grown
for 72hr received a [3H]1dThd pulse (luCi) for the final 16hr and
the amount of radioactivity incorporated into DNA was determined in
triplicate. All experiments described were performed a minimum of
four times with the same qualitative outcome and representative
results are shown.

Measurements of the CD23 Molecule

Soluble CD23 fragments were assayed in culture supernatants using a
recently described ELISA-based system (Cairns et al, 1988). CD23
expression at cell surfaces was determined by indirect
immunofluorescence using MHM6 as the first layer and a
fluoresceinated sheep anti-mouse immunoglobulin antibody at the
second step. Intensity of stain was measured on a FACS IV flow
cytometer (Becton-Dickinson, CA). Other surface antigens were
similarly assessed using the following monoclonal antibodies at the
first step: Jo5 (University of Birmingham), specificity for
polymorphic determinants of MHC Class II DR molecules; AC2 (M.
Rowe, Birmingham), reactivity within the CD39 cluster; OKT9
(Ortho-Diagnostics), specificity for the transferrin receptor.
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RESULTS

EBNA 2A Expression Results in Reduced Serum Reguirement and
Improved Plating Efficiency

Louckes cells expressing the EBNA 2A gene were compared with
non-transfected counterparts for their ability to establish growth
over a range of cell densities in varying 'FCS concentrations. It
is clear from Fig. 1 that cells containing the EBNA 2A gene
demonstrated a significantly reduced serum requirement by
comparison with the parental cell line. Furthermore, high
proliferative indices were achieved from lower initial seeding
numbers as a consequence of introducing the EBNA 2A gene (Fig. 1).

Fig. 1 Growth Phenotype of
Louckes cells. Cells were
plated at numbers indicated
(top) and cultured in serum
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These alterations in growth phenotype were most pronounced under
conditions which encouraged cell intimacy such as seen when cells
were seeded into round-bottomed wells or when cultures were
initiated at relatively high seeding densities. 1In other
experiments (not detailed), it was shown that the altered growth
phenotype was specific to Louckes cells expressing EBNA 2A inasmuch
as cells transfected with retrovirus constructs containing either
EBNA 1, EBNA 3 or the vector alone displayed growth characteristics
indistinguishable from the parental line.
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EBNA 2A Expression Results in Production and Response to Unigque
Growth-Enhancing Factor

In order to explore a possible contribution from a soluble factor
to the improved growth characteristics observed on introducing the
EBNA 2A gene, parental and transfected cells were used to condition
medium for 24hr prior to its harvesting and assay for
growth-enhancing activity. First, it can be seen from Fig. 2 that
both the parental and EBNA 2A-containing cell lines produced an
autostimulatory component that was equally effective at supporting
the growth of both cell-types seeded at limiting numbers in low
serum.
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Fig. 2 Influence of conditioned medium on cell growth. Cells were
plated at 2000 per well in 0.5% FCS and cultured as for
Fig. 1 Left hand panel, Louckes Parent cells; right hand
panel, Louckes EBNA 2A cells. The influence of medium
conditioned by 3 x 105 Louckes Parent cells (O,0) or
Louckes EBNA 2A cells (@, ) over a 24hr period is shown
on cells cultured in round- (Q,@®) or flat-bottomed wells

(a,m.

However, Louckes cells expressing EBNA 2A were found to condition
their medium with an additional activity which did not follow the
dilution curve for the common autostimulatory component and which,
furthermore, selectively augmented the proliferation of the
autologous cell line (Fig. 2). Again, such change was most evident
when cells were cultured under conditions which encouraged cell
intimacy.

Using a recently developed ELISA-based assay (Cairns et al, 1988),
the conditioned media from the two lines were measured for their
content of soluble CD23 molecules. In four experiments, medium
conditioned by EBNA 2A-expressing cells contained 75-190ng per ml
of CD23 molecules (mean = 142ng per ml) whereas supernatants from
parental cells, invariably, carried less than 10ng per ml of CD23
fragments. Thus, it is possible that the unique factor present in
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medium conditoned by EBNA 2A-containing cells had identity with
soluble CD23.

EBNA 2A Expression Results in Responsivity to Growth Promotion via
a CD23 Antibody

Certain CD23 antibodies have been found to trigger cell-cycle
progression in tonsillar B lymphocytes which have been activated
with the tumor-promoting phorbol myristic acetate (PMA) (Gordon et
al, 1987). 1In the present study, it was shown that Louckes cells
containing the EBNA 2A gene, but not the parental clone, were
provided with a growth stimulus upon the introduction into culture
of the stimulating CD23 antibody EBVCS4 (Table 1). This
demonstrates that not only does EBNA 2A expression result in a
dramatic up-regulation of CD23 but also that the induced CD23
molecule is functionally active. Interestingly, parental and
transfected cells were equally responsive to a commercial growth
factor preparation which contains a cocktail of growth-promoting
activities (Table 1).

Table 1. Triggering of Louckes Cells via CD234

Control  EBVCS4(20pg/ml)  EBVCS4(2pg/ml)  BCGFD

Louckes Parent 295 255 329 27,346

Y

Louckes EBNA 2A 341 21,846 6,091 32,767

a Cells plated at 2000 per flat-bottom microwell and grown for
72hr in medium containing 0.5% FCS. Results are expressed as
incorporation of [3H] dThd. (c.p.m.) following a 16hr pulse at
termination of culture.

b EBVCS4 antibody kindly provided by B. Sugden (McArdle
Institute, WI); BCGF is a commercial preparation purchased
from Cellular Products Inc. (Buffalo, N.Y.).

PMA Partially Mimics the EBNA 2A Gene Product

In an attempt to gain insight into the biochemical signalling
pathways which might be used by the EBNA 2A gene product, Louckes
parental cells were treated with PMA, an activator of Protein
Kinase-C, and then examined for any alteration of phenotype. It
can be seen from Fig.3 that CD23 expression was significantly
up-regulated by PMA treatment. This was specific inasmuch as
another activation marker CD39, described by the monoclonal
antibody AC2, was unaffected and the level of transferrin receptors
remained unchanged. However, MHC Class II expression was
invariably increased on PMA-treated Louckes cells (Fig.3). It was
subsequently found that introducing the EBNA 2A gene into Louckes
cells also resulted in a similar up-regulation of Class II
expression (data not shown). Although identical antigenic changes
were occurring on PMA treatment as with EBNA 2A expression, the
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former resulted in an inhibition of growth by contrast with the
improvement seen with the latter (experiments not detailed). The
augmentation of CD23 expression by PMA was tightly dependent on the
density of Louckes cells in culture. It can be seen from Fig. 3
that there was a close linear correlation (r=0.9955) between
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Fig. 3 1Influence of PMA on surface phéenotype. Louckes Parent
cells were cultured for 24hr with PMA (lng/ml) and assessed
for surface antigen expression on a FACS IV as indicated:
heavy line, PMA-induced; medium line, expression on control
cells; faint line, control (background) staining. To the
right is shown the increase in CD23 expression (MHM6) in
relation to the number of cells (x 104) cultured with PMA.

the number of cells seeded in PMA-containing medium and the level
of induced CD23 24hr later. This raises the possibility that
PMA-mediated augmentation of CD23 expression may have occurred
indirectly via an induced soluble factor or cell surface component.
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DISCUSSION

The results outlined in this paper demonstrate that the specific
introduction and stable expression of the EBNA 2A gene confers on
EBV-genome negative BL cells a clear growth advantage which is
mediated, at least in part, through the induced CD23 molecule.
These observations would suggest an involvment of EBNA 2 in the
pathogenesis of endemic BL. It is then initially surprising that
both EBNA 2 and the EBV-encoded latent membrane protein (LMP)
should both be down-regulated in freshly-isolated BL cells (Rowe et
al, 1987). However, this suppressed phenotype has now been related
to a correspondingly dimirished expression of adhesion molecules
which serve to promote T-cell mediated cytolysis (Gregory et al,
1988). These observations, taken together, would argue in favour
of the scenario whereby EBV promotes oncogenic change by bestowing
autonomy of growth on proliferating clones and thereby increasing
the risk of chromosomal error rather than one where the virus was
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simply serving as a growth-enhancing carrier to an already
malignant cell. It would make little sense that endemic BL
develops first outside the influence of EBV only to acquire an
association with it later, one which would provide the potential
means for tumor elimination (through up~regulation of adhesion
molecules) in the absence of any discernible benefit. Thus, the
transposition of the myc-gene to the immunoglobulin locus can best
be seen as REPLACING the growth autonomy initially conferred on
cells by EBNA 2 (and possibly LMP) through CD23 induction thereby
allowing the subsequent down-regulation of those elements and
escape from immune surveillance.

A novel observation of the present study was the indication that
EBNA 2A might be providing cells with the means to respond to the
soluble CD23 molecule in addition to bringing about a dramatically
increased production of this factor. The basis of this selective
response is currently being investigated. Whatever the mechanism
responsible, it is of interest that a single transforming gene
appears to provide both the components necessary for establishing
an autocrine loop.

Finally, the ability of PMA to induce in Louckes cells all of the
antigenic changes seen on introducing the EBNA 2A gene suggests
that these two transforming agents might be using a common
biochemical signalling pathway. In this regard, it is of interest
that, albeit a relatively crude preparation of EBNA, has been
described as possessing cAMP-independent Protein Kinase activity
(Kamata et al 1981). This possibility now warrants further
investigation.
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Soluble CD23/BLAST-2 (S-CD23/Blast-2) and Its Role in
B Cell Proliferation

S.L. SWENDEMAN and D. THORLEY-LAWSON

SUMMARY

The two chains (25 and 12 Kd) of the S-CD23/Blast-2-complex both have
activity as autocrine growth factors (AGF) for EBV-LCL however, the
bulk of the activity is found in the 25 Kd chain. Several lines of
evidence indicate that the 25 and 12 Kd chains are complexed and only
the 25 Kd chain is related to the membrane bound CD23 molecule.
Lastly, both EBV-LCL and BL use an AGF system, however, the BL factor
lacks CD23 determinants and does not appear to require cell-to-cell
contact whereas the EBV-LCL-AGF has CD23 determinants and the cells
require cell-cell contact for growth. A model to account for these
observations is presented.

INTRODUCTION

CD23 (Blast-2) is a 47,000 mol. wt. glycoprotein found on the surface
of B cells activated by mitogens, anti-receptor antibody, antigens or
by infection with the human herpesvirus Epstein-Barr Virus (EBV) (1).
Using EBV infected B cells it was shown previously that CD23 expression
was required for transformation (2) and that CD23 is rapidly shed into
the culture supernatant. This shed material (S-CD23/Blast-2) could be
purified by immunoaffinity chromatography. The purified material
consisted of two polypeptides of 25,000 and 12,000 mol. wt.
Functionally, the S-CD23 acted as an autocrine growth factor (AGF) for
EBV lymphoblastoid cells (EBV-LCL) and normal B blasts and had weak
activity as a comitogen with PHA stimulated T cells (IL-1-1like) (3).
The molecule had no effect on resting cells. Lastly it was shown that
S-CD23 was the major component responsible for the AGF activity
detected in the supernatants of EBV-LCL.

In the present study we have addressed the questions as to the origins
of the 25 Kd and 12 Kd polypeptides, which polypeptide expresses the
biological activity and propose a possible model to explain the role of
CD23 and S-CD23 in B cell proliferation.

MATERIALS AND METHODS

Maintenance of Cell Line, Preparation of Conditioned Media, ?urifica—
tion of S-CD23/Blast 2 and the Autocrine Growth Factor (AGF) Assay

These were performed as described previously (3,4).
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Biochemical and Immunochemical Analysis

IEF was performed in glass tubes (.50 mm x 6 cm) in 5% polyacrylamide.
Denaturing gels and samples contained 8M Urea and 2% NP-L0, non-
denaturing gels and samples 10% glycerol. Gels were prefocused for 30
minutes at 300 volts and then run for 2 hours at 600 volts. The
noodles were then extruded, soaked for 30 min. in SDS-PAGE sample
buffer and overlaid onto a 12% SDS-PAGE gel. For preparative IEF, 200
mg of S-CD23/Blast were applied. The gel noodle was sliced into 4 mm
pieces which were soaked in 1 ml of HpO0 for 6 hours to remove excess
Urea and ampholines. The pH of the water was measured and the water
replaced with 1 ml of serum free media and incubated for 48 hours at
yoc, Partial cleavage of protein was performed as described by
Cleveland (1977) (5). Pulse chase analysis, immunoprecipitation,
Western blotting and radiolabeling were as described previously (6).

RESULTS

The 25 Kd but not 12 Kd Chain of S-CD23/Blast-2 is Derived from CD23

A variety of immunochemical and biochemical approaches were taken to
characterize the origin of the 25 Kd and 12 Kd chain of S-CD23/Blast-2.
The resuits are summarized in Table 1. When immunoprecipitation was
performed with a panel of anti-CD23 monoclonal antibodies [EBVCS #1, 2,
4, 5 (7) and MHM6 (8)] both chains were always coprecipitated, however,
in Western blot analysis the antibody MHM6 only bound to the 25 Kd
chain. This suggests that the 25 Kd chain is derived from CD23 and the
12 Kd chain coprecipitates due to association with the 25 Kd chain.
Pulse chase analysis confirms that the 25 Kd chain is derived from
CD23, however, it was not possible to chase the label in the 25 Kd
chain into the 12 K4 chain. Lastly, partial cleavage maps demonstrated
that CD23 and the 25 Kd protein shared peptides in common, but the 25
Kd and 12 Kd chain did not. Taken together this data suggests that the
membrane bound form of CD23 gives rise to the 25 Kd chain, and the 12

Kd chain is a separate gene product that associates with the 25 Kd
chain.

To further demonstrate this point S-CD23/Blast-2 was subjected to
isoelectric focusing in the presence and absence of Urea followed by
second dimension SDS-PAGE analysis. As may be seen in Fig. la in the
presence of Urea the 25 Kd chain focuses as a series of spots around pH
5.4 whereas the 12 Kd chain focuses at pH 4.3. In the absence of Urea,
however, half of the 25 Kd molecules and all of the 12 Kd molecules
focus at an intermediate pH of 4.9 the remainder of the 25 Kd molecule
focusing at pH 5.4. This result indicates that under non-denaturing
conditions the 25 Kd and 12 Kd chain are associated and comigrate.
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TABLE 1: Relationship of the 25 Kd and 12 Kd Chains of S-CD23 to
Membrane CD23 - 12 Kd is Distinct from 25 Kd

Relationship to CD23

25 Kad 12 Kd
Western Blot?2 + -
Pulse Chase? + -
Limited Proteolysis® + -
Immunoprecipitation? + +

a Western blot and immunoprecipitation studies were performed with
CD23 monoclonal antibodies. The antibodies only reacted with the
25 Kd chain on Western blot although they precipitated both chain.

b Radiolabeled CD23 was shed and recovered as 25 Kd chain no label
was detected at 12 Kd.

¢ Limited proteolysis revealed identifical polypeptides between CD23
and 25 Kd but none between 25 Kd and 12 Kd.

d The 25 Kd chain has been shown to be derived from CD23 since its
partial amino-acid sequence matches that of a CD23 cDNA (9,10).

Isolated 25 Kd Chain has Biological Activity

The 25 and 12 Kd chains were separated on a preparative scale using
IEF. The gel was then sliced and individual slices assayed for
biological activity in the autocrine growth factor assay. As shown in
Fig. 2 the bulk of the activity recovered from the gel migrated with
the 25 Kd chain although a small but significant amount of activity was
also detected with the 12 Kd chain.
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Table 2 summarizes three experiments with different preparations of S-
CD23/Blast-2 and demonstrates that the same observations were made in
each case.

TABLE 2: Both chains of the S-Blast-2 complex have autocrine growth
factor activity.

Proliferation?2

1 2 3

M.W. of
pl of sample chain cpm(sp)b g1¢ cpm(SD) ST cpm(SD) SI
Lol - 4.3 12 Kd 708(1.2) 2.5 L63(1.4) 4.8  1039(1.2) 6.1
5.2 - 5.5 25 Kd 3453(1.3) 12.5 912(1.6) 9.k 1224(1.3) 7.2
Background (gel slice 278(1.2) 1.0 97(1.2) 1.0 170(1.4) 1.0

from else- :

where)
S-BLAST-24 1870(1.3) 6.7 Lo6(1.2) k.1 509(1.2) 3.0
a - results of three separate experiments; b - SD = geometric standard
deviation; ¢ - SI = cpm in experimental/cpm in background; d -

unseparated S-BLAST-2 equivalent to the amount loaded on the IEF.
Note: Weak but significant proliferation is seen with the 12 Kd protein
whereas stronger proliferation is seen with the 25 Kd protein.
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A Burkitt's Lymphoma Responds to and Produces Growth Factors

We have been able to demonstrate previously that both EBV-LCL and
Burkitt's lymphoma (BL) lines respond to purified S-CD23/Blast-2 and
that most of the AGF activity from EBV-LCL conditioned media (EBV-LCL-
CM) can be removed by anti-CD23 monoclonal antibodies (3). As shown in
Table 3, media conditioned by the BL~ line RAMOS also contain growth
factors that stimulate both an EBV-LCL and the BL lines. However, in
this case the AGF activity could not be removed by anti-CD23 antibodies
(not shown).

TABLE 3: Autocrine growth factor from EBV™ BL

Proliferation

Source of and ERa RAMOSD
% of Conditioned
Medium cpm(SD) SI cpm(SD) sI
ERC 50 552 (1.1) 12 895 (1.3) 17
37.5 228 (1.1) 5 689 (1.3) 9
25 -— 512 (1.2) 9
12.5 96 (1.8) 2 192 (1.2) N
- L7 (1.6) 1 54 (2) 1
RAMOS 50 870 (1.2) 19 613 (1.1) 11
37.5 380 (1.1) 8 333 (1.6) 6
25 246 (1.2) 5 277 (1.2) 5
12.5 119 (1.2) 3 152 (1.8) 3
- L7 (1.6) 1 56 (2) 1
a - ER is an EBV LCL
b - RAMOS is an EBV- BL
¢ - similar results are obtained with purified S-BLAST-2

DISCUSSION

In this study we have demonstrated that the 25 Kd chain of S-CD23/
Blast-2 is derived from the membrane form of CD23. This result was
expected as amino acid sequence from the 25 Kd chain has been used to
clone a cDNA for CD23 (9,10). More interestingly the isolated 25 Kd
chain possesses biological activity in the AGF assay on EBV-LCL. The
25 Kd chain is non-covalently associated with a 12 Kd chain that
appears unrelated to CD23. The isolated 12 Kd chain also has weak but
significant AGF activity. Whether this represents inherently weak
activity or is a consequence of the denaturing conditions used during
the separation procedure is unclear. In Table 4 is presented a summary
of the biological activities we have found associated with S-
Cb23/Blast-2. We have also assayed isolated 25 Kd and 12 Kd protein in
the T cell proliferation assay and found a similar distribution of
activity (high with 25 Kd, low with 12 Kd) to the AGF activity.
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TABLE L: Biological Activities of S-CD23/Blast-2

Autocrine Growth Factor
EBV-LCL® ++
Normal B Lymphoblasts ++
Resting Lymphocytes -

IL-1 Like Activity:
Comitogen for PHA Activated T Cells? +
Proliferation of D10 Cells +/-
Proliferation of Fibroblasts -

a Also tested on isolated 25 Kd and 12 Kd chain
++ Positive activity
+ Weak but significant
+/- Weak, borderline significance
- No activity

Although the BL-RAMOS also produces and responds to AGF, the activity
in the BL-CM is distinct from that in EBV-LCL-CM since it cannot be
removed with anti-CD23 antibodies. A summary of the properties of the
EBV-LCL and BL systems is presented in Table 5.

TABLE 5: Properties of the Growth of EBV-LCL and the BL-RAMOS

EBV-LCL BL
Growth Factor Activity on: LCL + +
BL + +
Removed by Anti-CD23 + -
CDh23 on Cells +H+++ +/-
Cell Contact + -
Cloning Efficiency 1-2% >80%

It is worthy of note that the BL cells express very low levels of CD23,
grow as single cells and clone with high efficiency. On the other hand
EBV-LCL grow as clumps and clone very inefficiently. Thus, the BL
appear to be using a soluble growth factor whereas the EBV-LCL require
cell-to-cell contact to generate growth stimulation. This has led us
to propose a model for the mode of action of CD23 in EBV-LCL growth.
This model, shown diagrammatically in Fig. 3, suggests that growth
stimulation is generated by the interaction of CD23 with a ligand/
receptor on an adjacent cell. This interaction is relatively weak
since EBV-LCL require the interaction of the adhesion molecules I-CAM
and LFA-1 (12) in order to remain aggregated. Once a signal is
transduced the two molecules are shed as a complex with the 25 Kd chain
derived from CD23 and the 12 Kd chain derived from the other ligand/
receptor. In normal B cells this would result in a down regulation of
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proliferation since no further molecules are synthesized. In the case
of EBV-LCL both receptor/ligands are constitutively synthesized
resulting in repeated growth stimulation, shedding and accumulation in
the culture supernatant. This model leads to the conclusion that the
AGF activity from EBV-LCL is really a tissue culture artifact due to
the accumulation of shed complexes, some of which dissociates and can
re-bind to the cell surface. Thus, when we purify material on a CD23
antibody column we would isolate dissociated 25 Kd and 25 Kd complexed
with 12 Kd, leaving dissociated 12 Kd behind. This is, indeed, the
result we see in Fig. 1b. Furthermore, the model predicts that the 25
Kd plus 12 Kd complex will be inert biologically since the receptor/
ligand site on each molecule is occupied.

Figure 3.
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Burkitt’s Lymphoma Variant Translocations: Distribution of
Chromosomal Breakpoints and Perturbated Regulation of a
Mutated c-myc Gene
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S. Joos!, F. Baas*, G.M. LENOIR®, and G. W. BORNKAMM!

INTRODUCTION

Variant translocations in Burkitt’s lymphoma have the breakpoint of
the chromosomal translocation 3’ of c-myc on chromosome 8 and 5’ of
immunoglobulin kappa or lambda light chain constant genes on chromo-
some 2 or 22. The distance of the breakpoints to c-myc is variable.
Ina few cases the breakpoints are localized within 10 kb 3’ of c-myc
(BL37, KK124, and BL2) (Hollis et al. 1984, Denny et al. 1985, Showe
et al. 1987). In the majority of cases the breakpoints are, however,
at an unknown large distance from c-myc. Major structural
alterations in c-myc were observed only in two cases with variant
translocations. These represent duplications of the first exon
(JBL2) (Taub et al. 1984) and of the coding part of c-myc (BL64)
(Hartl and Lipp 1987). The duplication turned out to be con-
stitutional in BL64, whereas in the case of JBL2 no normal tissue
was available for analysis. Minor structural changes in the c-myc
gene were found in all cases of variant translocations studied at
the sequence level (LY47, KK124, BL2, BL64, BL60) (Rabbitts et al.
1984, Denny et al. 1985, Showe et al. 1987, Hartl and Lipp 1987,
Strobl and Polack unpublished) and in a large panel of cell lines
studied for restriction enzyme polymorphisms (Pelicci et al. 1986,
Szajnert et al. 1987).

The c-myc gene is assumed to be deregulated in Burkitt’s lymphoma
cells with variant translocations: the transcripts are derived only
from the c-myc allele on the 8q+ chromosome with preferential usage
of the first promoter Pl whereas the normal allele is silent (for
review see Bornkamm et al. 1988). The mutations in and around exon 1
might interfere with the regulation of transcript elongation,
recently shown to be an important mechanism of c-myc regulation
(Bentley and Groudine 1986, Nepveu et al. 1986, Eick and Bornkamm
1986). It is not known whether somatic mutations are sufficient to
deregulate c-myc expression or whether incoming regulatory elements
located in the immunoglobulin locus dominate c-myc regulation in
cis. Another important question is whether a second gene in addition
to c-myc might be affected by the variant chromosomal
translocations.

The work on the structure of the breakpoints in variant
translocations presented in the first part ot this paper may help to
address these dquestions. In the second part we provide evidence that
regulation at the 1level of RNA elongation 1is perturbated in a
Burkitt’s lymphoma line with variant translocation and mutations in
the first exon and intron of c-myc.
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(2) Inst.f.Biochemie der Universitat, D-8000 Minchen, (3) Inst.f.
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RESULTS AND DISCUSSION

Breakpoints of t(2;8) Translocations

The breakpoints of the variant translocations, although dispersed
over a large distance on chromosome 8, are always located close to
immunoglobulin constant regions and are therefore accessible to
molecular cloning wusing immunoglobulin gene probes. As shown
previously, the breakpoint of LY91 is located either within or close
to kappa joining sequences (Rappold et al. 1984). Using a Kkappa
constant probe we have isolated a phage containing a 9.5 kb BamHI
fragment which carries the breakpoint of the chromosomal
translocation. From this phage a 1.1 kb Sacl fragment with unique
sequences was subcloned which is derived from chromosome 8 (probe
89305). The breakpoint of the cell 1line BL64 had been cloned
previously (Hartl and Lipp 1987). Probe 8262 represents a 700 bp
XhoI-BamHI fragment derived from chromosome 8 close to the BL64
breakpoint. A 2.4 kb EcoRI-BamHI fragment derived from chromosome 8
proximal to the breakpoint of JBL2 was kindly provided by P. Leder
(probe 8g373). Two other probes derived from the region 48 kb
(89264) and 75 kb (8g267) downstream of c-myc have been obtained by
chromosomal walking by two of wus (P.H. and M.L.). Only the
breakpoint of the cell line JI turned out to be located within the
75 kb 3’ of c-myc as shown by Sun et al. (1986) and Klobeck et al.
(1987). The breakpoints of BL21, BL64, LY66, LY91 and JBL2 are
located further downstream towards the telomere. By chromosomal
walking using the breakpoints of BL64, LY91 and JBL2 as probes
additional large pieces of chromosome 8 band g24 were cloned from a
phage library.

CHROMOSOME 8q24

telomere
’S\ \‘b‘: b‘fp\ A g (] <
e’y e® & & ¢
(/ // (ff/’/Lf/ Yy /L 7/
7/ 7/ 7/ 7/
MYC
10 28 138 >250 >300 kb

Fig. 1. Map of the region of chromosome 8924 downstream of c-myc

Mapping of the various phage inserts revealed that (i) the
breakpoints of BL64 and LY91 are located close to each other, (ii)
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that phages from this region do not overlap with those obtained by
cloning with the JBL2 breakpoint as a probe, and (iii) that neither
region is contiguous to the cloned 75 kb region downstream of c-myc.
Analysis of the other cell lines revealed that the breakpoint of
BL21 is located between those of BL64 and LY91, whereas that of LY66
is outside the cloned region. To establish the order of breakpoints
relative to each other and to c-myc, and to see whether the
thyroglobulin gene is without or within the region affected by the
variant chromosomal t(2;8) translocations (Baas et al. 1985), in
situ hybridization to metaphase chromosomes were performed with the
probes described above. The data revealed the following order:
centromere - c-myc - JI - BL64 - BL21 - LY91 - JBL2 =~ LY66 -
thyroglobulin - telomere (Fig. 1).

Of course, knowing the order of breakpoints relative to each other,
does not tell us anything about distances. To get an idea of the
distances involved we started to establish a physical map of the re-
gion downstream of c-myc using pulsed field gel electrophoresis. The
results of this analysis are summarized in Fig. 1 and allowed us to
draw the following conclusions: (i) the cluster of breakpoints of
the cell lines BL64, BL21 and LY91 is located at a distance 135 kb
downstream of c-myc, (ii) the human pvt-1 locus encompassing the
region around the JBL2 breakpoint (Graham and Adams 1986, Mengle-Gaw
and Rabbitts 1987) is located at least 250 kb 3’ of c-myc, (iii) the
breakpoint of LY66 is located at least another 40 kb further down-
stream, and (iv) the thyroglobulin gene is located at an unknown
distance further towards the telomere. Using Northern blotting and
the probes described above, we failed to detect any transcriptional
activity in the cloned region 3’of c-myc.

Perturbation of Regulation in a Mutated c-myc Gene

The c-myc gene located on the 8q+ chromosome of variant transloca-
tions appears invariably to be mutated in or around exon 1. The
hypothesis that these mutations interfere with the regulation at the
level of RNA elongation is supported by the fact that the density of
polymerases on c-myc exon 2 and 3 is higher in Burkitt’s lymphoma
cells compared to that in EBV immortalized normal cells (Cesarman at
al. 1987). We have attempted to establish a functional assay for the
elongation block in human B cells in order to test whether Burkitt’s
lymphoma cells can respond in such an assay. Extrapolating from our
work on HL60 cells (Eick and Bornkamm 1986) we have asked the
question whether DMSO induces a block of RNA elongation also in BJAB
cells. BJAB is an EBV negative human B cell 1line of uncertain
disease origin. With respect to c-myc, BJAB cells were regarded as
normal controls because the cells do not carry one of the
chromosomal translocations characteristic for Burkitt’s lymphoma
cells and present no evidence for structural alteration of the c-myc
gene.

Treatment of BJAB cells with DMSO induced a rapid decrease of c-myc
RNA. Nuclear run-on assay revealed that transcription of the first
exon remained unaltered whereas the density of polymerases decreased
substantially on the distal part of the gene (Fig. 2). We therefore
conclude that DMSO induces a c-myc RNA elongation block also in B
cells. The respective experiment in which a Burkitt’s lymphoma line
with variant translocation was treated with DMSO and analysed for
the transcriptional activity along the c-myc gene, is shown in
Figure 2. Remarkably, even without DMSO treatment, the
transcriptional pattern along the c-myc gene was quite different in
BL2 cells than that in BJAB or HL60 cells. The polymerases were
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found to be not equally distributed along the c-myc gene. The
density of polymerases for instance was surprisingly low on the
first exon of BL2 cells and substantially higher upon other parts of
the gene. The relative ratios of signals observed on various
fragments of c-myc were not altered by DMSO induction. The same was
true when other cell lines with variant translocations (JI, BL37,
1660) were studied (data not shown). This demonstrates that the RNA
elongation block at the end of exon 1, although inducible in BJAB
cells, cannot be induced by DMSO in these Burkitt’s lymphoma cell
lines with variant translocations.

Fig. 2. Transcriptional activity of the c-myc gene in BJAB and BL2
cells in response to DMSO. Miniblots of a gel containing the var%gus
parts of the c-myc gene (left part of [a]) were hybridized with P-
labelled RNA synthesized in isolated nuclei of BL2 and BJAB cells.
Nuclei were prepared from cells treated with or without 1.25% DMSO
(v/v) for one hour (a). The arrows point to fragment D representing
exon 1. Lanes 1 and 2 contain the human bcr gene (W) and
immunoglobulin heavy chain u gene (YY), respectively. The strand
ggecificity of transcription is illustrated by hybridization of the

P-labelled nuclear run-on RNA of BJAB cells to single stranded
fragments cloned in phage M13 (b)
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Even though DMSO is incapable to induce the RNA elongation block, it
nevertheless exhibited a pleiotropic action on c-myc expression in
Burkitt’s lymphoma lines. Shortly after exposure of BL2 cells to
DMSO a transient decrease of c-myc RNA was observed (Fig. 3).

The rapid decrease of c-myc RNA after one hour has a strong
posttranscriptional component, since the run-on signals did not
change significantly within this time period. Notably, the
reincrease in c-myc RNA revealed an altered ratio of promoter usage
of c-myc. RNA initiated at the second promoter P2 increased whereas

Fig. 3. Altered c-myc promoter usage in BL2 cells in response to
1.25% DMSO (v/v) as shown in an S1 protection experiment using a

single stranded SmaI-Pvull fragment as a probe spanning most of
c-myc exon 1
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RNA initiated at Pl remained invariably low. The question whether
this reincrease of c-myc RNA is due to activation of the normal
allele cannot be definitely answered from this experiment. It
appears unlikely in the light of the fact that in BL18 and BL67
cells with t(8;14) translocations and truncated c-myc genes DMSO
caused also an intermittent decrease of c-myc RNA without the normal
c-myc allele being induced (data not shown). Preferential usage of
promoter P1 is in the case of a nontruncated c-myc gene a consistent
feature of Burkitt’s lymphoma (and mouse plasmacytoma) cells. The
shift in promoter usage observed in BL2 cells after DMSO treatment
provides evidence that somatic mutations in and around exon 1 cannot
be solely responsible for the altered promoter usage in Burkitt’s
lymphoma cells.
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Differentiation Associated c-myc Expression in Phorbol Ester
and Lymphokine Stimulated B-Type Chronic Lymphocytic
Leukemia Cells

K. NiLssON!, A. BIORKILAND!, M. CARLSSON!, L.-G. LaARssON!, K. FUNAZ,
and T. TOTTERMAN'

INTRODUCTION

Detailed phenotypic studies of human leukemia/lymphoma cells over the last decade
have demonstrated that most hematopoietic tumors represent clonal expansions of
malignant cells arrested at a pre-terminal stage of differentiation (Greaves 1979,
Nilsson et al 1985a). The importance of this blocked differentiation for the
aberrant growth behaviour of the tumors is further suggested by in vitro
experiments with established leukemia/lymphoma cell lines (e.g. HL-60 and U-937).
These demonstrate that induction of differentiation will lead to maturation and
irreversible growth arrest, similar to what occurs in normal hematopoietic cells
undergoing terminal differentiation (Nilsson et al 1985b).

The genetic changes causing the deregulation of the gene programs for growth and
differentiation frequently involve translocations (e.g. in Burkitt's lymphoma (BL),
follicular lymphoma (FL) and chronic myeloid 1eukemia?, trisomies and deletions. In
a few B-cell tumors the nature of some frequently translocated genes is known, i.e.
the protoonco-gene c-myc in BL and the putative oncogene bcl1-2 in FL. In BL the
c-myc appears to be deregulated by a translocation event in all cases. The
hypothesis has therefore been put forward that the myc translocation affects the
possibility of the tumor cells to differentiate terminally and become quiescent in
the Gy phase of the cell cycle (Klein and Klein 1986). In murine and rat myelomas
the presence of equivalent c-myc translocation suggests a similar pathogenetic role
of c-myc in the development of these B-cell tumors.

The studies on the HL-60 and U-937 cell lines in vitro, correlating c-myc
expression with the process of differentiation, supported this view on the
importance of c-myc in the oncogenesis of B-cell tumors (Westin et al 1982,
Reitsma et al 1983, Einat et al 1985). The recent results from analyses of murine
erythroleukemia (MEL) and human (U-937) cell lines, transfected with the c- and v-
myc oncogene, respectively, modify the view that c-myc has to be down-regulated to
allow the differentiation gene program to be executed, and furthermore suggest
that only the terminal stage of differentiation requires the down-regulation of the
c-myc expression (Coppola and Cole 1986, Dmitrovsky et al 1986, Prochowstik and
Kukowska 1986, Larsson et al 1988).

For human B-cells similar cell line models are not available for studies of c-myc
expression during the development of the unipotent B-lymphoid stem cell into mature
B-cells. The relationship of c-myc to B-cell - plasma cell differentiation,
however, can be examined using fresh B-type chronic lymphocytic leukemia (B-CLL)
cells, as such cells can be reproducibly induced to differentiate in vitro by 12-0-
tetradecanoyl-phorbol-13-acetate (TPA). We previously showed that this
differentiation is associated with an increase in c-myc mRNA and protein levels
(Larsson et al 1987). This appeared to contradict the findings in the HL-60 and U-
937 systems but it was assumed that they might reflect a) a malignancy associated
aberrant feature of CLL cells or b) an in vitro artefact, as CLL cells stimulated
by TPA differentiated without proliferation, perhaps due to non-physiological in
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vitro conditions. Finally, c) it is also possible that the unexpected kinetics of
c-myc expression was a correct reflection of a differentiation-associated high
expression of the gene at the early stages of B-cell differentiation.

This paper describes futher analyses in B-CLL cells using an in situ hybridization
technique to study the c-myc mRNA at the single cell level and to correlate the
amount of the messenger to the morpho-logically definable B-cell maturation steps.

B-CLL AS A TUMOR MODEL FOR STUDIES OF B-CELL DIFFERENTIATION

Leukemic cells from about 60% of patients with chronic lymphocytic leukemia (CLL)
of B-cell type, preferentially those with an active disease, are inducible to
further differentiation in vitro by TPA (Tétterman et al 1980, Nilsson et al
1985a). Employing the morphological transition of the small B-CLL cells into
lymphoblasts and plasmablasts ?and a small fraction of plasma cells) and the
acquired ability of immunoglobulin (Ig) secretion as hallmarks of differentiation,
a pronounced heterogeneity in the inducibility to differentiation was found in the
group of TPA-responsive B-CLL clones. Furthermore, the response to TPA was not
constant upon repeated sampling of leukemic cells at monthly intervals but varied
considerably (Tétterman et al 1982). In our recent studies we have, therefore,
focused on one typical CD5+ CLL clone, obtained from the donor patient EA at two
occasions, at which the inducibility to differentiation by TPA was comparable. The
peripheral blood mononuclear cells, of which 94 % were monoclonal B-cells, were
harvested by leukapheresis. The two cell batches were designated 1-40 and I-73 and
stored in liquid nitrogen until use. Most experiments have been carried out with I-
73 cells (Nilsson et al 1986, Larsson et al. 1987, Carlsson et al 1988a-c) but due
to cell shortage recent studies have employd also I-40 cells. One selected batch of
fetal calf serum and the same type of medium have been used throughout these
studies.

Induction of differentiation without proliferation by TPA in EA B-CLL cells.

The earliest recognizable event in the I-73 cells, following within an hour of TPA
exposure, is an increase in the expression of adhesion molecules, making the cells
adhere to each other and form clumps. This is followed by a gradual increase in
size and by changes in the morphology of the small leukemic lymphocytes towards
Tymphoblastoid-plasmablastoid cells during 5-6 days after which the cells start
dying. At the molecular level induced differentiation is reflected by an increase
in RNA and protein synthesis, beginning at about 4 hours and peaking at 24-48
hours with 13- and 25-fold increased levels, respectively. (Larsson et al 1987). An
increase in the ratio between secreted and membrane forms of u-chain mRNA was
apparent two hours after induction (Larsson et al 1987), and IgM secretion is
usually detactable at 24 hours only to increase further during the next 48-72
hours. The expression of several surface antigens (eg. CD 23, CD 25, CD 37, 4F2 and
the transferrin receptor), known to be associated with activation, Gy progression
and differentijation in normal B-cells, are also ordely induced in the I-73 B-CLL
cells by TPA (Carlsson et al 1988a).

The cell cycle analyses, performed mainly with flow cytometry analyses of the RNA
and DNA content of acridine orange-stained cells, demonstrated that the EA B-CLL
clone is homogeneous and arrested in the G phase of the cell cycle (Carlsson et al
1988a). Upon TPA induction there is a syncRronous transition of about 65-70% of the
cells to the G; stage of the cell cycle where they become arrested. The small
fraction (1-3%¥ of proliferating cells were shown to represent T-cells activated to
DNA synthesis by TPA (Carlsson et al 1988a).
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The TPA-induced differentiation of the EA cells appears to be strictly dependent on
the presence of this small fraction of contaminating T-cells, as the leukemic B-
cells do not respond to TPA by morphological and antigenic changes or by Ig
secretion after their removal (Danersund et al 1985). The early steps of the TPA
induced differentiation of B-CLL cells appears to involve PKC mediated signals
(Nilsson et al 1985). This problably leads to activation of the Gy cells and to the
expression of receptors for the putative growth-(?) and differentiation factors
provided by the contaminating T-cells simultanously activated by TPA, and by the
serum.

Induction of simultaneous differentiation and DNA synthesis by TPA and a human T-
cell hybridoma (MP6) derived B-cell stimulatory lymphokine (BSF-MP6) in EA B-CLL
cells

The lack of proliferation in the EA cells differentiating after TPA exposure was
assumed to reflect either a malignancy-associated aberrant feature of the cells, or
that the tissue culture conditions failed to provide the cells with the proper
growth factors. A more far-fetched possiblity was that the CLL cells in the
peripheral blood might be the counterpart of a normal B-cell programmed to mature
in the absence of proliferation (memory cell?).

Recent systematic studies (Carlsson et al 1988b) have, however, shown that DNA
synthesis and proliferation are indeed inducible in differentiating EA-CLL cells
when they are exposed to a B-cell stimulatory factor (BSF) produced by a human T-
hybridoma (MP6; Rosén et al 1986, Noma et al 1987). The BSF-MP6 is distinct from
any of the interleukins, interferons and other B-cell stimulatory lymphokines.

Two distinctly different induction protocols have been described, i.e. a)
stimulation with TPA and BSF-MP6 (Carlsson et al 1988b) and b) preactivation of the
cells with SAC followed by addition of BSF-MP6+IL-2 (Carlsson et al 1988c) The
protocols offer a possibility to study differentiation/proliferation in the absence
of TPA. The kinetics of TPA-free induction of differentiation is very similar to
that with TPA only. However, with respect to functional maturation it appears to be
superior to that employing TPA only, at least in some of the CLL clones. In many
instances the morphologic maturation is more pronounced than after TPA stimulation,
in that cells with typical plasma cell morphology appear and that the rate of Ig
secretion is higher. The EA B-CLL model thus offers the possibility of analyzing
various aspects of B-cell differentiation with or without proliferation.

EXPRESSION OF THE c-myc PROTOONCOGENE IN EA-CLL CELLS STIMULATED BY TPA TO
DIFFERENTIATION THE ABSENCE OF DNA-SYNTHESIS

We have previously demonstrated that non-induced I-73 cells do not expess c-myc
mRNA as examined by northern blot analysis (Larsson et al 1987). After a TPA
exposure c-myc mRNA became detectable after 2 hours, peaked at 4 hours, then
decreased to reach a plateau level of expression which then remained unchanged
throughout the 72-hour experiment. Densitometric scanning of the autoradiogram
showed that the increase in c-myc mRNA during the first 4 hours was approximately
70-fold, a level similar to that of exponentially growing HL-60 cells. The amount
of mRNA at the plateau level was 20-fold that in the non-induced cells.
Immunoprecipitation, using myc-specific anti-bodies, demonstrated that the myc
protein was indeed produced, thus showing that in B-CLL myc-expression is
upregulated at the initiation of differentiation inducible by TPA. It also
illustrates that there is not an obligatory need for down-regulation of c-myc
during hematopoietic differentiation as was suggested from the HL-60, U-937, and
MEL cell studies (Westin et al 1982, Reitsma et al 1983, Coppola and Cole 1986,
Dmitrovsky et al 1986, Prochowstik and Kukowska 1986, Larsson et al 1988).
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Using an RNA-RNA in_situ hybridization technique (Brahic M and Haase A 1978) we
have now been able to study the differentiation-associated c-myc expression at the
single cell level. The technique is powerful but is only semiquantitative.
Reservations must also be made regarding the precision in the morphological
classification, as the cells become extensively distorted during the preparation of
the slides. Studies with the I1-73 cells (Fig. 1) demonstrated induction of c-myc
mRNA expression in about 70% of the cells. This correponds to the fraction of cells
leaving the Gy to enter G, after TPA induction (Carlsson et al 1988a). The
kinetics of the c-myc expréssion was almost identical to that previously found in
the I-73 cells and furthermore demonstrated that c-myc remained expressed for 120
hours.

As the TPA-induced cells do not enter the S-phase (Carlsson et al 1988a) the
results thus agree with the previous data in that a) small, uninduced (Gg) CLL
cells do not express c-myc mRNA and also show that b) activated cells undérgoing G
to Gy transition express high amounts 4 hours post induction and that c) a fraction
of t%e cells (20%) keep expressing c-myc mRNA for at least 5 days. These cells
resemble the large Tympho- and plasmablasts which can be identified on Giemsa
stained cytocentrifuge slides (Carlsson et al 1988b).

Fig. 1. The kinetics of c-myc mRNA expression in I-73 B-CLL cells cultured in the
presence of TPA
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EXPRESSION OF c-myc IN EA B-CLL CELLS STIMULATED BY TPA AND BSF-MP6 TO SIMULTANEOUS
DIFFERENTIATION AND DNA SYNTHESIS

As depicted in Fig. 2 c-myc mRNA expression is induced also in EA B-CLL cells
(batch I1-40) by TPA and BSF-MP6. The basic pattern of c-myc expression is similar
to that in cells stimulated with TPA only (Fig. 1), but c-myc mRNA is detectable
somewhat earlier, and a slightly higher fraction of cells remain positive
throughout the experiment. The in situ hybridization data, although only
semiquantitative, therefore suggest that the induction of B-CLL cells with TPA and
BSF-MP6 leads to a higher c-myc expression than after TPA stimulation only, at
least in a fraction of the cells.

Fig.2. The kinetics of c-myc expression in I-40 B-BLL cells cultured in the
presence of TPA + BSF-MP6

As the TPA plus MP6-BSF induced B-CLL cells were known to undergo a more pronounced
differentiation then cells stimulated by TPA only such cultures were utilized in
attempts to correlate c-myc expression with the various morphologically definable
stages of B-cell differentiation. As already pointed out the morphology of cells
processed for in_situ RNA-RNA hybridization is difficult to assess. The results
shown in Fig. 3 must therefore be regarded as preliminary. However, the data appear
to demonstrate that:

a) small non-induced cells do not express c-myc mRNA and a small fraction of such
cells remain negative in the culture at 72 hours. They probably represent cells
that do not become activated to differentiation/proliferation,

b) medium-sized and larger Tymphoblasts develop with time, most of which

expressing c-myc mRNA,
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c) cells with a plasmablast morphology, developing late after induction, express
less c-myc mRNA, and
d) a few cells with plasma cell morphology were negative.

Fig.3. The kinetics of c-myc mRNA expression in I-40 B-CLL cells stimulated by TPA
+ BSF-MP6 related to morphology. In A-D the various morphological types are
schematically depicted. A = small uninduced cell; B = activated small cell; C =
medium-sized lymphoblast; D = large plasmablast

SUMMARY AND CONCLUSIONS

1. Depending on the nature of the inducing signals selected B-CLL clones can be
induced either to differentiation only (e.g.TPA) or to simultaneous pro]iferation
and differentiation ( TPA plus BSF-MP6 or SAC ativation plus BSF-MP6 and IL-2).

the former situation the cells traverse from the Gy to the G; phase of the cell
cycle where they remain arrested throughout the dlgferent1at1on process. Using the
latter protocol of induction about 10% of the cells will be in S-phase at 144 hours
post-induction and mitoses will occur followed by an arrest in Gj.

2. TPA-induced differentiation generates Ig secreting cells with lymphobiast-
plasmablast morphology and only rare plasma cells, while stimulation with
lymphokines appears to be more efficient in inducing mature plasma cells.

3. In situ hybridization studies demonstrate that 70-80% of the B-CLL cells,
induced to differentiate with or without simultaneous DNA synthesis do express c-

myc mRNA.
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4, The c-myc protooncogene is induced rapidly (after 2-4 hours) during the Gy to G
transition. The expression then declines but remains expressed in a fraction of
cells (10-20 %) from 12 hours up to at least 120 hours.

5. In situ hybridization reveals that c-myc mRNA is expressed in activated cells
during Gy to G transition and in cells at the lymphoblast - plasmablast stage of
maturation. Furthermore, the data suggest that the amount of c-myc mRNA is highest
in activated and lymphoblastoid cells, indicating that c-myc expression is related
to differentiation .

6. c-myc expression is thus compatible with the initiation of the B-cell
differentiation process but most likely not with its terminal phase.

Taken together, these as yet somewhat preliminary data seem to support the
hypothesis, formulated on the basis of studies with the MEL and the human U-937
model systems, that the c-myc protein has to be down-regulated to allow cells to
enter the terminal stage of differentiation and thereby become arrested in the
quiescent Gy phase of the cell cycle. Thus our results also support the notion that
deregulation of c-myc, resulting from a translocation or some other malignancy-
associated genetic alterations, may play an important role in the pathogenesis of
B-cell lymphoma/leukemia by preventing the transition of the cycling cells into
resting, terminally differentiated cells. However, further studies of the B-CLL and
normal bone marrow model at the single cell level are required to finally prove
that non-cycling plasma cells do not express c-myc. Specifically, studies relating
the the presence of myc protein to morphology, Ig synthesis and cell cycle phase
are required.
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B and T Cell Responses Induced by Interleukin-6

J. VaN Snick!, A. VINK!, C. UYTTENHOVE!, F. HoussiaU!, and P. COULIE?

INTRODUCTION

Mouse interleukin-6 (IL6), formerly designated interleukin-HP1 or PCT-GF, was originally identified as
a growth factor for mouse plasmacytomas and hybridomas (Nordan and Potter 1986, Van Snick et al.
1986 and 1987). Natural mouse IL6 has been purified from supernatants of helper T cells (Van Snick et
al. 1986), macrophages (Nordan et al. 1987) and fibroblasts (Cayphas et al. 1987), but it has also been
found in high titers in the serum of lipopolysaccharide-treated mice (Coulie et al. 1987) and in
supernatants of a wide range of tumor cells (unpublished observations).

The functional relation of mouse IL6 with human IL6, also known as B cell stimulatory factor 2 (Hirano

et al. 1986), interferon-Py (Zilberstein et al. 1986) or IL1-inducible 26K factor (Haegeman et al. 1986),
was demonstrated last year when it appeared that human IL6 had hybridoma and plasmacytoma growth
factor activity (Van Damme et al. 1987, Brakenhoff et al. 1987). More recently, comparison of cDNA
sequences demonstrated a significant degree of structural homology between the two proteins, especially
in their middle and C-terminal regions (Van Snick et al. 1988).

Here we describe some characteristics of the responses of normal lymphocytes to IL6.

RESULTS

B Cell Growth and Differentiation Induced by Mouse IL6.

One of the first effects ascribed to human IL6 was the induction of terminal differentiation of human B
cells in the absence of proliferation (Hirano et al. 1984). It was of interest therefore to examine the
response of mouse B cells to mouse IL6. These experiments were carried out before recombinant
mouse IL6 became available. To minimize the risk of attributing to IL6 effects due to possible
contaminants, we used natural IL6 purified from three different sources. Macrophage-derived IL6 was
provided by Rick Nordan (Laboratory of Genetics, National Cancer Institute, National Institutes of
Health, Bethesda, Md), fibroblast-derived IL6 was purified from supernatants provided by Jo Van
Damme ( Rega Institute, Catholic University of Leuven, Belgium) and T-cell-derived IL6 was prepared
from a mouse helper T cell clone. As an additional control, we verified that all effects could be inhibited
by a monoclonal anti-IL6 antibody. Our results can be summarized as follows.

When small splenic B cells were incubated in the presence of anti-IgM antibodies, IL6 induced a 5-fold
increase in proliferation. This response culminated on day 2 and was dose-dependent, half-maximal
proliferation being obtained with 1-2 ng/ml of IL6. By contrast, IL6 had little or no effect on the
proliferation of unstimulated or dextran sulfate-stimulated B cells. The response of anti-IgM-stimulated
B cells to IL6 was not inhibited by anti-IL4 antibodies, indicating that the effect of IL6 was due neither
to contamination with IL4 nor to induction of IL4 in residual T cells possibly contaminating the B cell
preparations. Contamination of our IL6 preparations with IL4 was further excluded by the fact that they
had no effect on IA gene expression or on IgG1/IgG3 ratios in LPS-stimulated cultures.
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Although the results obtained with IL6 and anti-IgM-stimulated B cells were highly reproducible, they
were not very dramatic. We therefore examined possible synergies between IL6 and other cytokines.
This approach revealed the existence of a unique interaction with IL1. The most striking effects were
observed with dextran sulfate-stimulated B cells, whose IgM production was stimulated > 20-fold when
the two cytokines were added together and = 2-fold when they were added separately (Table 1).

Table 1. IgM production by dextran sulfate-stimulated B cells in response to IL1 and IL6.

Cytokines 1gM production (ng/ml)
none 44
IL1 73
IL6 102
IL1+1IL6 1140

Small C57BL/6 B cells (density between 1.070 and 1.088) were cultured in microwells (3 x 104 cells /
well) with 10 pg/ml of dextran sulfate and IL1 (100 U/ml) or IL6 (2ng/ml) as indicated. IgM levels
were measured on day 5.

Delaying the addition of one or of both cytokines for increasing periods of time resulted in a
commensurate decrease in IgM production, indicating that both factors had to be present together and
acted from the beginning of the culture. Synergy between IL1 and IL6 was also observed when
measuring IgM production in the absence of dextran sulfate. Moreover, IL1 and IL6 induced = 30-fold
increases in the proliferation of anti-IgM-stimulated B cells. Several other factors including IL4, IL5,
IL2, GM-CSF and TNF were tested for possible synergy with IL1 or IL6 but none yielded results
comparable to those obtained with the IL1-IL6 combination.

T Cell Growth and Differentiation Induced by IL6.

Considering the broad range of activities of other interleukins, we thought it unlikely that the activity of
IL6, which is made by so many different cell types, would be restricted to B lymphocytes. We therefore
examined its interactions with T cells. We observed that peripheral mouse T cells proliferated
extensively in response to mouse IL6 and submitogenic doses of phytohemagglutinin (PHA) (Table 2).
Half-maximal responses were obtained with = 0.1 ng/ml of IL6. No difference was observed between
CD4+ and CD8+ cells and similar results were obtained when PHA was replaced by anti-T3 antibodies.
In general the responses induced by IL6 were quantitatively comparable to those induced by an optimal
dosage of IL2 and stronger than those elicited by IL4. Strong proliferations were also observed with
mature but not with immature thymocytes.

Table 2. Comparison of the stimulatory effects of IL6 and IL2 on the proliferation of splenic T
lymphocytes in response to PHA.

Factor added Costimulus Proliferation (cpm)
none none 200
PHA 900
1L2 (100 U/ml) none 1,900
PHA 77,000
IL6 (1 ng/ml) none 700
PHA 87,000

Spleen cells were incubated in microwells (5x10# cells/well) with or without a submitogenic dose of
PHA. Thymidine incorporation was measured on day 4 after a 6 h pulse. No proliferation was
observed with T cell-depleted populations.
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Accessory cell-depleted T cells fail to respond to lectins (Habu and Raff 1977). These responses were
completely restored by addition of IL6, suggesting that production of IL6 by macrophages plays an
important role in the ability of these cells to support T cell responses. Similar results have been reported
by Garman and co-workers in studies with human IL6 and mouse T cells (Garman et al. 1987). These
authors also showed that the activity of human IL6 on mouse T cells was inhibited by antibodies directed
against the IL2-receptor, suggesting that the action of IL6 was mediated by IL2. We have partly
confirmed these results with mouse IL6, although a detailed kinetic analysis indicated that the early
response to IL6 could not be inhibited by anti-IL2 receptor antibodies. The existence of an IL2-
independent pathway of T cell activation by IL6 was confirmed by our studies with human IL6 and
human T cells, in which we observed that anti-IL.2 receptor antibodies had virtually no inhibitory effect
on IL6-induced responses.

Another difference noted between the human and mouse systems was the relative importance of IL1. In
the murine system, the presence of IL1 enhanced T cell responses to IL6 only with low doses of IL6.
By contrast, human T cells rigorously depleted of accessory cells responded only weakly to optimal
doses of IL6, unless IL1 was added to the culture.

Table 3. Proliferation of accessory cell-depleted human T cells stimulated with PHA, IL1 and IL6.

Cytokines Proliferation (cpm)
none 108 £ 26
IL1 974 £ 476
IL6 670 £ 250
IL1 +IL6 9504 +£2162

Accessory cell-depleted tonsillar T cells were incubated in microcultures (3x10# cells /well) in the
presence of saturating doses of human IL1 and IL6. Thymidine incorporation was measured on day 4.
Results correspond to the mean + 1 S.E. of 5 independent experiments.

DISCUSSION

The results presented here indicate that IL6 is more than a B cell differentiation factor as was originally
suggested by the work with human B lymphocytes. The results obtained in the mouse system even
suggest that the primary immunological target of IL6 is the T rather than the B lymphocyte, since we
consistently observed that the concentrations of IL6 required to activate B cells were = 10 times higher
than those required to activate T cells.

The finding that IL6, either alone or in conjunction with IL1, restores the response of accessory cell-
depleted T cells to lectins suggests that IL6 is a major mediator of accessory cell function. This notion is
consistent with the fact that, although both human and mouse IL6 were originally purified from T cell
supernatants, the macrophage seems to be the major source of IL6 in the immune system (Aarden et al.
1987).

A final point that deserves some comment is the interaction between IL1 and IL6. Our results with
mouse B and human T lymphocytes revealed the existence of a striking synergy between these two
cytokines. If one recalls that IL1 is a potent inducer of IL6 in human fibroblasts (Content et al. 1985), it
follows that these two molecules may form the basis of a self-amplifying signalling circuit connecting
many different cell types with the immune system.
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Prediction of a Dimerization Surface Common to a New Class of
Sequence-Specific DNA Binding Proteins

S.L. McKNIGHT, W.H. LANDSCHULZ, and P.F. JOHNSON

For the past several years we have studied a heat-stable, rat liver nuclear protein that
we term C/EBP. This protein is capable of specific binding to the CCAAT homologies of a
number of genes that are transcribed by RNA polymerase II (Graves et al.,, 1986).
Surprisingly, this same protein also binds to the "core homology" common to many
different viral enhancers (Johnson et al., 1987). We have used standard biochemical
fractionation techniques to purify C/EBP. The purified protein was used to generate a
partial amino acid sequence which, in turn, facilitated retrieval of a recombinant DNA
clone of the gene encoding C/EBP. These reagents have allowed us to delineate the DNA
binding domain of C/EBP and determine its amino acid sequence.

Upon defining the amino acid sequence of the DNA binding domain of C/EBP we
compared it with sequences in several computer data bases. This exercise revealed
substantial amino acid sequence similarity between C/EBP and the products of two
proto-oncogenes, myc and fos (Landschulz et al., 1988). The regions of amino acid
sequence between these proteins are generally free of residues that are incompatible
with a helical structure (prolines and glycines). We therefore plotted these amino acid
sequences on an idealized o helix in an exercise to search for amphipathy. Figure 1
shows the result of this analysis in the case of C/EBP. The putative o helical region is
highly amphipathic; one of its faces is rich in hydrophobic amino acid residues,
another is rich in charged and hydrophilic residues.

C/EBP ll:
L Figure 1. Helical Wheel Analysis of a 28 Amino Acid
[L Region Within the DNA Binding Domain of C/EBP.
| Leucine residue located at position 1 corresponds to
2T . residue 315 of the intact C/EBP polypeptide, and is
IERD / NVL the most amino-terminal residue of the putative o
® —® helix displayed in this Figure. The most carboxyl-
// /] terminal residue is glutamine (Q) residue 342 of
é // C/EBP (the most distal residue of helical position 7).
g O @TR
ot < | Sr
s® @D
K b
R R
G

We were particularly surprised by the repeating array of leucine residues. Leucines
occur at 7 amino acid intervals over the entire o helical region. Since we had noted
amino acid sequence similarity between C/EBP and the MYC and FOS transforming
proteins, we also plotted those sequences on an idealized o helix. Much to our surprise,
MYC and FOS also display leucine residues at every seventh residue over at least 8§ a
helical turns (Landschulz et al., 1988). Indeed, this same repeating motif of leucine is
also present in the product of the jun proto-oncogene, as well as in GCN4, a yeast
transcriptional regulatory protein.
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What role do these leucine repeats play in the function of these diverse nuclear
proteins? If the regions containing these leucine repeats indeed exist in an a helical
conformation, then the leucines would project as an ordered scaffold. Computer
modeling studies carried out with the help of Dr. Hamilton Smith indicated that the
repeating leucine residues on a single o helix were too far apart to provide continuous
hydrophobic stabilization. That is, the van der Waals radii of adjacent leucine side
chains did not come in close contact. This observation forced us to search for a
hydrophobic surface that might match the leucine scaffold, since the surface would
clearly be incompatible with an aqueous environment. The matching surface could
occur within the same polypeptide, or on a separate polypeptide. Since earlier
experiments had indicated that C/EBP could carry out its role in specific recognition of
DNA after having been trimmed down to as little as 14 kilodaltons (including the
leucine repeat), and since this 14 kilodalton region contained no other regions of
substantial hydrophobicity, we reasoned that the matching hydrophobic interface must
be donated by a separate polypeptide. Finally, knowing that homogeneously purified
C/EBP is capable of specific recognition of DNA, we reasoned that the matching surface
for the leucine repeat would not be conferred by a different polypeptide. On these
grounds we have predicted that the matching hydrophobic surface for the leucine
repeat would be the leucine repeat of a second C/EBP polypeptide. That is, two leucine
repeats would constitute a dimerization interface. We call this hypothetical structure
the leucine zipper.

At the time that this prediction was made, we were unaware of the multimeric form of
C/EBP. Recent experiments have shown, satisfyingly, that C/EBP exists in solution as a
stable dimer (W.H. Landschulz, P.B. Sigler and S.L. McKnight, unpublished
observations). Moreover, the region of the protein necessary for dimerization occurs
within the minimal DNA binding domain (which houses the leucine repeat motif).
These experiments follow earlier work on GCN4, which had provided very clear
evidence of a dimeric conformation for that sequence-specific DNA binding protein
(Hope and Struhl, 1987).

Sequence-specific DNA binding by C/EBP is not established by the leucine repeat motif
alone. Recent experiments have indicated that a region immediately adjacent to the
leucine repeat must remain intact in order for C/EBP to bind DNA. This additional
region contains three pockets that exhibit a net positive charge of at least +3
(Landschulz et al., 1988). We call this the basic region, and predict that it will constitute
the surface of the protein that actually contacts DNA. Figure 2 shows a schematic
diagram of the C/EBP polypeptide.

Figure 2. Schematic Diagram of C/EBP Showing the Relative Locations of the Leucine
Repeat Motif and the Basic Region. Hatched region denotes 30 amino acid segment of

C/EBP that is rich in positively charged residues. Projections terminating with circles
denote repeating leucine residues.
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A final speculation that we offer concerns the possibility that the leucine repeat
domains of different polypeptides might facilitate the formation of heterotypic dimers.
If we are correct in predicting that the basic region actually represents the contact
surface for interaction with DNA, then the mixing of two different basic regions via the
leucine zipper might establish a DNA binding specificity different from either of the
parental homodimeric molecules. It is obvious that such a scenario would expand the
repertoire of DNA binding specificities encoded by a finite number of regulatory genes.
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Immunological Probes in the Analysis of myc Protein Expression
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THE MYC PROTO-ONCOGENE FAMILY

Three well-defined genes have been identified within the human
genome, c-myc, N-myc and L-myc (Alt et al., 1986). c-myc is the
proto-oncogene homologue of the retroviral v-myc genes found in avian

myelocytic leukemia viruses and feline leukaemia viruses. It is
expressed in many tissues during embryogenesis (Ohlsson et al., 1986;
Zimmerman et al., 1986; Ruppert et al., 1986) and is a mitogen

response gene in many, perhaps all, adult cell types (Kelly et al.,
1983; Rabbitts et al., 1985). c-myc has also been found amplified in
transformed cell lines derived from several lineages (Little et al.,
1983; Alitalo et al., 1987; Dalla Favera et al., 1982). In contrast
to c-myc, both N-myc and L-myc show a much more restricted pattern of
expression (Alt et al., 1986) . Both are expressed during
embryogenesis in certain tissues. N-myc is also expressed in certain
lineage cells in the adult, and is found amplified in more serious

childhood neuroblastomas. It is not known which, if any, cells in
the adult express L-myc, but the gene is found amplified in some
small cell 1lung carcinomas. c-myc , N-myc and L-myc denes are

related by sequence homology which is particularly marked in certain
regions (Figure 1) - the so-called "myc boxes" (Schwab, 1985; Alt et
al., 198s6). The three genes also share a similar structural
organisation within the genome, and all are active in transformation
assay when co-transfected with the ras oncogene (Alt et al., 1986).
Despite a fairly detailed characterisation of the proteins
encoded by the c-myc and N-myc genes (Persson and Leder, 1984; Evan
and Hancock, 1985; Hann et al., 1988; Slamon et al, 1986; Evan et
al., 1986) surprisingly little is known about the functions of myc
proteins in normal and transformed cells. Both the c-myc and N-myc
gene products are short-lived phosphoproteins which localise to the
cell nucleus, and both bind DNA, although the binding shows no
sequence specificity. So far, the L-myc gene product has not been
identified. The fact that both the c-myc and N-myc proteins are so
biochemically similar, and that they also posses similar transforming
activities (Small et al., 1987), argues that they share similar
functional roles. We believe that a comparative study of the
biochemical characteristics and patterns of expression of the
different myc proteins may provide valuable information as to the
functions of myc proteins in normal and transformed cells. We have
sought to identify and characterise the myc proteins using
site-directed antibodies raised against synthetic peptide sequences
found within myc proteins. We are attempting to use these antibodies
for several purposes: to quantitate accurately myc protein levels in
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Figure 1. Regions of homology shared amongst myc proteins. Regions
of homology between myc proteins are depicted on a linear map of the
human c-myc protein

cells; to identify and compare each of the different members of the
myc protein family, including the L-myc protein; and to examine the
functions and interactions of the various myc proteins.

A QUANTITATIVE ASSAY FOR c-myc and N-myc PROTEINS

The functions of myc proteins in normal and transformed cells
remain obscure, although several studieés suggest a role for the c-myc
protein in the proliferation of normal cells (e.g. Kelly et al.,
1983). A significant part of the problem with determining the
biochemical role of myc proteins in normal and transformed cells is
the lack of accurate quantitation of myc protein levels within cells.
Preliminary studies, using semi-quantitative immunoblotting analysis,
suggested that many tumour cell 1lines expressed substantially
elevated levels of c-myc protein when compared with non-transformed
fibroblasts proliferating at a comparable rate (Evan et al., 1985).
However, such assays are inadequate for accurate quantitation and
insufficiently sensitive to study the very 1low levels of c-myc
protein expression in non-transformed fibroblasts or lymphocytes,
arguably the best types of cell in which to investigate the normal
role of myc proteins. Because of this 1lack of sensitivity in
existing assays, we designed a quantitative assay for myc proteins
based upon a novel enzyme linked immunosorbence assay (ELISA) (Moore

et al., 1987) whose components are outlined in figure 2. 1In this
assay, myc proteins are captured from a cell or tissue lysate by an
antibody adsorbed onto a microtitre well. The capture antibody is
specific for a peptide sequence conserved in all known myc proteins
(i.e. c-, N-, L- and v-myc) from all tested species (i.e.
vertebrates). We call this sequence con-myc-1 (see below). The

capture antibody ("pan-myc antibody") recognises all myc antigens
irrespective of whether they are in native or denatured form.
Captured myc protein is then detected using a monoclonal antibody
specific for another peptide epitope distant from the pan-myc
sequence. The detection antibody (specific for a particular class of
protein) is conjugated to alkaline phosphatase which catalyses the
dephosphorylation of NADP to NAD. The amount of NAD generated is
proportional to the amount of myc protein captured. This
"dephosphorylation signal" is then amplified using an extremely
sensitive coupled enzymatic system (AMPAK, IQ(Bio) Ltd., Cambridge,
UK) in which the NAD product of the phosphatase reaction is used to
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drive a pair of cycling redox reactions, ultimately reducing a
colourless precursor to a red formazan dye. The assay is calibrated
against known amounts of a c-myc protein standard expressed in E.coli
assuming a molecular weight of 50 kDa. For the purposes of the
assay, all myc proteins are first denatured, reduced and alkylated.
This not only renders all myc proteins immunologically identical with

respect to the antibodies |used, but also ensures complete
solubilisation of myc proteins from cells or tissues. In our hands,

the myc ELISA is at least 100 fold more sensitive than immunoblotting
and is extremely rapid and reproducible.

Measurement of myc Protein Levels in Cells by EIISA

We have used the myc ELISA to determine the number of c-myc
protein molecules in different cells, and to compare the levels of
c-myc protein in transformed and non-transformed cells (Table 1).
From the results shown in Table 1, it is clear that levels of myc

proteins vary enormously between different cells. Cells with
amplified myc genes (e.g. Colo 320, N417, HL60) not surprisingly
express elevated levels of myc protein. However, many transformed
cells without myc gene amplification also express high levels (e.g.
HelLa, RAMOS, etc). Thus, amplification is only one mechanism by
which cells acquire high levels of myc protein. In general, almost

all transformed cells we have investigated express substantially
elevated myc protein 1levels as compared to the 1levels found in

non-transformed fibroblasts or lymphocytes. The most prominent
exceptions are cells expressing elevated levels of another member of
the myc protein family. In such cells, c-myc expression is

invariably very low (e.g. in Kelly and IMR-32 neuroblastoma cells
which have amplified N-myc genes or in COR-L88 small cell 1lung
carcinoma cells which have an amplified L-myc gene).

In contrast to transformed cells, 1levels of c-myc protein in
non-transformed fibroblasts or lymphocytes are always extremely low.
In such cells, c-myc expression is rapidly induced by mitogenic
stimuli, but even at peak levels, there are only a few thousand c-myc
protein molecules per cell. Despite this low level, both fibroblasts
and lymphocytes proliferate quite rapidly, with doubling times not
too dissimilar from that of HeLa or Colo 320 cells. Clearly, then,
cells do not require high levels of c-myc protein to proliferate
rapidly. Rather, high c-myc protein levels appear to correlate more
with some aspects of transformation than with proliferative rate.

These measurements thus pose an obvious question. Namely, what
is the function, if any, of the elevated levels of myc protein in
transformed cells?

It might be argued, that high myc protein levels in transformed
cells are simply the result of earlier 1lesions within the
proliferative machinery of the cell. The excess myc protein
molecules need have no actual function, and are simply degraded.
Evidence against this argument is that specific mechanisms which
cause deregulation of myc genes, and hence elevated levels of myc
protein, are common in many tumours; examples of this being
chromosomal translocation, gene amplification and retroviral
transduction. Clearly, then, elevated myc expression, over and above
that found in non-transformed cells, must confer some form of growth
advantage on the affected cell. So little is known of the function
of myc proteins in normal cells that it is difficult to predict what
the Dbiochemical effect of an excess of myc protein may
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Figure 2. Schematic diagram of the components of the myc protein
ELISA
Table 1. Levels of c-myc protein in cells
Cell Line Cell Type c-myc protein
(molecules/cell)
HUMAN

MRC-5 (quiescent)

MRC-5 (serum stimulated)

MRC-5 (log phase)
Kelly

IMR32

COR-L88

Hela S3

HelLa (adherent)
Molt 4

DAUDI

RAMOS

RAJI

HL60

COLO 320 HSR
N417

MURINE
thymocyte (quiescent)
thymocyte (stimulated)
Swiss 3T3 (quiescent)
Swiss 3T3 (stimulated)
Fo
SP2/0

lung fibroblast
lung fibroblast
lung fibroblast
neuroblastoma
neuroblastoma
small cell lung ca.
cervical carcinoma
cervical carcinoma
T cell leukemia
Burkitt's lymphoma
Burkitt's lymphoma
Burkitt's lymphoma
promyelocytic leuk.
colonic apudoma
small cell lung ca.

fibroblast
fibroblast
teratocarcinoma
hybridoma

400
6300
3000

140

280

310

16000
97000
34000
62000
84000
104000
88000
124000
91000

120
1860
150
1980
10800
65800




193

be. For example, it is unknown whether all myc protein within the
nucleus is actively engaged in myc protein functions all of the time,
or whether there exists an intranuclear pool of unassociated myc
protein. Conceivably, only a fraction of myc protein within the cell
nucleus may be associated with specific targets. If this is the
case, then biochemical analysis of the properties and associations of
the bulk of myc protein in tumour cells expressing high levels of myc

Figure 3. Analysis of c¢-myc protein in non-transformed human
fibroblasts using the myc ELISA

Panel A: Induction of c-myc protein expression in mitogenically
induced fibroblasts. MRC-5 human embryonic lung fibroblasts (passage
10-15) were arrested in medium containing 0.5% serum for two days.
Cells were then stimulated by the addition of 10% serum to the growth
medium. At the time points shown, equal aliquots of cells were
removed, lysed and assayed for c-myc protein levels against a
bacterially expressed c-myc protein standard.

Panel B: Measurement of c-myc protein half-life in
non-transformed fibroblasts. MRC-5 <cells were obtained from
quiescent, mitogenically treated (2 hours after stimulation) and log
phase cultures. Cells were treated with 50 mcg/ml cycloheximide, and
equal aligouts of the cells then measured for c-myc protein levels at
20 minute intervals.
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protein may be misleading because the proportion of myc protein
within the "active" fraction will be much smaller than in an
non-transformed cell. For this reason, we have attempted to use the
extreme sensitivity of the myc ELISA to investigate the properties of
c-myc protein in normal cells which express low levels of c-myc.

Analysis of c-myc Protein in Non-Transformed Fibroblasts

Reliable analysis of c-myc protein in non-transformed
fibroblasts has hitherto been virtually impossible because of the
extremely low levels of the protein in these cells. With the
sensitivity of the myc ELISA, however, such studies are
straightforward. We have been able to use the ELISA to quantitate
the average number of c-myc protein molecules in human fibroblasts
during mitogenic stimulation (Figure 3A). Under the conditions of
the experiment, about 98% of the cells become positive for c-myc
protein expression with little apparent heterogeneity in staining, as
judged by immunocytochemical analysis (Figure 4b). Thus, the average
number of c-myc protein molecules per cell is a good indication of
the actual number of c-myc protein molecules in each cell. Mitogenic
stimulation of subconfluent quiescent human fibroblasts causes an
approximately 10 fold increase in c-myc protein level, from 500-800
molecules per cell in quiescent cells to a peak of 6,000-8,000
molecules some 120 minutes after stimulation. Subsequently, c-myc
protein level declines to about half the peak level, and is then
maintained as long as the cells remain in log phase. Interestingly,
the pattern of c-myc protein expression is different in confluent
quiescent fibroblasts, which do not enter S phase or divide when
serum stimulated. Although confluent cells exhibit a similar initial
rapid induction of c-myc protein to subconfluent cells, c-myc protein
levels then rapidly decline to the baseline level seen in quiescent
cells. Thus, maintenance of c-myc protein levels at about 3-4,000
molecules per cell appears to be a requirement for passage through
the cell cycle.

All existing studies indicate that the c-myc protein has an
extremely short biological half life, a property thought to be an
essential component of the protein's function. However, all of these
studies have been conducted in tumour cells expressing elevated
levels of c-myc. The observed short half-life of the c-myc protein
might, therefore, be a consequence of its overproduction. Because of
this we were interested to determine the biological half life of the
c-myc protein in non-transformed fibroblasts which express very low
levels of c-myc protein. To do this, we incubated cultures of
quiescent, mitogenically stimulated and 1log phase MRC-5 human
fibroblasts with cycloheximide to prevent protein synthesis and then
monitored the rate of disappearance of the c-myc protein from the
cells using the myc ELISA. The results, shown in Figure 3B, show the
half 1life of the c-myc protein to be about 20-30 minutes in
quiescent, log phase and mitogenically stimulated non-transformed
fibroblasts. Thus, the reported short biological half life for the
c-myc protein is indeed a general property of the protein, and not
just an artefact of overexpression in tumour cells. We conclude that
rapid turnover of the c-myc protein is a characteristic of the
protein in both normal and tumour cells which must reflect some
aspect of its function.
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Figure 4. Recognition of myc proteins by polyclonal pan-myc
antibody
Panel 1. All cells were labelled for one hour with

3ss—methionine, lysed in RIPA buffer and immunoprecipitated with
antibody as described (Evan et al., 1985). Immunoprecipitated myc
proteins were fractionated on an SDS polyacrylamide gel, and labelled



196

myc ©proteins visualised bg fluorography. myc proteins are as
follows: A - p200929-POl-V-myC ¢rom 0K10 virus infected ail
fibroblasts (VIQF); B - p110939~V-IWC from MC29 VIQF; C - p58Y W€
from OK10 VIQF; D - human c-myc protein from Colo 320 HSR cells; E -
murine c-myc protein from SP2/0 hybridoma cells; F - human N-myc
protein from Kelly (track 5) and IMR-32 (track 6) neuroblastoma
cells.

Panel 2. Immunocytochemical analysis of myc proteins in cells.
All cells were grown on poly -L-lysine-treated chamber slides, fixed
in 4% paraformaldehyde in PBS and stained with pan-myc antibody.
Bound antibodies were visualised using a commercial biotinylated

second antibody-avidin-peroxidase kit (Vectastain). Panels are: A -
MC29 virus-infected quail fibroblasts (VIQF) (expressing avian
p110939-V-MYCy; B - same as panel A but blocked with con-myc-1
peptide; C - HL60 human promyelocytic leukaemia cells (c-myc); D -
Hela xenograft grown in nude mouse (c-myc); E - Kelly human
neuroblastoma (N-myc); F - COR-L88 human small cell lung carcinoma

(L-myc); G - quiescent MRC-5 human embryonic lung fibroblasts; H -
MRC-5 cells, as in panel G, but 120 minutes after serum stimulation.

ANTIBODIES SPECIFIC FOR myc PROTEIN HOMOLOGY REGIONS - PAN-myc
ANTIBODIES.

Several regions of the c-myc protein are especially well
conserved throughout c-myc evolution and are also present in N- and

L-myc proteins (Figure 1). The high degree of evolutionary
conservation suggests that these regions may comprise important
functional domains of the myc proteins. Accordingly, antibodies

specific for conserved myc protein domains are likely to be valuable
reagents both for identifying new myc proteins in various species and
also as potential reagents to block myc protein functions. We have
been attempting to generate antibodies specific for conserved myc
protein domains by immunisation with appropriate synthetic peptide

immunogens.
Residues 44-~55 of the human c-myc protein comprise the first myc
homology box. The sequence of this region, A-P-S-E-D-I-W-K-K-F-E-L,

is one of the most highly conserved continous peptide sequences found
in myc proteins. We synthesised this peptide, "con-myc-1", and used
it as an immunogen to prepare antibodies. Polyclonal antibodies were
prepared in rabbits and monoclonal antibodies in BALB/c x B6 F1 mice.
We than tested these antibodies for their abilities to recognise
various myc proteins in immunoprecipitation, immunoblotting and
immunocytochemical assays. All of the polyclonal rabbit antibodies
("pan-myc antibodies") and one monoclonal antibody (PM-3E7) were able
to recognise c-, v-, and N-myc proteins from every vertebrate species
tested in each of these assays (Figure 4) (Evan et al., Mol. Cell.
Biol., manuscript in press).

We next tested the pan-myc antibodies for their ability to
recognise the previously unidentified human L-myc protein. Recent
sequencing of the human L-myc gene (Legouy et al., 1987) shows that
the first myc homology region is perfectly conserved in the L-myc

protein. We therefore tested whether our antibodies recognised a
candidate L-myc protein in L-myc expressing cells. As an L-myc

expressing cell we chose the small cell lung carcinoma cell line
COR-L88 which contains an amplified L-myc gene and expresses high
amounts of L-myc mRNA (Ibson et al., 1987). In COR-188 cells, the
pan-myc antibody recognises a complex of three nuclear polypeptides
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with molecular weights between 60 and 66 kDa, as estimated on SDS
gels. These putative L-myc products are not recognised by
established c¢c-myc or N-myc protein-specific antibodies, and
competition with the appropriate peptide immunogen completely
abolishes binding of these proteins by the pan-myc antibodies (Figure
5). Identical 60-66 kDa triplets of proteins are observed in other
L-myc expressing cell line tested (data not shown), a pattern clearly
different from that observed in c-myc and N-myc expressing cells.
Further biochemical characterisation shows that these L-myc

Figure 5. Recognition of the human L-myc protein by myc antibodies.

COR-L88 small cell lung carcinoma cells (Ibson et al., 1987)
were labelled with 35S-methionine for 1 hour as described (Evan et
al., 1985). Half of the labelled cells were lysed in RIPA buffer,
the lysate divided into five equal fractions, and each fraction
immunoprecipitated with antibody as follows: track 1 - PAB-421
anti-p53 MAb (Harlow et al., 1981); track 2 - CT14-G4 anti-p62C~TW¢€
MAb (Evan et al., 1985); track 3 - NM-1A8 anti p66N"TYS Mab; track 4
- pan-myc polyclonal antibody (see above); track 8 - pan-myc
polyclonal antibody plus 20 mcg/ml con-myc-1 peptide. The other half
of the cells lysed in a lysis buffer consisting of 20mM TrisHC1l/20 mM
Nacl, 0.5% NP40/0.5% Na deoxycholate/1mM MgCl2 pH 7.4, and
cytoplasmic (track- 5) and nuclear fractions prepared (Evan and
Hancock, 1985). The nuclei were extracted with the same buffer
containing 0.4M NaCl to give a soluble "chromatin" fraction (track-
6) and a residual "nuclear matrix" fraction (track- 7). Fractions
were then immunoprecipitated with polyclonal pan-myc antibody



198

polypeptides are all phosphorylated, localise to the cell nucleus,
and bind DNA (Evan et al., Mol. Cell. Biol., in press). The L-myc
proteins, like those encoded by the c-myc and N-myc genes, have a
short biological half life, although at 90 minutes the L-myc protein
is significantly more stable than its c-myc and N-myc cousins (Figure
6). Comparative biochemical properties of the three human myc
proteins are summarised in Table 2.

Figure 6. Comparison of the half-lives of myc proteins.

COLO 320 HSR (c-myc expressing), Kelly (N-myc expressing) and
COR-188 (L-myc expressing) cells were each labelled for 10 minutes
with 3®s-methionine. Cells were then transferred into medium
containing cold methionine, and incubated at 37°C. At various times,
equal aliquots of cells were removed, lysed in RIPA buffer, and myc
proteins immunoprecipitated. myc antigens were fractionated on an
SDS polyacrylamide gel and visualised by fluorography

c-myc N-myc L-myc

MOLECULAR WEIGHT 62/64 kDa 66/68 kDa 60/62/64 kDa

LOCATION nucleus nucleus nucleus
HALF LIFE (mins) 20 25 90
PHOSPHORYILATED? yes yes yes
BINDS DNA? yes yes yes

Table 2. Comparison of biochemical properties of human myc proteins

The Immunological Analysis of a Conserved myc Protein Domain

The con-myc-1 peptide epitope recognised by the myc antibodies
described above is highly evolutionarily conserved. There is thus a
strong possibility that the con-myc-1 sequence comprises a functional
domain involved in some conserved myc protein function - presumably a
site of interaction between the myc protein and some target molecule

in the cell nucleus. A number of recent studies have suggested a
functional association between the c-myc protein and DNA replication
(Iguchi-Ariga et al., 1987; Classon et al., 1987). Other data

suggest roles for c-myc protein in regulation of gene expression
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(Kaddurah-Daouk et al., 1987) and, perhaps in RNA processing
(Sullivan et al., 1986).

In collaboration with Drs. Dean Jackson and Peter Cooke (Dunn
School of Pathology, University of Oxford, England) we examined the
ability of our myc protein-specific antibodies, including pan-myc
antibodies, to interfere with DNA replication in isolated but fully
functional HeLa cell nuclei (Jackson and Cooke, 1986). However, none
of the antibodies used had any effect on DNA synthesis wunder
conditions where anti-DNA polymerase antibodies caused substantial
inhibition. Nor did any c-myc protein antibodies affect global RNA
synthesis in the same nuclei. The same negative results were also
obtained in N-myc and L-myc expressing cells using appropriate
antibodies. We are thus unable to confirm any direct role for myc
proteins in these nuclear functions using these assays.

If the con-myc-1 epitope is a functional myc protein domain, it
is most 1likely that it lies on the surface of the native myc protein
molecule. In order to determine whether or not this was so, we
extracted c-myc and N-myc proteins from cell nuclei under a variety
of conditions, so as to obtain myc proteins under native and

denatured conditions. We then tested our pan-myc antibodies'
abilities to recognise the extracted myc proteins (Figure 7). All of

the antibodies wused, including the pan-myc monoclonal antibody
PM-3E7, were able to recognise c-myc and N-myc proteins whether the
antigens were native or denatured. Binding of the antibodies to the
putative L-myc protein from COR-1L88 cells and to the p110939-V-Iyc
protein from MC29 virus-infected quail fibroblasts was similarly
independent of the state of the antigen (not shown). The fact that
the pan-myc monoclonal antibody PM-3E7 binds myc proteins
independently of their conformation is of particular interest.
Unlike the pan-myc polyclonal antibodies, which presumably comprise a
heterogeneous population of combining sites capable of recognising
various conformations of the con-myc-1 peptide, the pan-myc MAb
PM-3E7 possesses a single binding site conformation. Thus, the
binding of MAb PM-3E7 to myc proteins, independent of their
comformational state, strongly suggests that the con-myc-1 epitope is
indeed exposed on the surface of the native myc protein molecule and
that it possesses an intrinsic structure which is largely independent
of the conformational status of the rest of the oncoprotein.

The results from these experiments are consistent with the idea
that the highly conserved con-myc-1 epitope could comprise a

functional domain common to all myc proteins. We are currently
preparing polyclonal and monoclonal antibodies against the other
highly conserved regions of the myc protein family. If conserved

peptide epitopes in myc proteins represent important functional
domains, then antibodies specific for such regions should make good
idiotypic determinants against which to raise antibodies whose
binding sites mimic those myc protein domains. We have already
prepared anti-idiotypic antibodies specific for the pan-myc
monoclonal antibody PM-3E7 and using them to probe for potential myc
protein targets. We believe that anti-idiotypic reagents of this
type will prove useful in the identification of molecules with which
myc proteins interact within the cell nucleus.
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Figure 7. Stability and accessibility of the con-myc-1 epitope in
c-myc and N-myc proteins

COLO 320 HSR (c-myc) and Kelly (N-myc) cells were labelled with
35s-methionine. Cells were then washed and divided into four equal
fractions. Cells in fraction 1 were lysed in 200 mM NaCl containing
20 mM TrisHCl pH 7.4 and 0.5% NP40. Nuclei were removed by
centrifugation and the supernatant used for immunoprecipitation.
Cells in fraction 2 were lysed in RIPA buffer, and the clarified
lysates used for immunoprecipitations. Cells from fraction 3 were
lysed in Tris buffered saline pH 7.4 containing 2% SDS. Lysates were
sheared through a fine gauge needle until no longer viscous, boiled
for 5 minutes, clarified by centrifugation, diluted 20X in RIPA

buffer lacking SDS and used for immunoprecipitations. Cells in
fraction 4 were lysed in Tris buffered saline containing 2% SDS and
10% 2-mercaptoethanol. Lysates were then treated exactly as for

fraction 3 except that 5 mM ammonium persulphate was also added to
the final solution.

Fractions were precipitated with A: polyclonal rabbit pan-myc
antibody; B: monoclonal pan-myc antibody PM-3E7; C: either CT14-G4
MAb (recognising C terminus of c-myc protein) for COLO 320 lysates or
NM-1A8 MAb (recognising N-myc protein) for Kelly cells.
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The Replication Activity of SV40 DNA Correlates with the Level
of c-myc Expression in Human Tumor Cell Lines

M. HENRIKSSON, M. CLASSON, M.-L. HAMMARSKIOLD, G. KLEIN, and J. SUMEGI

INTRODUCTION

As a rule c-myc appears to be expressed in all proliferating
cells and is turned off in quiescent (GO) cells. After induction,
myc mRNA and protein appear within hours in both fibroblasts and
lymphoid cells, prior to the onset of cellular DNA synthesis
(Campisi et al., 1984, Kelly et al., 1983). The correlation
between c-myc expression and growth state suggests that c-myc is
involved in growth control.

Transgenic mice bearing c-myc coupled to the immunglobulin
heavy-chain enhancer show an abnormal expansion of pre-B cell
compartment (Alexander et al., 1987). Perturbation of c-myc
expression occurs in many B-cell malignancies in chicken, mice,
rat and humans. In Burkitt's lymphomas with the t(8:14), mouse
plasmacytomas t(12:15) and rat immunocytomas with t(6:7)
translocation (Sumegi et al., 1983) the Ig/c-myc juxtaposition
causes dysregulated myc expression which is implicated in the
development of the neoplastic state.

RESULTS AND DISCUSSION

In order to demonstrate a possible relationship between the
dysregulated Thigh level of c-myc expression and enhanced
replication of cellular DNA we designed the following experiment;
i.) construction of plasmid DNA molecules with eukaryotic origin
of replication sequences, 1ii.) transfection of such plasmid DNA
molecules into normal cells and neoplastic cells with high c-myc
expression using DEAE-dextran and iii.) measuring the amount of
replicated DNA in the transfected cells. One of the vectors, the
PSVEpR4 (Fig. 1), bears the SV40 origin of replication,
enhancer and T antigen coding sequences cloned into pR&4
(Hammarskjsld et al., 1986).
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Figure 1. Schematic representation of the pSVEpR4 and pI4-P6
vector molecules. Heavy lines represent SV40 sequences, open line
shows the c-myc second and third exons and single line
displays the pR4 plasmid DNA sequences

Figure 2. Southern blot analysis of pSVEpR4 in Hirt-lysates

obtained from Ramos cells transfected with 5 ug of pSVEpR4 (lanes

1, 2) and from HEK cells (lanes 3, 4, 5, 6). The HEK cells

were transfected with 1 ug (lane 3), 2 ug (lane 4) 5 ug (lane 5)

and 10 ug (lane 6) of pSVEpR4 DNA. 1In lane 2 the DNA was cleaved'’
with Mbol in addition to DpnI/BamHI
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This vector replicated well in monkey cells but its replication
was barely detectable in human embryo fibroblasts (data not
shown) and human embryo kidney cells (HEK) (Fig.2) as judged by
the restriction analysis of Hirt 1lysate DNA with the
isoschizomers DpnI and MboI. DpnI can only cleave the DNA at the
GATC recognition sequence if the adenine is methylated on both
DNA strands by the bacterial dam methylase whereas MboI cleaves
only unmethylated DNA. The 5.2 kb long pSVEpR4 plasmid contains
one BamHI site. Therefore the replicated plasmid molecules
appear as a 5.2 kb linear fragment after DpnI/BamHI double
digestion. The DNA transfected into primary human kidney cells
and human fibroblasts was sensitive to Dpnl due to the lack of
effective replication in these eukaryotic cells. This is in line
with previous observations of SV40 replication in HEK cells
(Lebkowski et al., 1985).

A significant difference was seen when certain human
neoplastic  cell lines were tested for their ability to promote
replication of the SV40 based vector . Fig. 3 shows that the
PSVEpR4 DNA molecules replicated well in two Epstein-Barr virus
(EBV) carrying and two EBV negative Burkitt s lymphoma lines
(Raji, Daudi, Ramos and Loukes).

Figure 3. Replication of pSVEpR4 in human lymphoma lines. The
cells were transfected with 5 ug of pSVEpR4 DNA. The DNA in the
last lane was cleaved with Mbol in addition to Dpnl/BamHI
cleavage



Only a small amount of replicated pSVEpR4 DNA was found in the
human  lymphoma cell line BJAB. The four Burkitt's lymphoma
lines contain high levels of c-myc transcripts due to the
(8:14) translocation associated Ig/c-myc juxtaposition. BJAB is
EBV negative, lacks the Ig/c-myc translocation and has very low
level of c-myc expression. Two EBV converted BJAB sublines
BJAB HRIK and BJAB B95-8 express c-myc at a level comparable
to the BL's lines. They supported the replication of the
PSVEpR4 20-50 fold better than the parental BJAB line.
Adherent HeLa cells also supported replication of the SV40 DNA
(data not shown). It is noteworthy that HelLa contains similar
amounts of c-myc protein as HL60 that carries approximately 25-50
copies of c-myc (G. Evan , personal communication).

These findings suggested a possible relationship between a
high c-myc expression and the ability of pSVEpR4 to replicate
effectively in HelLa and human lymphoma cells.

Figure 4. Level of pSVEpR4 replication in  function of
increasing amounts of pI4-P6 transfected into Ramos (lanes 1,
2, 3) and BJAB (lanes 4, 5, 6) cells. The total amount of DNA
cotransfected with pSVEpR4 vector was kept constant by addition
of empty pI4 vector to give the following molar ratios of
pl4/pl4-Pé6; 2,5 pmol/0,0 pmol (lanes 1 and 4), 1.25 pmol/1.25
pmol (lanes 2 and 5) and 0.6 pmol/l1.9 pmol (lanes 3 and 6)
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To confirm the dependence of the pSVEpR4 replication upon the
the high 1level of c-myc we measured the replication of the
vector cotransfected with a c-myc expressing vector in Ramos and
Bjab lymphoma cells. The vector pl4-P6 contains the second and
third coding exons of c-myc under the control of the early SV40
promoter and enhancer (Fig. 1). The vector governs the synthesis
of c-myc protein (Classon et al., 1987). The result of the
cotransfection is shown in Fig.4. The replication of pSVEpR4
was proportional to the amount of c-myc expressing vector
transfected into both human lymphoma lines suggesting a direct
relation between the 1level of c-myc expression and the
replication of pSVEpR4.

An increase of the T antigen level in BJAB cells was not
sufficient to enhance the replication of pSVEpR4 DNA (Classon et
al., 1987) indicating that the myc-dependent enhancement of
replication was not due to an increased SV40 T antigen level.

The high c-myc level did not abrogate the requirement for
T antigen since the pI4-P6 vector, that does mnot express T
antigen, failed to replicate in Ramos cells (Henriksson
unpublished results).

It is not clear how c-myc creates a permissive environment
in the human cell lines investigated here. The restriction of
human cells for SV40 replication is abolished in human embryo
kidney cells transformed by the adenovirus early genes El
(Lebkowski et al., 1985). Both c-myc and ElA belong to the same
complementation group of oncagenes (Land et al., 1983, Ruley
1983) and it is tempting to speculate that they act through a
common pathway.
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Elevated Levels of the c-myc Protein in Bloom’s Syndrome and
Induction of c-myc by DNA Strand Breakage

N.F. SULLIVAN and A.E. WILLIS
Abstract

We demonstrate elevated levels of the c-myc protein in lymphoblastoid cell
lines derived from Bloom's syndrome patients and, furthermore, show that
treatment of normal lymphocytes with DNA damaging agents results in
induction of c-myc protein. We present a model whereby increased DNA
strand breakage in Bloom's syndrome, as a consequence of the reduced
activity of DNA ligase |, results in the constitutive induction of c-myec.
Increased c-myc protein may thus contribute towards the predisposition to
cancer observed in Bloom's syndrome.

Introduction

A number of rare inherited syndromes are associated with apparent defects
in DNA repair and a greatly increased frequency of cancer. One of these,
Bloom's syndrome (BS), is of particular interest since patients are
predisposed to a variety of malignancies which generally occur in patients
less than 20 years of age (German gt al., 1984). In addition, BS is unique in
exhibiting a particularly high frequency of sister chromatid exchange (SCE)
(Chaganti et al., 1974) and a deficiency in DNA ligase | (Willis and Lindahl,
1987; Willis et al., 1987). The DNA ligase | deficiency in BS would be
expected to promote homologous recombination events and hence also SCE via
retarded joining of DNA strand interruptions (Willis and Lindahl, 1987).
Along a similar theme, if either normal fibroblastoid or lymphoblastoid cell
lines are treated with alkylating agents to induce single strand breaks in the
DNA via excision repair, the frequency of SCE can be shown to increase
(Krepinski et al., 1979). It was thus of interest to note recent reports which
have indicated that transfection of established rat fibroblasts either the c-
myc oncogene or certain other immortalizing viral oncogenes increases the
frequency of SCE (Cerni gt al., 1987). The experiments presented investigate
the levels of ¢-myc protein in BS and a possible association between strand
breakage and c-myc expression.

Results

Expression of c-myc in Bloom's syndrome

Several lines of lymphoblastoid origin (Table 1) were examined for
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expression of the c-myc protein (Fig. 1) using the recently described enzyme
linked immunosorbent assay for c-myc (Moore et al., 1988).

Figure 1  Expression of c-myc in Bloom's syndrome

Fig. 1. 20mls (at 1x106 cells/ml) of Bloom's syndrome and other
lymphoblastoid cell lines, grown in RPMI (1640) containing 15% foetal calf
bovine serum, were harvested by centrifugation, washed once in TBS (20mm
Tris-HCI pH7.5, 150mm NaCl) and stored at -700C. Elisas were performed
according to the procedure described (Moore et al., 1988) with the following
modifications: 1) for some assays we used alkaline phosphatase conjugated
goat anti mouse second antibody instead of a directly conjugated 3C7 (anti c-
myc) antibody. No significant differences were observed. 2) The results are
expressed in terms of the amount of c-myc protein present in the total cell
lysate. Thus, to approximately 1-2x107 cells, 40pl of lysis buffer
containing protease inhibitors (Moore et al., 1988) were added and the
mixture briefly sonicated. The sample was boiled for 5 minutes and
iodoacetamide was added to 100mM, followed by incubation on ice for 30
minutes. Samples were centrifuged for 15 minutes at 15,000g and the
supernatant collected. Protein concentrations in the supernatant were
typically 2mg/ml. For Elisa, samples were diluted with lysis buffer such
that each well received 7ug of protein. As calculated from a standard curve
using recombinant c¢-myc protein (Watt et al., 1985) 10pg of c-myc/pg lysate
corresponds to approximately 10,000 molecules per cell. The results
presented are the average of at least 4 independent experiments, and the
average error was within 10% of the stated value in all cases.

Lane: 1, W67-4; 2, 1004; 3, D86-1-2; 4, W87-4; 5, GM1953; 6, AG3829; 7,
GM1526; 8, GM1712, 9, Raiji.
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Three lines derived from BS patients (W67-4, 1004 and D86-1-2) and
homozygous for a type I-1 DNA ligase | mutation (Willis et al., 1987) all
express elevated levels of the c-myc protein (32, 34 and 25pg/ug
respectively) when compared to either a DNA ligase | heterozygote (AA87-4,
17pg/ug). Lymphoblastoid cell lines derived from other inherited diseases
(Werner's syndrome, 11pg/ug; Ataxia telangiectasia, 6.5pg/ug, and
Cockayne's syndrome 6pg/ug) show reduced amounts of the c-myc protein.
The increased expression of c-myc observed in lines derived from BS

patients in similar to that seen in a representative Burkitts lymphoma line
(Raji, 41pg/ug). Of the lines used, only Raji was capable of forming tumours
in immunodeficient mice, which suggests that besides elevated c-myc
expression, other factors must be required in order to elicit the fully
transformed phenotype in EBV immortalized BS Ilymphoblasts. The expression
of another immortalizing oncogene, p53, was examined using an Elisa system
similar to that used for detection of c-myc. However, there was no clear
relationship between the levels of p53 and the inherited diseases tested here
(data not shown).

The BS lines which are homozygous for a DNA ligase | mutation (lig-/-) and
show the highest level of SCE (W67-4, 1004) are also those lines which show
the highest amounts of the c-myc protein (32 and 34 pg/ug respectively). We
have examined one BS line which is homozygous for a DNA ligase | mutation
yet spontaneously exhibits reduced SCE (D86-1-2). This line expresses a
lower amount of the c-myc protein (25pg/png). However, all BS homozygotes
show both elevated SCE and c-myc protein when compared to a line
heterozygous for a DNA ligase | mutation (AA87-4) or a control
lymphoblastoid line (GM1953). Other inherited diseases (represented by the
cell lines: AG3829, GM1526 and GM1712; Table 1) show normal frequencies of
SCE (Evans, 1982) and quantities of c-myc protein similar to those observed
in the control line GM1953.

In addition to the correlation with SCE, c-myc expression is approximately
inversely related to the activity of the DNA ligase | (Fig. 2). The deficiency
in DNA ligase | may result in an increase in the steady state level of
endogenous DNA strand breakage, and therefore, further experiments were
designed to investigate the potential relationship between DNA strand
breakage and c-myc expression.

Induction of c-mve by DNA d .

Normal lymphoblastoid cells (GM1953) were treated with both methylating
(dimethylsulphate, DMS) and ethylating (ethylmethanesulphonate, EMS) agents
in order to induce DNA strand breakage, the result of repair of alkylation
damage. The final stages of excision repair involve generation of a single
strand gap in the DNA with subsequent filling and resealing of the gaps by the
action of DNA polymerase | and DNA ligase | (Lindahl, 1982).
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Figure 2. DNA ligase activity in Bloom's syndrome

Fig. 2. The activity of DNA ligase | was measured as described (Arrand et al.,
1986). Lanes 1-9 are as Figure 1

The c-myc protein is induced approximately six fold by 0.1uM DMS (to
60pg/pg; 60,000 molecules/cell) (Fig. 3a). Similarly, induction with EMS is
also dose dependent with a five fold increase in the amount of c-myc protein
(Fig. 4a). Using the optimum dose of DMS a time course reveals maximal c-
myc expression at 50 minutes followed by a return to near normal levels
after approximately 2 hours (Fig. 3b). Treatment with EMS (0.1mM) gave
maximal c-myc induction at 6 hours returning to a basal level by 72 hours
(Fig. 4b). With both DMS and EMS, induction of c-myc protein exactly
parallels the kinetics of excision repair. Similar results have also been
obtained with mitomycin C and irradiation (not shown). Thus expression of
the c-myc protein can be stimulated by a variety of agents which induce
strand breaks in DNA.

Discussion

The data presented here shows an increased constitutive expression of ¢c-myc
in Bloom's syndrome. In addition, c-myc can be induced in normal
lymphoblasts by the action of DNA damaging agents. The DNA ligase |
deficiency in BS may result in an increase in the steady state level of DNA
strand breaks thereby providing potential substrates for SCE and inducing
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Figure 3. Induction of c-myc by DMS
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Figs. 3a, b. 20mls of GM1953 at 1x106 cells/ml were grown as described in
Fig.1. Cells were (a) treated with dimethylsulphate (DMS) at various
concentrations and harvested at 1hr and (b) treated with an optimum
concentration of DMS (0.1uM) and harvested at predetermined time intervals

c-myc. However, in a normal cell endogenous strand breakage will be low, a
substrate for SCE will become limiting and the signal for c-myc induction
will be reduced. The increase in c-myc levels concurrent with DNA repair
processes may indicate a role for c-myc in DNA repair. Experiments are in
progress to investigate this possibility.
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As previously mentioned, BS patients are predisposed to various forms of
cancer. Our finding of increased c-myc protein in non tumorigenic BS
lymphoblasts leads us to propose that the c-myc protein may provide a step
in the progress of BS lymphoblasts towards malignancy

Figure 4 Induction of c-myc by EMS

a @
Q
3
Z‘ 50'
T 401
Q J
l@)] 0 1
3. 3 |
} -
() 20 1
o ]
O
Q. 10+
£ 0
2 g3 10?2 | 1o 10° 10
EMS (mM)
b o
© 50
)
_> -
= 401
o
g)_ 30 1
—
8
7 20
>
£
O'J 10 T T M T T T r
o 0 20 40 60 80

Time (h)
Figs. 4a, b. The procedure was as for Figure 3, except that the EMS dose
dependence (a) was harvested at 6hrs and (b) the concentration of EMS used
in the time course was 0.1mM
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Deregulation of the c-myc and N-myc Genes in Transformed Cells

M. DEAN!, J. CLEVELAND!, H.-Y. KIM?, J. CaMpIsE, R. A. LEVINE?, J.N. [HLE!,
and U. Rapp!

INTRODUCTION

Expression of the c-myc proto-oncogene is regulated by mitogens in a number of
cell types, including fibroblasts and 1lymphoid cells. In growth arrested
fibroblasts, serum, epidermal growth factor, or platelet derived growth factor
are all capable of inducing c-myc mRNA(Campisi et al., 1984; Kelly et al.,1983).
The mechanism of this induction appears to require either protein kinase C- or
protein kinase A-dependent events(Ran et al., 1986). We have begun to examine
these events in greater detail by studying fibroblasts showing de-regulated c-myc
expression and myeloid cells containing exogenously introduced c-myc constructs.

A31 cells are clonally-derived Balb/c-3T3 murine fibroblasts having well
described growth characteristics(Campisi et al., 1984). Benzo(a)pyrene and
dimethylbenz(a)anthracene transformed derivatives of A31 cells (BPA31 and DA31)
have been isolated(Holley et al., 1976; Oshiro and DiPaolo, 1974). Although BPA3l
and DA31 cells can be growth arrested by serum starvation, c-myc expression is
not regulated as in A31 cells(Campisi et al.,1984). FDC-P1 cells are a mouse
myeloid cell 1ine that is dependent on interleukin 3 {(IL-3) for both growth and
survival in culture(Dexter et al., 1980).

RESULTS

c-myc is Selectively De-regulated in Chemically Transformed Fibroblasts

To further investigate the mechanisms leading to de-regulated expression of the
c-myc gene previosly observed in chemically transformed Balb/c-3T3 cells (BPA31,
DA31) we examined c-myc mRNA Tevels in relation to that of c-fos and actin. We
found that whereas the expression of c-myc is constituitive in the two chemical-
ly transformed derivatives, the levels of c-fos and actin are growth regulated in
A31, BPA31 and DA31 cell lines (data not shown). In BPA31 cells, serum induces a
3-fold increase in the already high levels c-myc mRNA after 2 hours of serum
stimulation; in DA31 cells, c-myc mRNA was constituitively expressed at a high
level and was not modulated by serum. We conclude that the lesions responsible
for deregulation of c-myc expression do not detectably affect the expression of
c-fos or actin, two genes normally induced in parallel with myc.

The Structure of the c-myc Gene in Transformed Fibroblasts

We have previously shown by Southern analysis that the structure of the c-myc
locus is not grossly altered in BPA31 and DA31 cells nor is the gene amplified in
these cells(Campisi et al.,1984). However, human Burkitt’s lymphoma cell Tines
showing unregulated c-myc expression and mutations in c-myc exon 1 have been
recently described(Cesarman et al., 1987). To more closely examine the structure
of exon 1 in the transformed A31 derivatives, we compared the restriction maps of
this region in the three cell lines. No alterrations were observed in over 15
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sites tested in and around exon 1 (data not shown). In addition, we performed Sl
nuclease digestion of RNA from these cell lines with an exon 1 probe and found
that the transformed lines show normal transcription from the two c-myc promoters
(data not shown) Thus the aberrant regulation of c-myc is not associated with any
alteration in the structure of the gene, within the 1imits of these analyses.
Although we can not rule out the presence of a small mutation in the c-myc Tocus
that results in unregulated expression in BPA31 or DA31 cells, the data are
consistent with a mutation in a trans-activating factor or pathway in these cell
Tines.

Unregulated c-myc Expression is Independent of Protein Kinase C Activity

We have shown in quiescent A31 cells that c-fos and c-myc mRNA can be induced by
either of two intracellular growth factor dependent pathways. One of these
pathways is dependent on protein kinase C (PKC) and is utilized by PDGF or
phorbol ester tumor promoters; the other pathway is dependent on cAMP, and
presumably protein kinase A, and is utilized by EGF (Ran et al. 1987, McCaffrey
et al., 1987). Serum, being a mixture of growth factors, activates both pathways.

BPA31 cells proliferate in platelet poor plasma (data not shown), which is
essentially serum that is deficient in platelet factors, including PDGF. In
addition, BPA31 cells have about three fold higher PKC activity than either A3l
or DA31 cells (Table 1A). It was therefore possible that, at least for BPA3l
cells, elevated PKC activity, or increased phosphorylation of the PKC substrate,
could be responsible for the unregulated c-myc expression shown by these cells.
To test this idea, we treated all three cell lines with high concentrations of
phorbol dibutyrate (PDBu)}, which when chronically administered, depletes the
cells of PKC activity (Table 1B). Despite a greater than 20 fold reduction in PKC
activity, as a result of PDBu treatment, c-myc mRNA levels remained elevated in
serum-deprived BPA31 and DA31 cells (Fig. 1). In addition, all three cell Tlines
proliferated at nearly the control rate in medium containing 10% serum and PDBu
(data not shown). We conclude that cell proliferation and the unregulated c-myc
expression shown by the transformed cells are independent of protein kinase C.

Activation of c-myc and N-myc in a Myeloid Cell Line

We recently reported the construction of a retrovirus vector expressing the mouse
c-myc gene, and the infection of IL-3 dependent FDC-P1 cells with this virus
(Dean et al.,1987). Constitutive c-myc expression led to the appearance of IL-3
independent cells and the activation of N-myc expression in several of the
independent cell lines. One cell line, FDmyc-28R contains activated c-myc and N-
myc genes, suggesting that a single mutation may be able to activate more than
one myc family gene.

To examine the structure of the c-myc gene in FDmyc cells we have analyzed exon 1
sequences using both S1 and RNase A protection techniques. Figure 2 shows that
RNase A protected the full length of an exon 1 probe in both FDC-P1 and FDmyc
cells, demonstrating that no mutations, detectable by this method, are present in
these cells.
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Table 1, Protein kinase C activity in A31, BPA31 and DA31 cells

A. RELATIVE PROTEIN KINASE C ACTIVITY

Cell Line PKC Activity* % A31 Cells
A31 6.174 100
BPA31 19.890 322
DA31 6.810 110

*cpm/lO6 cells/h

B. DOWN-REGULATION OF PROTEIN KINASE C ACTIVITY

Cell Line PDBu Treatment* % Activity
A3l None 100
200 ng/ml 9
400 ng/ml 4
BPA31 None 100
400 ng/ml 16
1200 ng/ml 8
4800 ng/ml 2
DA31 None R 100
200 ng/ml 26
400 ng/ml 13
1200 ng/ml 4

* Phorbol dibutyrate (PDBu) was added at the indicated concentrations in 0.2%
serum for 72 h

Cells were made quiescent by serum deprivation, treated with PDBu where indicated
and lysed in 20 mM Tris HC1 (pH 7.5). 2 mM EDTA, 0.5 mM EGTA, 10 mM DTT, 1%
Triton-X 100, 10 ug/ml aprotinin and 1 mM PMSF. The lysates were clarified by
centrifugation, incubated with DE-52 resin and PKC eluted from the washed resin
with 100 mM NaCl. The eluate was assayed for calcium (ImM)- and phospholipid (160
Jg/ml phosphatidylserine, 200 qg{m] PDBu)-dependent histone kinase activity using
400(#g/m1 histone, 2uCi gamma-°4P-ATP (5-25 Ci/mmol) and 50 MM ATP for 10 min at
30 Phosphorylated histone was separated from ATP on PI-cellulose paper and
detected by counting Cerenkov radiation using a beta counter.
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Fig. 1 c-myc mRNA levels remain elevated after transformed cells are made
deficient in protein kinase C activity. Cells were made quiescent by serum
deprivation (control) and then given the indicated concentrations of phorbol
dibutyrate (PDBu) in 0.2% serum for 72 hrs. Total cellular RNA was isolated from
control and PDBu-treated cultures and the prevalence of c-myc mRNA was determined
by Northern blot analysis
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Fig. 2 RNase A protection of c-myc mRNA. RNA probes from exon 1 were hybridized
to mRNA from FDmyc cells, digested with RNase A and run on a denaturing gel
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DISCUSSION

The fact that the c-myc gene is alterred in many different types of tumor cells
argues that the gene plays an important role in the control of cell growth. In
addition, the regulation of this gene is complex, and tightly coupled to the
growth state in most cell types (Kelly et al., 1983; Campisi et al., 1984). We
present here two systems in which the regulation of myc genes are altered in the
absence of detectable structural alterations in the myc genes themselves.
Although we have not assayed the full Tength of the myc genes for mutations, two
pieces of evidence support the idea that myc is trans-activated. the FDmyc-28R
line arose after only several months in culture, yet shows de-regulation of both
N-myc and c-myc genes. It seems unlikely that critical mutations in both genes
could have occurred in this time. In BPA31 and DA31 cells, we have recently found
that the combined inhibition of both PKC and A kinase results in the shut-off of
c-myc expression (data not shown), suggesting that the gene can be regulated in
these cells under certain conditions and is not irreversibly activated.

We suggest that the aberrant regulation of myc genes observed in these two cell
systems is due to the activation of cellular trans-activating factors. Further-
more, this represents a new class of cells showing myc activation and suggests
that the percentaqge of tumors with activated nyc genes may be higher than
previously thought.
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Stimulation of the Antigen Receptor Complex Leads to

Transcriptional A ctivation of the c-myc Gene in Normal Human
T Cells

T. LINDSTEN!, C.H. JUNEZ, and C.B. THOMPSON!
INTRODUCTION

The expression of the cellular proto-oncogene c-myc has been implicated
in growth regulation of both normal and neoplastic cells (for review see
Eisenman and Thompson 1986). Quiescent lymphocytes have been shown to
express low levels of both c-myc mRNA and protein (Smeland et al. 1987).
Stimulation of lymphocytes with mitogens results in the rapid
accumulation of c-myc mRNA to levels 10-20 times above background within
2 hours following stimulation (Kelly et al. 1983). Thereafter, c-myc
mRNA and protein continue to be expressed throughout the proliferative
response of mitogen-activated cells (Hann et al. 1985, Thompson et al.
1985, Rabbitts et al. 1985). The ability of mitogen-activated cells to
enter S phase of the cell cycle can be blocked by anti-sense myc
oligonucleotides (Heikkila et al. 1987). Constitutive expression of c-
myc in murine 3T3 cells has been shown to lead to partial growth factor
independence of cell proliferation (Armelin et al. 1984). Finally,
agents such as y-interferon which arrest cell proliferation in vitro are
associated with downregulation of c-myc gene expression (Einat et al.
1985). Taken together, these results suggest that the c-myc proto-
oncogene may encode a regulatory nuclear protein required for the
proliferation of lymphoid cells. 1In view of the central role c-myc
appears to play in cell proliferation, it is not surprising that
deregulation of c-myc expression can also contribute to neoplastic
transformation of cells. Previous studies have suggested that c-myc
expression can be regulated at multiple molecular levels. The
expression of c-myc following stimulation of quiescent cells has been
reported to involve both transcriptional and posttranscriptional
mechanisms (Blanchard et al. 1985, Smeland et al. 1987). The abrogation
of c-myc expression during differentiation of the human myeloid cell
line HL-60 has been shown to be the result of an increase in a block to
transcriptional elongation within the first intron of the gene (Bentley
and Groudine 1986a). Alterations of the c-myc chromatin structure by
chromosomal translocation and of mRNA structure by deletion of both 5’
and 3/ untranslated regions have also been reported to result in
deregulated expression of the gene (Saito et al. 1983, Dyson and
Rabbitts 1985, Jones and Cole 1987).

RESULTS

Expression of c-myc Following Activation of the T Cell Receptor/cD3
Complex

In order to understand how receptor-ligand interactions at the cell
surface contribute to the regulation of c-myc gene expression, we have
investigated the role of stimulation of the T cell receptor (TCR)/CD3

1Howard Hughes Medical Institute and Departments of Medicine and
Microbiology/Immunology, University of Michigan, 1150 W. Medical Center
Dr., 4510 MSRB I, Ann Arbor, MI 48109

2 Naval Medical Research Institute, Bethesda, MD 20814
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surface receptor complex in regulating the expression of c-myc in
normal, resting peripheral blood T cells. Previous studies have shown
that activation of both murine (Buckler et al. 1988) and human (Smeland
et al. 1987) B lymphocytes by crosslinking of surface immunoglobulin
results in a rapid induction of c-myc mRNA expression. Since the
TCR/CD3 complex is thought to be the T cell equivalent of the
immunoglobulin receptor, we have sought to generalize a role for the
antigen receptor in the induction of the c-myc expression during the
normal lymphoid proliferative response. We have also initiated studies
to investigate the molecular mechanisms by which stimulation of the
antigen receptor on normal peripheral blood human T cells can lead to
the induction of c-myc mRNA expression. In order to perform these
studies, it was necessary to obtain a population of highly purified
resting T cells devoid of accessory cell populations that might produce
lymphokines involved in secondary activation events following TCR/CD3
stimulation. We have previously reported the purification of human
peripheral blood T lymphocytes by negative selection using magnetic
immunoabsorption with monoclonal antibodies directed against monocytes,
natural killer cells, suppressor cells, and B lymphocytes (June et al.
1987). The remaining cells are over 98% T cells as judged by surface
staining with CD3 and CD2 monoclonal antibodies. This population of T
cells does not proliferate in vitro in response to stimulation with
phytohemagglutinin (PHA), a mitogen known to require accessory cells for
the induction of proliferation (Table 1).

Table 1. Initiation of DNA synthesis in purified, resting T cells by
CD3sp monoclonal antibodies or PMA + Ionomycin costimulation

Stimulus? Thymidine Incorporation®
Medium 0.1 + 0.1
PHA 0.3 = 0.1
CD3sp Ab 25.0 + 3.1
PMA 0.8 £+ 0.4
Ionomycin 0.1 £ 0.1
PMA+Ionomycin 19.7 + 1.7

cp2%t,cD3t T cells were cultured at 1 x 105/we11 with either medium
alone or medium plus PHA at 3 pg/ml, PMA at 1 ng/ml, ionomycin at 0.1
MAg/ml, or CD3sp Ab at 50 ng/well as indicated above

b Thymidine incorporation (cpm x 10'3, mean + S.E.M.) was determined on
day 3 of culture

This population also fails to proliferate in response to phorbol
myristate acetate (PMA), a potent activator of protein kinase C, or the
calcium ionophore, ionomycin. However, solid phase CD3 (CD3sp)
monoclonal antibodies or the combination of PMA and ionomycin can
efficiently induce the proliferation of this population of cells. When
RNA was isolated at different time points following CD3sp stimulation of
this resting T cell population and c-myc expression analyzed by Northern
blot analysis, we found that c-myc mRNA levels were induced within 1
hour following stimulation and were maintained throughout the
proliferative response (Fig. 1).

Both Phorbol Esters and Calcium Ionophores can Induce c-myc mRNA
Expression in Resting T Cells

Previous studies have shown that antibodies to the TCR/CD3 receptor
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Figure 1. c-myc mRNA levels following stimulation of resting peripheral
blood T cells with CD3sp antibodies, which crosslink the TCR/CD3 antigen
receptor complex. MED = medium control, upper panel - ethidium bromide
staining of the total RNA, lower panel - autoradiogram following
hybridization with a c-myc-specific probe
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Figure 2. Activation cascade for induction of protein kinase € and
increased intracellular calcium following stimulation of the T3(CD3)/T
cell receptor complex

complex initiate their intracellular effects by activating
phospholipases to release phosphoinositol (PI) and diacylglycerol (DAG)
from the membrane. These intracellular secondary messages in turn lead
to a rapid rise in cytoplasmic free calcium and the activation and
membrane translocation of protein kinase C (Truneh et al. 1985,
Ledbetter et al. 1987, Fig. 2).
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To determine which of these two pathways might be primarily responsible
for the activation of c-myc following surface stimulation of the TCR/CD3
complex, we have investigated c-myc expression following stimulation of
increased cytoplasmic free calcium by the calcium ionophore, ionomycin,
and/or activation of protein kinase C by PMA. As seen in Fig. 3, both
agents were found to induce significant increases in the steady-state c-
myc mRNA levels. Stimulation of c-myc mRNA levels by both PMA and
calcium ionophore were shown to be superinducible in the presence of
cycloheximide. Cycloheximide has previously been shown to induce c-myc
mRNA levels by increasing mRNA stability (Dani et al. 1984). 1In
addition, stimulation of resting peripheral blood T lymphocytes by both
PMA and ionomycin led to a synergistic effect on c-myc mRNA levels.

This response was again found to be superinducible when cells were
pretreated with PMA and ionomycin and then cycloheximide added. Under
these conditions there is not only an increase in P1/P2 promoter
initiated transcripts but also an increase in the 3.1 kb PO initiated
transcripts reported by Bentley and Groudine (1986b, Fig. 3).

Figure 3. c-myc mRNA levels in resting, PMA induced, ionomycin (IONO)
induced and PMA + Ionomycin induced T cells. The effect of
cycloheximide (+) on pretreated cells is also shown. Upper panels -
ethidium bromide staining of total RNA. Lower panels - autoradiogram
following hybridization with a c-myc specific probe

Ionomycin and PMA Induce c-myc Expression by Independent Transcriptional
Mechanisms

We next sought to investigate the individual roles PMA and ionomycin
played in inducing c-myc gene expression in quiescent peripheral blood T
cells. Experiments examining the half-life of the c-myc mRNA induced by
ionomycin or PMA revealed the c-myc half life to be approximately 15
minutes in both instances (data not shown). 1In parallel experiments, it
was shown that the c-myc mRNA levels induced by cycloheximide could be
entirely accounted for by an increase in the mRNA half life to over 1
hour following treatment of resting cells with cycloheximide. These
results suggest that both PMA and ionomycin are having their primary
effects on the transcription rate and/or processing of the primary c-myc
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transcripts. To investigate the role of alterations in transcriptional
regulation in the induction of c-myc gene expression by PMA and/or
ionomycin, we have begun to analyze the regulation of c-myc
transcription as measured by run-on transcription assays (data not
shown). In these preliminary experiments, nuclei were isolated from
resting peripheral T lymphocytes following stimulation with media alone,
PMA for 12 hours, ionomycin for 2 hours, or PMA alone for the first 12
hours of culture followed by the addition of_ionomycin for an additional
2 hours. Nuclei were then incubated with [““P]-radiolabelled UTP under
conditions that allowed for elongation of initiated transcripts by
polymerases already bound to DNA. Radiolabelled nascent RNA transcripts
were then isolated from the reaction mix and hybridized with filters
containing single stranded M13 probes for exon 1 and exon 2 in both the
sense and anti-sense orientations. As reported previously by others
(Bentley and Groudine 1986, Nepveu and Marcu 1986, Eick and Bornkamm
1986), resting peripheral blood T cells demonstrated a significant
transcriptional rate of the sense strand of exon 1 demonstrating that
even in the resting state, the c-myc major promoters, Pl and P2, are
being utilized by polymerases. However, significantly less
transcription was observed using a similarly sized exon 2 template.
Comparison of the band intensities between exon 1 sense strand and the
exon 2 sense suggest that there is 4-5 fold block to transcriptional
elongation between exon 1 and exon 2 in resting cells. Studies
previously reported by others have suggested that this block to
elongation occurs at the exon 1/intron 1 boundary (Cesarman et al. 1987)
and we have performed no further studies to locate this region. When
resting peripheral blood T cells are incubated for 12 hours with PMA,
the ratio of exon 1 to exon 2 transcription was significantly lowered
(<2:1), suggesting that there has been an alleviation of the block to
transcriptional elongation observed between exon 1 and exon 2 in resting
peripheral blood T cells. In contrast to these results, when resting
peripheral blood T cells are stimulated for 2 hours with the calcium
ionophore, ionomycin, a 3-5-fold increase in the rate of transcription
within both exon 1 and exon 2 was observed. The increase in exon 2
transcription can entirely account for the increase in c-myc mRNA that
occurs following ionomycin treatment of the cells. Despite the increase
in overall transcription within the locus following ionomycin treatment
alone, there is still a significant block to transcription elongation
between exon 1 and exon 2. We next examined the transcription of cells
stimulated with both PMA and ionomycin. The transcription rate of exon
1 in cells pretreated with PMA and then stimulated with ionomycin
appears to be no different than transcription induced by treatment with
ionomycin alone. However, in contrast to ionomycin treatment, the
transcription rate within exon 2 appears to occur at a rate equivalent
to that of exon 1 when cells are pretreated with PMA and then stimulated
with ionomycin, suggesting that the block to transcriptional elongation
has been alleviated.

CONCLUSIONS

Surface activation events mediated by the TCR/CD3 receptor can initiate
the expression of c-myc mRNA that appears to be mimicked in both the
level and kinetics of c-myc induction by the combination of protein
kinase C activation by PMA and the release of intracellular calcium by
ionomycin. Both PMA and ionomycin appear to have their primary effects
at the level of transcription and/or mRNA processing. Treatment of
resting peripheral T cells by calcium ionophore alone leads to an
increased rate of promoter utilization at the major promoters of the c-
myc proto-oncogene. This induction in transcription rate does not
appear to have any effect on the level of the block to transcriptional
elongation that is present within the first intron of the gene.
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Treatment of resting peripheral blood T lymphocytes with PMA alone
appears to decrease the block to transcriptional elongation present
within the first intron of the gene. When resting peripheral blood T
lymphocytes are stimulated with a combination of PMA and ionomycin, one
finds that the primary transcriptional effects of these two agents
synergize, leading to increases in promoter utilization as a result of
ionomycin treatment of the cells and a decrease in the block to
transcriptional elongation within the first intron, presumably as a
result of PMA pretreatment of the cells. The independence of the PMA
and ionomycin effects on the transcriptional requlation of the gene can
be demonstrated by the fact that the effect of PMA can only be seen when
cells are pretreated with the agent and can be completely abolished by
pretreatment with PMA in the presence of cycloheximide. This suggests
that the PMA effect requires the induction of new protein synthesis. 1In
contrast, the ionomycin effect can be observed in cultures in which
cycloheximide is present from the onset of stimulation, demonstrating
that the effect of ionomycin on increasing promoter utilization in the
5’ end of the gene is independent of new protein synthesis. Finally,
both the PMA- and ionomycin-mediated effects on transcription can be
independently augmented by stabilization of mRNA in the cytoplasm by
addition of cycloheximide to PMA, ionomycin, or PMA+ionomycin pretreated
cultures.

Figure 4. Proposed model for regulation of c-myc gene expression in
normal cells. Points of potential transcriptional control by increased
intracellular calcium and PMA-inducible proteins are identified

In summary, our results suggest that a major effect of antigen receptor
stimulation of resting peripheral blood T cells is the induction of
c-myc mRNA expression. The two intracellular pathways induced by
TCR/CD3 receptor stimulation as mimicked by PMA and ionomycin both
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appear to play a significant role in the induction of c-myc gene
expression by the antigen receptor complex. The presence of multiple
levels of control of c-myc gene expression during cellular activation is
consistent with the hypothesis that c-myc plays a central role in
regulating the proliferative response (Fig. 4). In fibroblasts,
constitutive expression of c-myc has been shown to abrogate the growth
requirement for the serum competence factor PDGF (Armelin et al. 1984).
Similarly, the deregulation of c-myc gene expression seen in a variety
of lymphoid neoplasms may partially account for the ability of these
cells to proliferate in an antigen-independent manner (Dyson and
Rabbitts 1985, Erikson et al. 1986, Cesarman et al. 1987).
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A Repressor of c-myc Transcription Is Found Specifically in
Plasmacytomas

E. KakkKis, K. RiGGs, and K. CALAME
INTRODUCTION

Since the discovery that translocation of c-myc genes results in altered
c-myc gene expression (for review see Cory 1986), a great deal of effort
has been directed toward understanding how regulation of c-myc occurs
under both normal and altered conditions. Work by many groups has
shown that translocated ¢c-myc is activated in plasmacytomas, but little
insight has been gained into the mechanism of this activation (Cory 1986,
Kakkis, Mercola and Calame 1988). Another interesting finding is that
c-myc genes in their normal chromosomal context are not transcribed at
detectable levels in plasmacytomas (Fahrlander et al 1985, Kakkis, Mercola
and Calame 1988). Although many interpretations of this result are
possible, we considered it likely that the c-myc gene could be normally
repressed at the terminal stage of B-cell differentiation and that
translocation could release c-myc from repression and activate its
transcription. The repression of ¢c-myc in plasmacytomas may represent
the cell's attempt to turn off cell division. Studies on a number of

in vitro differentiation systems suggest that c-myc expression correlates
with proliferation and c-myc repression reflects the cessation of cell
division (e.g. Bentley and Groudine 1986, Lachman and Skoultchi 1984,
Resnitsky et al 1986). The mechanism for this repression in
plasmacytomas is thus of considerable importance.

Although increased levels of myc protein may autoregulate expression in
plasmacytomas, it seems more plausible to propose that an independent
mechanism downregulates c-myc in the terminal stage of B-cell
differentiation, repressing c-myc in a permanent fashion and thus blocking
further cell division. The lability of c-myc mRNA and protein makes
c-myc an unlikely candidate for autoregulation in the terminal stage of
differentiation, since the presence of appropiate levels of protein would be
required continuously. An autoregulatory role may exist in earlier stages
of development when non-dividing stages are encountered (e.g. resting

B cells). Considering the importance that repression of c-myc in
plasmacytomas might play in normal B cell development, we sought to
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assess the presence of proteins which might downregulate c-myc in
plasmacytomas.

RESULTS AND DISCUSSION

Myc-PRE__and myc-CF1 bind the ¢c-myc promoter:. Based on our
hypothesis that repression of c-myc in plasmacytomas represented end-
stage specific regulation, we searched for DNA-binding proteins that
bound conserved regions of the c-myc promoter, using a mobility shift
assay (Kakkis and Calame 1987). We found that within a 1 kb region of
human/murine conserved promoter sequences, there was a single binding
site for a protein which was specific to plasmacytomas and not found in
cell lines representing earlier stages of B cell development . The
prominent and specific DNA-binding activity in plasmacytoma nuclear
extracts was unique; there were no other prominent binding activites
which showed plasmacytoma specificity. Methylation interference,
footprinting and sequence analysis demonstrated that a sequence
"AGAAAGGGAAAGGA" was the se‘quen'ce recognized by the plasmacytoma-
specific factor. Gel shift experiments with deletion mutants and
competition experiments with a synthetic double-stranded oligonucleotide
confirmed that this was the binding site (not shown). The factor was
originally named myc-PCF, but because of results described below, we
have changed its name to myc-PRF for "plasmacytoma repressor factor".

Footprinting analysis on another factor common to all B cell stages showed
that this factor protects a conserved sequence "AGAAAATGGT" which is
located approximately 10 bp 3' of the myc-PRF binding site (Kakkis and
Calame 1987). We have named this common factor myc-CF1 (common
factor #1). These two factors bind to the same DNA probe molecule and so
generate a larger gel-shift complex denoted the A complex (Kakkis and
Calame 1987).

Myc:-PRE_is_abundant only in.plasmacytomas: myc-CF1 is found. in nearly
all_cell types: We tested a number of cell types for the presence of these
two DNA binding factors using the gel mobility shift assay. Our
conclusion from tests of 4 plasmacytomas (M603, P3X63-Ag8 [P3X],
J558L, S107), 4 early B cell lines (18-81, 70Z/3, WEHI279, 38B9), 2
fibroblast lines (3T3, L cells), 2 T cell lines (EL4, AOIT), brain, liver and
kidney are that myc-CF1 is found in all cells except possibly for brain and
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that myc-PRF is found in abundance exclusively in plasmacytomas (not
shown). The only exception is a Lyl+ B cell line 1414, which contains
highly amplified c-myc genes and a trace amount of myc-PRF. The
presence or absence of myc-PRF was confirmed by oligonucleotide
competition experiments (not shown). These data suggest the interesting
possibility that myc-PRF is restricted to terminally differentiated B-Cells.

Additional experiments with human cell lines including Daudi, Manca,
BJAB, HL60 (with and without DMSO treatment for up to 6 days), and
COLO0320 showed no evidence of myc-PRF activity. We also tested these
extracts with a human myc promoter DNA probe containing the homologous
myc-PRF site and found that none of these lines, including the two Burkitt
lymphomas, contain myc-PRF. We also found that myc-CF1 from a human
or mouse source binds either human or mouse DNA interchangeably,
whereas mouse myc-PRF from M603 was unable to bind the human PRF
sequence (AGAAAGGGAGAGGG). The differences between the two core
sequences or perhaps between closely surrounding sequences is sufficient
to prevent binding. This raises interesting questions regarding the
divergence and coevolution of DNA-binding factors and binding sites and
the differences in regulation which may exist between mouse and human

c-myc genes.

Myc-PRE represses._transcription of myc/CAT fusion genes: We wished to
establish the functional role of myc-PRF in ¢c-myc regulation in
plasmacytomas. If myc-PRF does repress transcription of c-myc, deletion
of the myc-PRF binding site should activate c-myc transcription in
plasmacytomas. We constructed a specific deletion of the myc-PRF
binding site using oligonucleotide-directed mutagenesis. The deletion of
14 bp and addition of one "T" lead to the formation of an Acc I restriction
site which we could use to follow and confirm the presence of the deletion.
Five different pairs of wildtype and mutant constructs were made which
fused different portions of the c-myc promotor to the CAT gene. When
transiently transfected into the plasmacytoma P3X Ag63.8, only c-myc
promoters containing ~424to ¥568 or 1150 to 568 (Sma-Bgl and Bgl-Bgl) gave
significant activity and the myc-PRF deletion had no effect in any of the
constructs. Although at first surprising, we considered the possiBility
that the apparent low abundance of myc-PRF in nuclear extracts ( only ~5
fold excess of cold competitor DNA competes for the factor) might result

in titration of the putative negative factor under transient transfection
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conditions in which thousands of DNA copies were present in a cell. To
address this potential technical problem, we made stable transfectants.

Stable transfectants were made using the Bgl-Bgl promoter construct either
in its wildtype form or with the myc-PRF binding site deleted. Constructs
were cotransfected with pSV2NEO into P3X and L cells followed by
selection with G418. The Bgl-Bgl construct was chosen because it had
previously been shown to be transcribed correctly (Remmers et al 1986)
and because it gave good CAT activity under transient conditions. Five
pools of P3X transfectants for wildtype and mutant constructs were made
from three separate transfection experiments. Four separate pools of

L cell transfectants were made from two transfection experiments. All
pools had similar copy number of the transfected gene, estimated to be
between 50-150 copies per cell (not shown). We found that extracts from
the P3X lines containing the mutant promoter had 31 fold higher CAT
activity than those from the P3X lines with the wildtype construct

(Table 1). The L cell pools showed no significant difference between
wildtype and mutant constructs. These data confirm that myc-PRF
represses the c-myc promoter in plasmacytomas but not in L cells, a role
consistent with its distribution in plasmacytoma cells which have repressed
the c-myc gene at the transcriptional level.

TABLE 1: STABLE TRANSFECTANT DATA
P3X plasmacytoma L cell fibroblast
PRF mutant Wildtype PRF mutant wildtype

cellline  activity cellline activity cellline activity cellline activity
1. 2A 9.65 1A 0.19 2AL 68.6 1AL 515
2. 2B 5.65 1B 0.56 2BL 58.2 1BL 375
3. 4A 50 3A 1.1 4AL 78.0 3AL 127
4. 4B 10.9 3B 0.1 4BL 134 3BL 153
5. 6B 28.5 5C 0.013
AVE= 11.9 0.39 AVE.= 84.7 92.3
Rel. activity mut./wt = 31 Rel. activity mut/wt= 0.92

*activity is expresssed as picomoles chloramphenicol acetylated / hour / 5x106 cells

begun to investigate the role that myc-CF1 might play in the regulation
process. We have used partially purified myc-PRF protein in mixing
experiments with EL4 and 18-81 extracts which contain myc-CF1 but no
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myc-PRF. Addition of increasing amounts of myc-PRF (Fig.1A) causes an
increase in complex A and a decrease in the myc-CF1 complex. These data
suggest that the two proteins may bind synergistically to c-myc promoter
DNA. We have further investigated the possible interaction between these
two proteins by measuring dissociation rates for each protein binding alone
or in combination using the gel mobility shift assay and P3X nuclear
extract. The experiments show that the complex due to myc-CF1 binding
alone has a half-life that is less than 30 seconds in the presence of a vast
excess of unlabeled DNA competitor (Fig. 1B). The complexes specific to
myc-PRF alone have a half-life that is greater than 10 minutes (Fig. 1B).
The A complex, representing binding by both myc-PRF and myc-CF1, also
has a halflife of 10 minutes of more (Fig. 1B). These data suggest that
myc-CF1 is more tightly bound in the presence of myc-PRF. Although the
role of myc-CF1 has not been established, one possibility is that it is a
positive factor for c-myc transcription and that interaction with myc-PRF

prevents its stimulatory action.

The ultimate understanding of the importance of myc-PRF and myc-CF1 in
c-myc regulation within B cells will depend on future detailed assessment
of the mechanism of c-myc repression and the relationship of this
repressor to other regulatory regions present in the c-myc locus. The
large, highly conserved c-myc promoter suggests that the transcriptional
regulation of c-myc expression will be complex. We hope that an
understanding of myc-PRF and myc-CF1 will explain a portion of the
regulatory influences controling transcription of the c-myc gene.
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Fig. 1. A complex containing myc-PRF and myc-CF1 bound to the same
DNA molecule. (A) A mixing experiment in which increasing amounts of
partially purified myc-PRF were added to fixed amounts of EL4 extract
containing myc-CF1. (B) An off-rate experiment in which the proteins in
P3X crude extract were allowed to bind to equilibrium with labeled probe,
followed by addition of a 50 fold molar excess of cold DNA as competitot
at appropriate times prior to loading of the gel. In the first half of the
panel, the competitor used was wildtype, and contains both the myc-PRF
and the myc-CF1 binding sites. In the second half of the panel, the
competitor used had the binding site for myc-PRF mutated, and contains
only the binding site for myc-CF1
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Regulation of c-myc Gene Transcription in B Lymphocytes:
Mechanisms of Negative and Positive Control

A.J. BUCKLER!, D.J. KESSLER?, M.P. DUYAO?, T.L. ROTHSTEIN!?, and G.E. SONENSHEIN?
SUMMARY

Transcription of the c-myc oncogene is stringently regulated. To
begin to elucidate the mechanisms of transcriptional control, we
have studied growth arrest of the B cell lymphoma WEHI 231 and
mitogenic stimulation of quiescent splenic B lymphocytes. In these
systems, transcription of c-myc is subject to negative and positive
regulation, respectively. We have used DNA gel-retardation assays
employing nuclear extracts prepared from exponentially growing or
growth arrested WEHI 231 cells to characterize protein-DNA
interactions within segments of the putative dehancer region, which
has been implicated in the transcriptional down-modulation of c-
myc. We find that decreased transcription is associated with
specific changes in a relatively complex pattern of binding of
proteins to sequences within this regulatory region. Furthermore,
evidence suggests that some of this binding may involve protein-
protein interactions. For activation of quiescent murine splenic B
lymphocytes, two signals are required. As noted previously, these
can be delivered in a competence/progression type manner by goat
anti-mouse immunoglobulin antibody (GaMIg) and cytochalasin D (CD).
Here we demonstrate that the synergy of action of these two signals
on c-myc RNA levels can be accounted for by changes in the rate of
transcription. We find that GaMIg "primes" the gene in such a
manner that its responsiveness to CD is enhanced. These systems now
allow us to dissect the signals involved in transcriptional control
of this proto-oncogene.

INTRODUCTION

The c-myc proto-oncogene has been strongly implicated in control of
normal cell growth and differentiation. Furthérmore, many lines of
evidence indicate that the c-myc oncogene can play a direct role in
the neoplastic transformation of lymphocytes of the B cell lineage

(Shen-Ong et al., 1982). Alterations in c-myc gene structure
associated with B cell transformation would severely 1limit the
cells capacity to stringently regulate this gene. In quiescent

untransformed cells the level of c-myc mRNA is low and it increases
upon mitogenic activation; on the other hand, growth arrest and
differentiation of a number of cell types is preceded by decreased
expression of this mRNA (Kelly et al., 1983, Campisi et al., 1984).
These alterations in mRNA levels can often be related to changes in
the rate of c-myc gene transcription (Greenberg and Ziff, 1984),
suggesting that both positive and negative genetic regulatory
elements are involved in the control of c-myc gene expression. We
have been employing two model systems-- growth arrest of the murine
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B cell lymphoma WEHI 231 cell line and activation of normal murine
splenic B lymphocytes-- to study the down- and up-modulation of c-
myc gene transcription, respectively.

Growth Arrest of WEHI 231 Cells

The WEHI 231 line was derived from an early B cell lymphoma; these
cells express surface 1IgM, but do not secrete immunoglobulin
protein. Growth of WEHI 231 cells can be inhibited, within 24
hours, by incubation with an anti-mouse Ig antisera, e.g., goat
anti-mouse immunoglobulin (GaMIg) (Boyd and Schrader, 1981).
Previously we demonstrated that this growth arrest was accompanied
by dramatic changes in c-myc gene expression (McCormack et al.,
1984); an initial increase in the level of c-myc mRNA is followed
by a dramatic decrease. Following 24 hours of treatment, the RNA
level is significantly below control values seen in exponentially
growing cells. This selective decrease in c-myc RNA was shown to be
related to a drop in the rate of transcription of the gene (Levine,
et al., 1986). Using various fragments of the c-myc gene in
nuclear run-off assays, we demonstrated that by 24 hours both a
decrease in the rate of initiation of transcription, as well as of
elongation was evident (data not shown). To evaluate the protein-
DNA interactions mediating these changes in the rate of
transcription of the g£ene we have employed DNA gel retardation
assays (Strauss and Varshavsky, 1984). By comparing binding seen
with nuclear extracts from exponentially growing cells to those
prepared 24 hours after GaMIg treatment, we have a measure of the
potential physiological significance of any observed protein-DNA

interaction. We have concentrated on the putative negative
regulatory element, termed the dehancer region, originally
identified by Marcu and coworkers (Remmers et al., 1986). CAT

transfection assays indicate +that this region has a negative
influence on transcription.

Protein-Dehancer DNA Interactions are Complex:

For study by gel shift analysis, this region, located between -1141
to -426 bp upstream of the first promoter, was divided into three
domains (fragments A, B, and C) as shown in Fig. 1. For each
fragment, binding to exracts prepared from nuclei of exponentially
growing cells yielded multiple bands indicative of multiple
protein-DNA interactions. Fragment A displayed the most intense
binding; and fragment C the least. In comparing lysates prepared
from these control cultures with those from cells treated with
GaMIg for 24 hours, clear differences in the fragment A and B
banding patterns are evident (Fig. 1). With fragment A, two changes
are apparent; there is less shift to the position of the upper
bands, and the relative intensity of binding of the lowest band to
the one above it becomes greater with lysates of GaMIg treated as
compared to control cells. Similarly, a shift in band intensity is
observed with fragment B. In contrast, no reproducible changes
are seen with fragment C. (The apparent decrease in intensity of
one of the bands with the lysates from GaMIg treated cells was not
observed routinely.) Binding of proteins in control extracts to the
sequences between fragment C and the first promoter (Pl) was also
detected; while an overall decrease in intensity was seen with
extracts from GaMIg treated cells, no selective changes in the
banding patterns were observed (data not shown). Thus extracts
prepared from cells with decreased c-myc transcriptional activity



240

Fig. 1. Comparison of the interactions of "dehancer"
region DNA with proteins within nuclear extracts of
exponentially growing (E) and GaMIg treated (24) cells.

The three subfragments (A,B,C), shown in the map, were
incubated with the indicated extract and subjected to gel
retardation analysis. (-, labelled DNA alone).

[B, Bgl II; A, Acc I; X, Xma I]

displayed selective changes in interaction with sequences within
the promoter element.

Mapping Protein-Fragment A Interactions:

Additional effort was concentrated on elucidating the nature of the
protein-DNA interactions within Fragment A since Marcu and
coworkers have mapped one of two negative domains to this region
within the "dehancer" (personal communications). Fragment A was
labeled at its 5’ end, and various subfragments (Al through AS5)
were prepared by restriction digestion as indicated in Fig. 2a.
These were isolated and tested for binding with 1lysates from
exponentially growing cells. A minor band is lost with Hae III
digestion (Al vs A). Upon digestion with BstU I (A2) and then PflM
I (A3), the intensity of upprer bands decreases dramatically, while
the two lower bands remain unaffected. Further digestion of
fragment A3 with Hpa II results in the disappearance of these two
bands, i.e. essentially no binding is seen with Fragment A4. This
result suggests that the protein binding which yields the two lower
bands is occurring within the PflM I to Hpa II fragment; this
conclusion has been confirmed in studies with the ©purified
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Fig. 2. Mapping of sites of interaction of nuclear
proteins within Fragment A of the "dehancer" region.

a. (left) Domains of Fragment A, as illustrated in
top panel, were subjected to gel retardation analysis in
the presence (+) or absence (-) of extracts from cells in
exponential growth.

b. (right) Comparison of nuclear factor binding to
fragments A and A3 (performed as described in Fig. 1)

fragment (data not shown). The sequences within this domain that
mediate binding have Dbeen further investigated in a DNAase
protection assay. Using lysates from control cells, the
AAGTCCGGTTTTCCCCAACC sequence surrounding the Hpa II site was
protected. Having mapped the binding of the two lower bands to
within fragment A3 with control lysates, we compared the binding
seen with lysates from GaMIg-treated cells (Fig. 2b). As expected a
dramatic difference in the intensity of binding of the two lower
bands is evident, confirming the localization of the altered
protein-DNA interaction.

In order to more completely define the boundaries of the protein-
DNA interactions within Fragment A, a series of digestions were
performed with DNA labeled at the 3’ end of the fragment. Following
digestion with various enzymes, the fragment was similarly analyzed
for binding with lysates derived from control cells. Digestion with
Pfl1M I resulted in loss of not only the lower bands as expected,
but also of most of the upper ones as well (data not shown). The
remaining bands appeared unaffected by subsequent Bst UI digestion;
only 1 band was seen with the 3’ end Hae III fragment. This result
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suggests that the proteins interacting with sequences between the
Pf1IM I and Hpa II sites may be interacting directly with proteins;
however, alternate hypotheses including overlapping DNA binding
sites can also explain these results.

Activation of Splenic B Lymphocytes

Stimulation of resting B lymphocytes to proliferate involves at
least two steps. The signals involved in activating B cells from a
quiescent state to enter the G: phase of the cell cycle appear to
be separable from those required for activated cells to progress
through the G; phase into S phase (for review see Melchers and
Andersson, 1986). The first signal can be delivered by binding of
antibodies to surface immunoglobulin (sIg); sIg represents the
antigen-specific receptor for these cells. The second signal is
believed to be delivered by lymphokines (for review see Howard and
Paul, 1983). Interestingly, recent work from one of these
laboratories demonstrated that any one of a number of cytochalasins
in combination with modest doses of goat anti-mouse immunoglobulin
(GaMIg) induces murine splenic B lymphocytes +to initiate DNA
replication (Rothstein, 1985). Thus cytochalasin can circumvent the
need for the lymphokine in this two step activation process.
Further investigation of this model system indicated that GaMIg and
cytochalasin act sequentially, in that cytochalasin D (CD)
stimulates DNA synthesis in GaMIg-activated cells (Rothstein,
1986). In contrast, pre-incubatidbn of cell with CD did not lead to
DNA synthesis when such cells were subsequently washed and treated
with GaMIg. Thus GaMIg and cytochalasin appear to represent a
competence-progression type model for the initiation of DNA
synthesis in B cells.

Synergy of GaMIg and CD on c-myc RNA Expression:

The effects of GaMIg and CD on the expression of c-myc during B
cell stimulation were measured by Northern blot analysis as shown
in Fig. 3a. Spleen cells from 6~ to 12-week old A/J male mice were
purified, and incubated in RPMI 1640 culture medium alone, or in
medium supplemented with either GaMIg (5 pg/ml), CD (1 pg/ml) or
GaMIg ©plus CcD, as described ©previously (Rothstein, 1985).
Incubation with either GaMIg or CD caused an increase in c-myc RNA;
however, it was only of a transitory nature. By 7 and 4 hours
respectively, the levels returned to those seen in cells incubated
in medium alone. In contrast, when spleen cells were incubated with
the combination of GaMIg plus CD, there was a very large increase
in c-myc RNA level; with time the level of c-myc RNA declined from
the peak value but it remained elevated abeve control values
throughout the time course. Cells asynchronously enter the S phase
between 24 and 48 hours after such co-stimulation (T.L.R.,

unpublished observation). Control experiments demonstrated that it
is the B cells within the lymphocyte population which are
responding to these signals (Buckler et al., 1988). Thus in

addition to the increased level of mRNA which may be necessary to
lead to a competent state, our results suggest that further
expression of c-myc in the G, phase of the cell cycle may be
required for progression of activated B cells to DNA synthesis.

It has also been shown that B cells which have been preincubated
with GaMIg remain responsive to CD several hours after removal of
GaMIg (Rothstein, 1986). We next examined the effects of this
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Fig. 3. Time course of c-myc mRNA expression in murine
splenic lymphocytes.

a. (left) Effects of treatment with GaMIg, CD, or GaMIg
plus CD for the indicated times.

b. (right) Effects of CD in cells preincubated with
GaMIg. Lanes A, preincubation in medium; Lanes B,
preincubation in medium supplemented with GaMIg

treatment on c-myc RNA expression. Spleen cells which had been
preincubated for 1 hour in medium supplemented with GaMIg were
washed and incubated in medium alone for 3 hours. As expected by 3
hours, the increased c-myc RNA level had returned to the control
value (Fig. 3b; GaMIg vs 0 hour, lanes B). Following subsequent
addition of CD to the cultures, the c-myc RNA level increased very
dramatically. In cultures which have been mock-treated, i.e.
preincubation with medium alone (Fig. 3b, lanes A), CD had only a
minor influence on the c-myc RNA level. Thus GaMIg alters c-myc
gene expression, rendering it susceptible to subsequent action by
CD; furthermore, there are synergistic effects of competence- and
progression-like factors on c-myc gene expression.

GaMIg Alters c-myc Gene Response to CD:

To investigate the nature of the changes mediated by GaMIg which
render expression of the c-myc gene "primed" for the signals
delivered by CD, the influence of these factors on gene
transcription was measured using nuclear runoff analysis (Fig. 4a).
Incubation of spleen cells with either GaMIg or CD resulted in a
transient increase in c-myc gene transcription; the initial
increase. with GaMIg was greater and the effect was of 1longer
duration than that observed with CD, as seen at 4.5 h. These
results are consistent with +the RNA values above (Fig. 3a).
Treatment with GaMIg plus CD results in a much larger increase in
the rate of transcription than the increases observed upon
treatment with the individual agents alone; furthermore, increased
transcription was maintained at a higher level over the time
course, as seen at 4.5 h (Fig. 4a).

To determine whether the changes induced by GaMIg were stable,
cells pretreated with GaMIg were washed, incubated in medium for
3h, and then subsequently treated with CD. As seen in Fig. 4b, the



244

Fig. 4, Nuclear run-off analysis of c-myc gene
transcription in murine splenic lymphocytes.

a. (left) Effects of treatment with GaMIg, CD, or
GaMIg plus CD.

b. (right) Effects of CD treatment in cells
pretreated with GaMIg and then incubated in medium.
Cloned DNAs include: anti and sense, M13 clones of the
Bam HI-Hind III restriction fragment of mouse c-myc
genomic DNA containing exons 2 and 3, which detect
transcription of noncoding and coding strands,
respectively (Kindy et al., 1987); both, 5.5 kb Bam HI
genomic fragment of S107 mouse myeloma containing exons 2
and 3 in pBR322 (Kirsch et al., 1981); B2-p, mouse Bz2-
microglobulin cDNA clone (Parnes et al., 1981); M13,
vector DNA

increase in transcription induced by GaMIg decreased to control
levels following incubation in medium for 3h. CD treatment caused a
reinduction of transcription in GaMIg ©pretreated cells. In
contrast, CD had only minimal effects on cells that had been mock-
treated with medium for 1 h prior to washing and incubation in
medium for 3h. Thus GaMig, which functions as a competence factor,
stably alters the c-myc gene in such a manner that its response to
the signals mediated by CD, the progression-like factor, are
enhanced. Furthermore there is a sequential activation of c-myc
gene transcription that is associated with the two-step stimulation
of B cells leading to S phase entry. "Priming" of c-myc associated
with competence induction is 1likely to be mediated by nuclear
factors which interact with regulatory regions of the c-myc gene;
these will be analyzed using the approach described above.

CONCLUSIONS

DNA gel shift analysis indicates a complex interaction of nuclear
proteins with putative regulatory elements located upstream of the
c-myc mRNA transcription unit. Decreased transcriptional activity
of this gene in WEHI 231 cells is accompanied by changes in protein
binding within these DNA sequences, and possibly in protein-protein
interactions as well. Transcriptional activation of c-myc in
murine splenic B lymphocytes can occur in two stages; signals from
competence-like factors alter the transcriptional response to
progression-like factors. Thus this system allows us to dissect the
steps leading to complete activation of the c-myc gene.



245
ACKNOWLEDGEMENTS

This work was supported by Public Health Service grants CA36355
(G.E.S.), AI23454 (T.L.R.), and CA40424 (T.L.R.) from the National
Institutes of Health. M.P.D. is supported by National Institutes of
Health Training Grant T32.

REFERENCES

Boyd, A and Schrader, JW (1981) The regulation of growth and
differentiation of a murine B-cell lymphoma: II1. The
inhibition of WEHI 231 by anti-immunoglobulin antibodies. J
Immunol 126:2466- 2469

Buckler, AJ, Rothstein, TL, and Sonenshein, GE (1988) Two-step
stimulation of B lymphocytes to enter DNA synthesis: Synergy
between anti-immunoglobulin antibody and cytochalasin on
expression of c-myc and a Gi;-specific gene. Mol Cell Biol
8:1371-13175

Campisi, J, Gray, HE, Pardee, AB, Dean, M and Sonenshein, GE (1984)
Cell-cycle control of c-myc but not c-ras expression is lost
following chemical transformation. Cell 36:241-247

Greenberg, ME, and Ziff, EB (1984) Stimulation of 3T3 cells
induces transcription of the c-fos proto-oncogene. Nature
(London) 311:433-438

Howard, M, and Paul, WE (1983) Regulation of B-cell growth and
differentiation by soluble factors. Ann Rev Immunol 1:307-333

Kelly, K, Cochran, BH, Stiles, CD, and Leder, P (1983) Cell-
specific regulation of the c-myc gene by lymphocyte mitogens
and platelet-derived growth factor. Cell 35:603-610

Kindy, MS, McCormack, JE, Buckler, AJ, Levine, RA, and Sonenshein,
GE (1986) Independent regulation of transcription of the two
strands of the c-myc gene. Mol Cell Biol 7:2857-2862

Kirsch, IR, Ravetch, JV, Kwan, S-P, Max, E, Ney, R, and Leder, P
(1981) Multiple immunoglobulin switch region homologies
outside the heavy chain constant region locus. Nature
(London) 293:585-587

Levine, RA, McCormack, JE, Buckler, A, and Sonenshein, GE (1986)
Transcriptional and posttranscriptional control of c-myc gene
expression in WEHI 231 cells. Mol Cell Biol 6:4112-4116

McCormack, JE, Pepe, VH, Kent, RB, Dean, M, Marshak-Rothstein, A,
and Sonenshein, GE (1984) Specific regulation of c-myc
oncogene expression in a murine B-cell lymphoma. Proc Natl
Acad Sci USA 81:5546-5550

Melchers, F, and Andersson, J (1986) Factors controlling the B-
cell cycle. Ann Rev Immunol 4:13-36



246

Parnes, JR, Velan, B, Felsenfeld, A, Ramanathan, L., Ferrini, U,
Appella, E, and Seidman, JG (1981) Mouse Bz2-microglobulin
cDNA clones: a screening procedure for cDNA clones
corresponding to rare mRNAs. Proc Natl Acad Sci USA 78:2253-
2257

Remmers, EF, Yang, JQ, and Marcu, KB (1986) A negative

transcriptional control element located upstream of the murine
c-myc gene. EMBO J 5:899-904

Rothstein, TL (1985) Anti-immunoglobulin in combination with
cytochalasin stimulates proliferation of murine B lymphocytes.
J Immunol 135:106-110

Rothstein, TL (1986) Stimulation of B cells by sequential addition
of anti-immunoglobulin antibody and cytochalasin. J Immunol
136:813-816

Shen-Ong, G, Keath, E, Piccoli, S, and Cole, M (1982) Novel myc
oncogene RNA from abortive immunoglobulin-gene recombination
in mouse plasmacytomas Cell 31:443-452

Strauss, F and Varshavsky, A (1984) A protein binds to a satellite
DNA repeat at three specific sites that would be brought into
mutual proximity by DNA folding in the nucleosome. Cell
37:889-901



Multifactorial Regulation of the Human c-myc Oncogene

M. ZAJAC-KAYE!, M. AVIGAN?, M. TAKIMOTO?, S. PITTALUGAZ, J. QUINN?, E. GELMANN!,
and D. LEVENS?

INTRODUCTION

The deregulation of the human c-myc oncogene is associated with a
variety of molecular defects, including translocations, gene amplifi-
cation, and point mutations (Cole 1986). The relative contributions
of these genetic alterations to the pathogenesis and progression of
malignancy remain to be determined. Identification of genetic defects
at the DNA sequence level helps to define the cis-elements which
physiologically regulate c-myc expression. Conversely, elucidation of
the components that normally control c-myc may provide insight into
the pathogenetic mechanisms disrupting c-myc regulation. We have used
a sensitive exonuclease protection assay to study the interaction of
sequence-specific DNA binding proteins with potential regulatory
sequences from the normal c-myc gene and from the abnormal c-myc
allele derived from Burkitt's lymphoma cells.

A LONG-RANGE ASSAY FOR DNA BINDING PROTEINS

Many assays for sequence-specific binding proteins employ small DNA
probes. The choice of the probe is often predicated upon definition
of regulatory elements by transfection experiments or an assumption

of the location of such elements. However, interpretation of trans-
fection experiments could be difficult if cis-regulatory elements are
scattered over a large region or if individual elements are synergis-
tic, or antagonize or reduntantly reinforce one another. An alternate
approach we have employed assumes that many cis-regulatory sequences
are the loci at which particular proteins bind. Correlation of the
biochemical interactions between cis- and trans- elements with physio-
logical alterations and with sequence analysis of abnormal genes may
allow specific, defined plasmid constructions to verify the in vivo
functions of these elements. Figure 1 outlines the exonuclease assay,
in which 3' end-labeled DNA fragments up to 2 kb are bound to a solid
support via a lac-repressor—beta-galactosidase fusion protein (Levens
and Howley 1985; Quinn et al. 1987). After incubation with the
protein extract, the labeled DNA is hydrolyzed with a 5'-3' exo-
nuclease. Digestion is halted either by specifically bound factors

or by the fusion protein. Displaying the products by gel electrophor-
esis reveals the loci of protein-DNA interactions. With this analysis
numerous binding sites for potential regulatory proteins have been
mapped upstream of, and within, the c-myc oncogene.

1Medicine Branch, Clinical Oncology Program, 2Laboratory of
Pathology, National Cancer Institute, Bethesda, MD 20892
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Fig. 1. Schematic summary of the long-range exonuclease assay. A
fragment of DNA up to 2 kb in length is cloned adjacent to the lac
operator in a plasmid vector such as pUCl8. After cleavage with a
restriction enzyme that leaves the operator linked to the sequence of
interest, the DNA is 3' end-labeled at both ends, bound to a lac
repressor—-beta-galactosidase fusion protein, and immobilized to a
solid support via anti-beta-galactosidase. This complex 1s mixed
with competitor nucleic acid, incubated with or without extract, and
degraded from both 5' ends. The digestion products are denatured,
separated by electrophoresis, and displayed by autoradiography

A PROTEIN BINDING SITE IN INTRON I OF THE C-MYC GENE IS FREQUENTLY
MUTATED IN BURKITT'S LYMPHOMAS

The Burkitt's lymphoma cell line, PA682, (Magrath et al. 1983) contains
a variant 8:22 chromosomal translocation at least 16 kb downstream of
the c-myc gene (Zajac-Kaye et al. unpublished data). Sequence analysis
of the abnormal allele revealed point mutations scattered throughout
the 3' region of exon I and the 5' region of intron I (Zajac-Kaye et
al. 1988).

A 38-bp deletion removed a thymidine-rich segment at the 5' end of
intron I, in a region implicated in the attenuation of c-myc trans-
cription (Bentley and Groudine 1986). Surprisingly, a nuclear run-
off analysis of PA682 cells revealed undiminished attenuation,
(Zajac-Kaye et al. 1988), in contrast to several other Burkitt's
lymphoma cell lines (Cesarman et al. 1987). Thus, neither the point
mutations nor the deletion was sufficient to abrogate attenuation.
To explore the possibility that the abnormal c-myc allele's ability
to interact with proteins was altered, the corresponding regions of
exon I and intron I from the wild type and mutated c-myc genes were
analyzed with the exonuclease protection assay. A strong barrier to
exonuclease digestion was present on the normal allele but absent on
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the abnormal c-myc gene (Zajac-Kaye et al. 1988). Inspection of the
DNA sequence in this region revealed several point mutations present
in the abnormal c-myc allele (Fig. 2). Two base changes destroyed a
Mae III restriction enzyme cleavage site in the abnormal gene at the
locus where exonuclease hydrolysis was halted on the wild type DNA.
The sequence-specific binding of a protein to the wild type allele
could be abolished by the addition of excess wild type DNA as competi-
tor, while the mutated DNA had no effect. Cleavage of the wild type
fragment with Mae III rendered it completely ineffective as a competi-
tor. Thus the Mae III site was localized within or adjacent to the
binding site of a nuclear protein. A 20 bp double-stranded oligo-
nucleotide was synthesized with the sequence encompassing a short
palindrome. This oligonucleotide abolished binding when included

as a competitor in the exonuclease assay against a wild type probe; in
addition, this same oligonucleotide formed several specific complexes
with proteins present in the extracts from a variety of cells, as
resolved by gel retardation. Importantly, a mutant double-stranded
oligonucleotide with the sequence of the abnormal PA682 c-myc gene was
ineffective as both probe and as competitor in exonuclease as well as
in gel retardation assays. DNase I footprint analysis revealed a pro-
tection of this same 20 bp element. Comparison of the wild type

c-myc gene with the homologous segment of the abnormal alleles from
several Burkitt's lymphomas showed that in five of seven cases,
mutations had occurred within the binding site we identified. Pre-
liminary results suggest that this sequence is a potent negative
cis-element whose activity in vivo requires a trans—-acting factor.

MULTIPLE C-MYC UPSTREAM SEQUENCES BIND PROTEINS

The approach outlined above has allowed the mapping of protein binding
sites along the c-myc gene. Although the in vivo significance of some
of these interactions is not always apparent, four methods can be

used to determine which of them may play a role in the regulation of
c-myc expression. 1) Transient or stable transfection of reporter
genes fused to mutated or deleted c-myc regulatory sequences may allow
the correlation of alterations in gene expression with particular pro-
tein binding sites. 2) Fusion of protein binding segments to heterol-
ogous promoters may reveal activity, in vivo, in the absence of poten-
tially antagonistic factors binding elsewhere along the c-myc gene.

Cell Line Binding Region Translocation
Normal Haolll None
BL37 AGAGTAGTTATGGTAACTGG (8;22)
Daudi (8:14)
PAEB2 @ - A - T ————— (8;22)
BL2 = - ——— T —— (8;22)
KKi2¢ - —— T ———— (8;22)
RaJ i —_—— A —— CC =T ———— — — G——— (8;14)
Lvav . I p——— G—T C————— — — (8;22)

Fig. 2. The protein binding sequence of the c—myc intron I negative
cis-element is shown. Also shown are the sequences from several
Burkitt's lymphoma cell lines. Five of seven abnormal c-myc alleles
from these cases contain alterations in the binding sequence (Gazin
et al. 1987; Hollis et al. 1984; Rabbitts et al. 1984; Showe et al,
1987; Denny et al. 1985; Rabbitts et al. 1983)
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3) Comparison of proteins binding to the c-myc gene before and after
treatment with agents known to influence c-myc expression allows the
correlation of particular protein binding sites with physiological
changes of c-myc levels. 4) Comparison between different cell lines
or tissues of the presence, absence, or abundance of proteins inter-
acting with different cis—elements may implicate particular proteins
with positive or negative changes in c-myc transcription.

One region, 320-350 bp upstream of Pl, is shown by deletion analysis
to be a negative cis-element that decreases expression from both Pl
and P2; this segment was originally defined by the exonuclease assay
as a locus that bound to nuclear factors (Hay et al. 1987). Employ-
ing both exonuclease and gel retardation analysis, it became apparent
that two distinct and separable factors interact with this region.
These factors have also been shown to interact with cis-elements from
several viral enhancers. The correlation of an in vivo negative
element (defined by transfection of deletion mutants) with the binding
of factors also interacting with known regulatory components, suggests
a potential role for this cis-element in the control of c-myc expres-
sion. 1In a similar manner, a positive element has been proposed to
reside 100-160 bp upstream of Pl.

The correlation of altered binding of some factors with physiologic
changes suggests a potential role for those factors in vivo. For
example, surveying c-myc upstream sequences from 350 to 2329 bp up-
stream of Pl, reveals numerous protein-DNA interactions in extracts
from a variety of cells, including the promonomyelocytic leukemia

cell line, HL60. Upon induction of myeloid differentiation by DMSO,
HL60 cell extracts lose a single binding factor approximately 1500 bp
upstream of Pl while retaining binding to numerous other loci. The
kinetics of the disappearance of the factor at 1500 correspond with
both a decrease in c-myc transcription initiation and commitment to
differentiation (Siebenlist et al. 1988). Biochemical characterization
of the protein interacting with this binding site and genetic analysis
of the potential physiology associated with mutant binding sites are
currently being conducted. Another category of protein-DNA interac-
tions along the c-myc gene, as detected with the long-range exonuclease
assay, 1s cell type-specific binding. For example, exonuclease
barriers at particular loci are not ubiquitously present with extracts
of all cell lines. This suggests that different sets of positive and
negative transcription factors may govern c-myc expression in different
cells, perhaps dependent upon the specific physiology of that cell. 1In
fact, different cell lines generate specific and even unique patterns
of binding when compared over 3 kb of c-myc sequence. The assessment
of the physiological significance of these differences will require
extensive genetic analysis.

WHY SO MANY FACTORS?

Figure 3 i1illustrates the plethora of protein-DNA interactions along
the c-myc oncogene detected with the exonuclease protection assay.

If even a fraction of these interactions represent bona fide sites

for the control of c-myc expression, then a description of the inter-
play between regulatory components and an elucidation of the hierarchy
of effects induced by each element will be very complex. Considering
the evidence that c-myc expression is likely to be intimately involved
in a cell's decision to replicate and/or differentiate, and consider-
ing the fact that c-myc levels respond to a variety of extracellular
signals, regulation in response to alterations of the intracellular
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+=likely to be positive element
-=likely to be negasive cis elemnt
CT=variably present or absent in
different cell types
R=alterations of in vitro binding
activity suggest regulatable element

N
| | | | ]
Hind IN Clal Pwull  Pwull Sac |
=NF | binding site
N
N = DNase | hypersensitive site
\

O= attenuation region

Fig. 3. Summary of the protein binding sites present in the c-myc
gene as detected by the exonuclease protection assay. A map of the
c-myc gene showing several restriction enzyme cleavage sites is shown.
Arrows indicate the positions of PO, Pl, and P2. Above the map the
positions of newly detected binding sites are indicated. The loci of
DNase I hypersensitive sites, NF I binding, and attenuation are indi-
cated (Bentley and Groudine 1986; Siebenlist et al. 1984)

environment might also be expected. 1In view of the wide variety of
differentiating agents that can alter c-myc expression, the search
for a single, master switch for c-myc may prove fruitless. It is
conceivable that each of a variety of signals for growth and differ-
entiation employs a different set of transducers, all funneling into
alterations of c-myc expression. In this regard, different sets of
signals may be used in different cells and under different physio-
logical circumstances. By altering the array of protein factors
present in a given cell or cell type, distinctive patterns of c-myc
expression may be established. 1In this manner certain mutations may
contribute to B-cell neoplasia (perhaps including the mutated binding
site in intron I) whereas other mutations may be phenotypically
manifested only in other tissues.

Considering the potentially malignant consequences of c-myc deregula-
tion, a selective advantage may arise from a certain degree of redun-
dancy in its regulatory apparatus. Parallel utilization of more than
one cis-element, and potentially more than one trans-element, in res-
ponse to a physiological stress or signal may provide a fail-safe
mechanism guaranteeing that the necessary change in c-myc expression
occurs. Some of the interactions we detect may, therefore, represent
parallel pathways responding to similar physiological signals. Redun-
dancy presents a particularly difficult problem for the genetic dissec-
tion of c-myc cis-elements because a phenotypic alteration may require
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the simultaneous disruption of distinct and possibly separated sequen-
ces. An analysis of the combinatorial ablation of possible cis-
elements may be required to unmask their roles in vivo.

The long-range exonuclease assay should facilitate the nomination of
particular sequences as candidates for cis-elements involved in partic-
ular regulatory circuits and thereby allow the construction of appro-
priate plasmids to demonstrate their role in vivo.
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Negative Control Elements Within and Near the Murine
c-myc Gene

K.B. MARcCU!, C. ASSELIN', A. NEPVEU?, G. WEISINGER!, and J. Q. YANG®

INTRODUCTION

The c-myc proto-oncogene is highly conserved in vertebrate
evolution and is expressed in most mammalian cell types. The gene
consists of three exons, the first of which is a large non-coding
sequence (Reviewed in Marcu, 1987). The last two exons encode a
nuclear associated, DNA-binding protein with an apparent molecular
mass of 62-64 Kd. The c-myc gene is regulated by two promoters
with independent transcription initiation sites, P, and P,.

Normal c-myc RNAs are highly unstable in vivo and can be
superinduced by growth factors in the presence of protein
synthesis inhibitors, which has implicated labile negative factors
in their regulation.

Alterations of normal c-myc expression-either by gene
amplification, retroviral insertion or chromosome translocation
are considered important steps in the development of a variety of
neoplasms (reviewed in Klein and Klein, 1985; Cory, 1986; Kelley
and Siebenlist, 1986; Marcu, 1987). The c-myc gene product can
immortalize cells in culture and can cooperate with other
activated oncogenes in the tumorigenic process (Land et al.,
'1983). Transgenic mice harboring a c-myc gene linked to tissue-
specific regulatory sequences develop clonal tumors in tissues
expressing the c-myc transgene (Stewart et al., 1984; Adams et
al., 1985). The c-myc polypeptide is believed to be a cellular
mediator of growth factor action and its expression may reflect
the competency of cells to enter and progress through the cell
cycle (reviewed in Kelley and Siebenlist, 1986; Marcu, 1987).

The c-myc gene is regulated at the transcriptional and post-
transcriptional levels in proliferating and differentiating cells
(reviewed in Kelley and Siebenlist, 1986; Marcu, 1987; Nepveu et
al., 1987a; Nepveu et al., 1987b), and cis-acting negative and
positive regulatory elements have been identified within the c-myc
locus (Remmers et al., 1986; Bentley and Groudine, 1986; Nepveu
and Marcu, 1986; Eick and Bornkamm 1986; Chung et al., 1986; Yang
et al., 1986; Lipp et al., 1987; Hay et al., 1987). One of these
negative modulators blocks the progression of RNA polymerase II
through the gene’s first exon (Bentley and Groudine, 1986; Nepveu
and Marcu, 1986; Eick and Bornkamm, 1986). A second class of
negative elements reside upstream of the gene’s promoters and
appear to function in an opposite manner to transcriptional
enhancers (Remmers et al., 1986). Here, we describe some of the
molecular requirements and properties of these negative
modulators.

{Biochemistry Department, S.U.N.Y. at Stony Brook, Stony Brook,
NY..11794-5215; 2Lugwig Institute, 687 Ave. des Pins ouest,
Montreal, Canada..H3A 1Al1; 3Imclone Systems Inc., 180 Varick
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Sequences required for c-myc transcriptional blockage and P,
promoter activity -

To determine the sequences required for transcriptional
attenuation within the myc gene’s first exon, we prepared
populations of stable Hela cell transformants containing myc-CAT
gene vectors. Each of these vectors retained different portions
of a 1.71 Kb BglII fragment which contains 5’ flanking sequences
and the entire first exon of the murine c-myc gene (Yang et al.,
1986) ﬁFigure 1) . Nuclei were incubated in vitro in the presence
of [63 P]JUTP and labeled nascent nuclear RNAs were hybridized to
nitrocellulose filters bearing an excess of single-stranded probes
from the c-myc first exon and double-stranded fragments of the CAT
or B-globin genes (Figure 1). Probe A (exon 1) provides an
estimation of the relative transcription initiation rates, while
probe B (either CAT of B—globin) measures the amount of RNA
polymerase loading downstream of the first exon transcriptional
block (Nepveu and Marcu, 1986). Transcriptional attenuation
occurs with the pMHHBgFGlob vector, which contains the entire
first exon and 7 bp 5’ of the P, start site (Figure 1, lanes 1-3).
However, removal of the 5’ 123 %p HaeIII-BamHI fragment (-7 to
+116) of pMMHBgBGlob (see pMBmBgCAT) or replacement of all c-myc
regulatory sequences 5’ of the P, start site (including its TATA
box) by SV40 promoter and enhancer sequences (see SV2M(H)RCAT in
Figure 1) completely relieves the elongation block. These data
suggest that P, promoter sequences located in the 123 bp HaeIlI-
BamHI fragment are necessary for transcriptional blockage. S,
nuclease mapping in Figure 2 confirms that this 123 bp region'is
required for P, usage. P, is detected in cells expressing
pMHHBgﬁGlob but a read through transcript is seen in the cells
harboring pMBmBgCAT.
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Fig. 1. Run-on transcription analysis of myc chimeric genes
expressed in stab%z transfected populations of Hela
cells. Nascent, P labeled, nuclear transcripts were
hybridized to an excess of the indicated DNA probes on
nitrocellulose filters: the c-myc M13 probe contains
423 nt of exon 1 sequences (probe A); the GAPDH probe is
derived from a glyceraldehyde-3-phosphate-dehydrogenase
cDNA clone, pRGAPDH13 (Piechaczyk et al., 1984); the CAT
probe is a 550 bp BglII-Ncol fragment from the 5’ end of
the CAT gene in pCAT(AEP) (Yang et al., 1986); and the

globin probe is a 437 bp HindIII-BglII fragment
containing the first and a portion of the second exon of
a rabbit globin gene. The myc-CAT vectors are

shown with restriction sites designated as follows: Bg,
BglII; Bm, BamHI; Hd, HindIII; Sm, Smal.

Fig. 2. S1 nuclease protection analysis of a gniformly labeledqd,
single-stranded myc exon 1 probe, mpR S10 (Yang et al.,
1986) by CAT RNAs expressed in populations of Hela cells
stably transfected with the indicated myc-CAT vectors.
1X and 5X are 1 and 5 day exposures with intensifier
screens respectively

We next determined the 3’ boundary of the exon one transcriptional
block. A set of Bal 31 deletions were prepared in a 3’ direction
from the exon 1 BamHI site and used as single-stranded DNA probes
in a nuclear run-on experiment with nuclei from the A-MuLV
transformed NIH3T3 line 54Cl2 (Nepveu et al., 1985) (Figure 3).
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Labeled RNAs were hybridized to these exon one DNA segments (probe
A series) and to a larger DNA probe containing downstream intron
and exon sequences (probe C) (Figure 3). The intensities of the
hybridization signals provide a measure of the distribution of RNA
polymerases on the c-myc gene (Nepveu and Marcu, 1986). The probe
A region contains about six times fewer adenine residues than
probe C. Thus, when the signals from probe A and C are of equal
intensity, the rate of transcription is about six fold higher in
region A. The data in Figure 3 show a dramatic decrease in probe
A signal intensity with deletion mutants A3 and A4 with the A4
probe detecting no elongation block. We conclude that the 3/
boundary of the murine c-myc gene’s transcriptional block resides
between +305 and +449, relative to Py at +1 (Figure 1), about

150 bp 5’ of the exon 1l/intron 1 splice junction.

Fig. 3. Mapping of the transcriptional elongation block within
the myc gene’s first exon by nuclear run-on analysis with
nuclei of 54Cl2 cells (Nepveu et al., 1985) and single-
stranded exon 1 deletion mutants as probes. The
relative sizes of the Al to A4 exon 1 probes are
indicated and probe C contains 3.4 Kb of downstream myc
sequences. The GAPDH probe is the same as described in
Fig. 1. Restriction enzyme sites are as follows: Bg,
BglII; Bm, BamHI; Hd, HindIII; He, HaeIII; Ss, SstI
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Nuclear factor binding nearby the myc P, initiation site

DNase I footprinting was employed to identify nuclear factor
binding sequences nearby the myc P, start site. Two regions of
protection were identified within %he HaeIII-HindIII fragment
encompassing sequences -7 to +140 (e.g., +57 to +77 and +96 to
+119 for factors MEla2 and MElal respectively) which are just 5
of P, at +163 (Figure 4). A major DNase I hypersensitive site was
detected at the 5’ border of the MElal binding site. The MElal
factor recognizes the sequence (G)3A(G) A(G)3A which was also
found sufficient for binding as an in v1tro synthesized
oligonucleotide (data not shown). The addition of a 100 fold
molar excess of a restriction fragment carrying the SV40 early
promoter sequences partially abolished complex formation at these
two binding sites (data not shown). It is well known that the Spl
transcription factor binds to multiple GC box motifs in the SV40
early promoter (Dynan and Tjian, 1983; Gidoni et al., 1984).
Purified Spl appeared to bind weakly to the MEla site which would
be considered a low affinity Spl binding site (data not shown)
(Asselin et al., 1988). Comparative gel retardation assays
performed with crude Hela extract and purified Spl revealed
different gel shift patterns with the myc HaeIII-BamHI fragment
(Asselin and Marcu, unpublished results). It would seem that MEla
is a novel transcription factor which binds to sequences required
for murine c-myc P, activity. Furtheremore, our results suggest
that DNA sequences needed for P, function and transcriptional
attenuation reside between the P1 and P, start sites.

Multiple negative elements upstream of the murine c-myc dgene

We had previously identified a cis-acting negative modulator 424
to 1140 bp 5’ of the murine c-myc P, transcription initiation site
(Remmers et al., 1986) and demonstrated that it had the properties
of a transcriptional "dehancer". When placed at a distance of
>1.0 Kb in either orientation from the SV40 enhancer in the
pPSV2CAT vector, it repressed CAT gene activity up to 50 fold
(Remmers et al., 1986). We have better defined the DNA sequences
required for the "dehancer effect" by inserting smaller segments
of the myc 5’ flanking 716 bp BglII-Smal fragment 3’ of the poly A
adition site in pSV2CAT (see Figure 5 for construct maps and
summary of CAT assays). These constructs were tranfected into
human (HelLA, BJAB), monkey (CV1l) and mouse (F9, M12.4) cell lines
by either the DEAE-dextran (Mosthof et al., 1985) or calcium
phosphate (Graham and Van der Eb, 1973; Chen and Okayama, 1987)
techniques (see Figure 5 for summary of data). The negative
elements are restricted to two regions: a 5’ 137 bp segment (-923
to -1060 bp with respect to the myc P, start site at +1) and a
more 3’ 191 bp fragment (-424 to —615} The 137 and 191 bp DNA
segments each down regulated CAT expression by 40 to 50 fold in
all five transfected cell lines. The 5’ 137 bp segment required
its 3’ terminal 33 bp (-923 to -956) for negative activity in all
cell lines studied. This 33 bp fragment displayed no negative
effect in Hela, CV1 and F9 cells, but it did inhibit CAT activity
by 5 fold in two lymphoid cell lines (BJAB and M12.4) (Figure 5).
The 308 bp of spacer DNA sequences between the 5’ 137 bp and 3’
191 bp "dehancer" segments displayed no negative effector

activity in this assay, but was somewhat stimulatory in F9
teratocarcinoma cells (data not shown).
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Fig. 4.

DNase I footprinting of HeLa nuclear factor binding sites
in a 147 bp HaeIII-HindIII fragment upstream gg.the Py
initiation site. The indicated fragment was P end-
labeled at residue +140 on its non-coding strand,
chemically cleaved at G residues to provide a marker and
separately digested with DNase I with (+) or without (-)
pre-incubation in crude HelLa nuclear extract. Lines
below the sequence represent the nuclear factor binding
site protected from DNase I digestion. A DNase I
hypersensitive site is indicated by an arrow and open
circles represent guanines which upon methylation block
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nuclear factor binding in an independent DMS interference
assay (data not shown). The locations of the nuclear
factor binding sites with respect to the P, start site
are indicated.

Description of myc-pSV2CAT vectors. Shown are
restriction maps of the pSV2CAT expression vector (Gorman
et al., 1982) and the 716 bp myc "dehancer" region 424 to
1140 bp 5’ of the murine c-myc gene’s P, start site
(Remmers et al., 1986). The indicated DNA fragments were
inserted into the BamHI site of pSV2CAT. Relative CAT
activities in transfected Hela, CV1, F9, BJAB and M12.4
cells are indicated. CAT assays are averages of at least
3 to 6 independent experiments corrected for variations
in transfection efficiency by quantitation of plasmid
DNAs in Hirt lysates (Hirt, 1967). Restrition sites are
as follows: Bm, BamHI; Hd, HindIII; N4, NdeI; RI, EcoRI
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Nuclear factor binding to the myc dehancer fragments

We used the gel retardation technique (Singh et al., 1986) to
screen for nuclear factor binding sites within each of the myc
"dehanger" segments. HeLa cell nuclear extracts were incubated
with 3%P 5/ end labeled fragments, BglII-AccI (-923 to -1140) and
AccI-Smal (-424 to -615), which respectively correspond to the 5’
and 3’ negative segments of the "dehancer" region. BglII-AccI gave
rise to three major retained bands (5’Ma, 5’Mb and 5’Mc) and AccI-
Smal to two (5’Md, 5’Me) (see Figure 6). Proteinase K abolished
all retained bands, confirming them to be protein DNA complexes
(data not shown). Binding competition experiments were performed
with a 150 fold molar excess of each negative effector segment
(Figure 6). All retained bands were competed away by the
homologous DNA fragments. AccI-Smal (3’ "dehancer" segment)
competitor abolished all protein binding to the BglII-AccI (5’
"dehancer" segment) probe while excess unlabeled BglII-AccI
fragment only competed for the formation of AccI-Smal complex
5’Me. We conclude that the 5’ and 3’ "dehancer" segments share
nuclear factor binding sequences.

Fig. 6. HeLa cell nuclear factor binding to the myc 5’ and 3’
"dehancer" segments revealed by the polyacrylamide gel
retention technique (Singh et al., 1986). Competitor
DNAs are indicated at the top of each lane and were
present in 150 fold molar excess over the labeled DNA
probe. The first and second lanes of each panel are
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probe alone and probe with extract respectively. The
positions of migration of the major nuclear factor band
shifts are indicated (e.g., 5’Ma, 5’Mb, 5’Mc, 5’Md and
5’Me)

Significance of negative control elements for normal myc
requlation and activation

Chromosome translocations in murine plasma cell tumors and human
Burkitt lymphomas as well as retroviral insertions in murine T cell
neoplasms (reviewed in Marcu, 1987) may separate or disrupt cis-
acting control element(s) from the myc gene thereby resulting in
its derequlated expression. We have identified two different
types of negative effector regions within and nearby the c-myc
gene which are lost or disrupted in a number of these
malignancies. The site of transcriptional blockage within the
gene’s first exon is known to modulate myc expression in
proliferating and differentiating cells (Nepveu et al., 1987a;
Nepveu et al., 1987b). Chromosome translocations which disrupt
the myc gene are most common in murine plasma cell tumors and
would remove this exon 1 transcription elongation block. The myc
"dehancer" may also normally play a role in regulating c-myc
transcription to varying degrees in different cell types. We have
shown that independent negative elements within the myc "dehancer"
region impart a 5 to 50 fold inhibitory effect (dependent on the
recipient cell line) on the Sv40 promoter-enhancer in the pSV2CAT
vector. In contrast, when the entire 716 bp "dehancer" was in its
natural background 5’ of the myc promoters, a 3 fold reduction in
CAT activity was observed in the BJAB lymphoblastoid line compared
to a chimeric myc CAT gene without this 716 bp sequence (Remmers

et al., 1986). A similar 3-5 fold down effect was also observed
in the M12.4 B lymphoma line (Remmers and Marcu, unpublished
results). Therefore, these negative elements would appear to

elicit a much stronger repressive effect at a distance from the
SV40 promoter-enhancer than in their natural location 5’ of the
myc promoters. The diminished effect of the "dehancer" on the myc
promoters could be due to the opposing influences of positive
elements in the same DNA fragment or to intrinsic diferences in
the positive control of transcription mediated by the SV40
promoter-enhancer and the myc promoters. We can not rule out the
possibility that additional negative elements reside upstream of
the c-myc gene which would not be revealed by our assay system.
Possible discrepancies between our findings and those of other
workers on the human c-myc gene (Chung et al., 1986; Lipp et al.,
1987; Hay et al., 1987) may reflect different properties of murine
and human c-myc regulatory sequences, the choice of recipient cell
lines for DNA transfections or the precise nature of vector
constructions with special attention to the spatial arrangements
of negative and positive elements which are likely to be critical
to their mode(s) of action.
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Disruption of the Putative c-myc Auto-Regulation Mechanism in
a Human B Cell Line

S. MARTINOTTI, A. RICHMAN, and A. HAYDAY
INTRODUCTION

It has been proposed that excessive or temporally inappropriate expression of the c-myc
proto-oncogene determines a genetic program for cells that directs them toward proliferation, and
away from differentiation. In support of this proposal, constitutive expression of c-myc in either
murine erythroleukaemia cells, or 3T3-L1 cells largely prevents the progression of their respective
differentiation schedules(1,2). Additionally, when resting cells of numerous types are treated with
various mitogens, proliferation is preceded by rapid induction of c-myc expression (3,4). The
inductive role that the mitogens play in proliferation can be in part substituted for by c-myc (5). An
issue that remains outstanding is how the induction of c-myc is controlled. It has been theorised that
c-myc auto-regulates its own transcription (6). This was provoked by the observation that in Burkitts
lymphoma (BL), there is de-regulated expression of c-myc derived from the translocated allele, whilst
the unrearranged allele is generally silent (6). This situation was to some extent re-capitulated by
Lombardi et al (7) who witnessed the down-regulation of c-myc genes in human B cell lines into which
they had stably introduced de-regulated c-myc. Because the products of the c-myc gene are two nuclear
phosphoproteins with DNA-binding capacity, it has been considered that the auto-regulation is direct,
requiring only the c-myc product and the c-myc template. Alternatively, the effect may be indirect,
operating via pathways that may be disrupted and hence rendered inoperative in certain cell types. In
order to examine this, we have investigated the generality of auto-regulation. Here we report an
established human B cell line that is not susceptible to auto-regulation.

THE INTRODUCTION AND EXPRESSION OF HUMAN C-MYC IN B CELLS

Previously-described procedures (8) for electro-poration were used to introduce single haploid copies
of human c-myc into the genome of the human B cell line, GM4672, that is a subline of the EBNA(+)
line, GM1500. The cells are positive for IgG - kappa. As a source of potentially de-regulated c-mye,
we utilised a cDNA to the translocated c-myc gene of the non-Hodgkin lymphoma, Manca (9), that
was cloned via Xhol linkers into a vector containing an immunoglobulin heavy chain (IgH) enhancer
(to guarantee basal expression in B cells) combined with a metallothionein promoter to facilitate
induction of c-myc¢ over and above the basal level. Southern analysis revealed two clones, GM3 and
GMS, to contain intact c-myg inserts (Fig. 1).
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1. A 2.2kb c-myc cDNA derived fram the translocated gene of Manca cells,
cloned behind a mouse metallothionein (mt) promoter, downstream of an
immnoglobulin enhancer (IgH), in a vector conferring mycophenolic acid
resistance on successfully transfected cells. Southern analysis of XhoI-
cleaved cellular DNA reveals two clones (3,8) to have intact inserts.

Northern analysis (Fig. 2) of RNA from clones 3 and 8, and from the parental line (GM.0),

showed the presence of c-myc transcripts of orthodox size (10) in all cases ( Although the c-myc
cDNA lacks c-myc exon 1, the truncation is compensated for by the inclusion of intron sequences that
are retained contiguous with exons 2 and 3 (9). Consistent with the contribution to the signal of at least
some transcripts from the exogenously-added genes, there is clear positive modulation of the Northern
signal by metal (5 micromolar cadmium for two hours) in clones 3 and 8, but not in the parental line,
where if anything, the modulation is down a little. Clone 3 expresses a low basal level, that is highly
induced, and clone 8 a high basal level, that is moderately induced.

2.

Northern analysis of total RNA from GM4672 parental cells (clone 0), and the
transfected derivatives, and of SK (Manca) cells. Cells were grown with (+)/
without (-) a supplement of 5 micromolar cadmium chloride that is an effective
inducer of the metallothionein pramoter. Cadmium was present for 2h. The
myc messenger RNA of 2.3/2.4 kb was detected with a DNA probe for exon III.
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s-1
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This is confirmed by S-1 analysis (Fig. 3) of transcripts using probes that span either the murine
metallothionein promoter, or the dual c-my¢ promoters. Incubating clones 3 and 8 with and without
cadmium, affords us cells with four levels ranging from low to high of exogenous c-my¢ expression.
Despite this, the analysis of transcripts initiating at the P1 and P2 promoters of the endogenous genes
shows them to be expressed at levels comparable to those in the parental, and certainly , amongst the
transfected clones, unresponsive to the amount of ‘exogenous' myc expression.
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It may not be argued that the added c-myc genes are transcribed but not translated, since
immunoprecipitation of extracts of phosphate labeled cells reveals both basal and metal-inducible myc
protein expression that parallels strongly the level of transcription of the added genes (Fig. 4).
Additionally, the level of protein expression is quite comparable with, that in SK (Manca) cells, from
which the added myc cDNA was derived , and in which there is absolutely no activity at either the P1
or P2 promoters of the unrearranged allele (11).

Immunoprecipitation of c-myc from the nuclei of the indicated cells, labeled
for one hour with 32-P inorganic phosphate. The serum was directed against
the C-terminus. N - normal serum control; SK - Manca cells.

CONCLUSIONS:

The expression of c-myc from a de-regulated gene failed to effect significantly the expression of the
endogenous, unrearranged genes, in a number of independent clones of the human B cell line, GM
4672 that were transfected with a c-myg expression vector system. The de-regulated genes were
present as single copy, haploid inserts, analogous to the state of the translocated genes in BL. The B
cell line is a mature B cell, also somewhat analogous to the cell type in BL. The exogenously-added
c-myc is expressed and translated at levels quite comparable to those of the tumor cells (Manca) from
which it was cloned. However, in those cells, there is absolutely no activity at either P1 or P2 of the
unrearranged alleles. This suggests that the auto-regulation is not a result of the co-existence of a
de-regulated product and the target sequences per se, but that in some cells, such as GM 4672, the
capacity for 'auto-regulation' to be effective is disrupted. It is not clear by what means this disruption
occurs, but the fact that a number of cells of other types also show little auto-regulation (1, 2,12, 13)
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makes it possible that there are numerous means by which disruption can occur. It is plausible that a
transformed state may render the regulation inoperable, but in that case, there must be a unique aspect
to the co-existence of regulation and tumorigenicity in the B-L cells themselves. Additionally, in B-L
cells, the complete loss of endogenous c-myc expression, that is common, appears not to be
dose-dependent as opposed to that seen by Lombardi gt al (7). Therefore, we conclude that
auto-regulation, if it is a general phenomenon, is:

1. an action of one product on its gene by a route that is extremely susceptible to disruption even in
human B cells, and

2. probably a product of at least two mechanisms: one, a dose-dependent one; and, two, a non-dose
dependent mechanism seen in B-L. It remains plausible that the former evolves into the latter, with the
target sequences being different in either case.
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Deregulated Expression of an Activated Allele of Human c-myc
in Transfected Fibroblast Cultures

A. RICHMAN and A. HAYDAY

INTRODUCTION

BL tumors characteristically exhibit chromosomal rearrangements involving the c-myc gene and one
of the Ig loci. In these cells, the translocated myc allele is deregulated (or "activated") in such a way
that it is expressed constitutively. The normal allele, by contrast, is either transcriptionally silent or is
expressed at very low levels (1). We are analyzing the mechanisms by which c-myc expression is
altered in cells of the Ramos BL tumor. Genomic clones representing either a wild-type (germline)
¢c-myc allele or the IgH-myc translocation locus (2) from Ramos tumor cells were cloned in the
vector pSV2.gpt (3) (fig. 1) . In parallel gene transfer experiments these constructs were transfected
into the rat fibroblast cell line FR3T3. Stably transfected, clonal cell lines bearing intact human c-myc
genes were assayed for their ablity to regulate expression of the introduced alleles in response to
serum in density-arrested cultures. Modulation of c-myc activity by serum is characteristic of the
normal gene in established fibroblast cell lines (4).

Fig.1. Genomic clones of human c-myc used in the transfection experiments. Also shown is the IgM
locus. The rearrangement breakpoint in the Ramos translocated allele (pSV2.R) occurs approx.
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340 bp upstream of exon 1. This allele is otherwise distinguished from the w.t. gene at the sequence
level by only two single-base substitutions, one at 158 bp upstream of P1 and the other at a point 33
bp upstream of the 3' end of exonl. The IgM-myc translocation locus shown here was cloned into
the EcoRlI site of pSV2.gpt to create pSV2.R. The unrearranged (w.t.) c-myc allele used in these
experiments consists of the 3-exon gene shown here and approx. 3.5 kb of additional 5' genomic
sequence extending to an upstream EcoRI site. This fragment was similarly cloned in pSV2.gpt,
creating the vector pHS40

REGULATION OF GENE EXPRESSION

Northern analysis of individual transfected clones indicates that both w.t. and BL-derived
translocated human c-myc genes can be down-regulated in serum-starved cultures, and dramaticaily
induced by addition of 15% serum for 1 hr. ( fig. 2). Regulated expression is also displayed by the
normal rat c-myc genes in the parental cells (data not shown). These observations indicate that a
c-myc gene transcriptionally deregulated in a B cell tumor is still capable of responding appropriately
to growth factor stimulation, albeit in a heterologous cell system.

It is possible that the activated phenotype is expressed differently in a transfected fibroblast cell
background. We therefore analyzed steady-state levels of human c-myc mRNA in our transfected cell
lines by more sensitive techniques. Sy analysis using probes that detect mMRNA derived from both

promoters P1 and P2 of the introduced human genes indeed reveals, in most clones, a distinction in

Fig. 2. Northern analysis of total RNA from untransfected parental FR3T3 cells (F) or from stable
cell lines transfected with either pSV2.R (lines R2, R'11) or pHS40 (line Hf5). Cells were grown to
confluence in medium containing 10% F.C.S., and subsequently maintained ("starved") in 1% serum
for 4-7 days. At this time RNA was extracted from starved (-) cells and from duplicate starved
cultures treated for 1 hr. with medium containing 15% serum (+). The filter was probed with the
Clal-EcoRI fragment from the 3' end of the human ¢c-myc gene, and washed at high stringency
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transcripts originating from the translocated human c-myc gene are present at the same level in
serum-starved and stimulated cells. Under the same conditions, P2 activity in these cells is
significantly modulated by serum. The w.t. transfected gene, by contrast, is down-regulated in most
clones at both P1 and P2 in serum-starved cells.

Quite surprisingly, we have also found that the expression of Eco.gpt in these cells is regulated by
serum in a manner which is dependent upon the identity of the linked human c-myc allele (fig. 4). In
transfected clones harboring a w.t. myc gene, gpt expression is modulated by serum. In cells
bearing a translocated allele it is not. Thus, Eco.gpt expression always mirrors the activity of the
linked human promoter, P1.

Fig. 3. S1 analysis of total RNA from stable cell lines transfected with pSV2.R (R1, R2, RE) and
pHS40 (Hf1, Hf3, Hf5), or FR3T3 parental cells. Fibroblasts were serum-starved and stimulated as
described in the Fig. 1 legend. GM is a human lymphoblastoid cell line bearing two normal alleles of
c-myc, and serves as a positive control for P1 expression. Equivalence of RNA assayed in each
experiment was determined by ethidium staining of samples run on agarose gels (not shown).
Single-stranded, end-labelled DNA probes were specific for human c-myc mRNA derived from
either P1 alone or from both P1 and P2. Solid arrows indicate protection at P1, open arrowhead
denotes P2 protection. Precise identification of protected fragments was determined by alignment
with G+A sequence ladders prepared from the end-labelled probe. Non-specific protection was
determined in reactions with yeast tRNA (not shown)
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Fig. 4. S1 analysis of gpt transcripts in transfected clones. Cell lines are designated as in previous
figure legends, except that R14 is a murine PC line transfected with pSV2.R (which serves as a
positive control for protection of the Eco.gpt-specific, end-labelled DNA probe used here) and Jis a
non-transfected murine PC line (used as a negative control). Arrows indicate prominent bands
specifically protected in these assays. Multiple protected fragments are generated by heterogeneous
granhscn'pt initiation sites in the SV40 promoter. Duplicate analysis of clone R2

is shown

This result is particularly interesting in light of our studies of the activity of the SV40 early region
promoter alone in control cells transfected with the pSV2.gpt parent vector. In the cell lines analyzed
so far, modulation of gpt expression by serum is subject to significant clonal variation. These results
suggest that alterations in c-myc regulation which render the translocated allele serum-independent
for P1 expression operate at the level of transcription, and may exert an effect in ¢is upon a linked
transcription unit driven by an SV40 promoter-enhancer sequence.

CONCLUSIONS

Our experiments thus far indicate that the rearranged allele of c-myc activated in the BL tumor Ramo
expresses an altered phenotype in a biologically significant, heterologous assay system. Human
c-myc P1 and P2 promoter activities are shown to be capable of independent modulation by factors
present in whole serum. Deregulated expression of P1 may well be of biological significance ina B
cell background. A shift in relative strengths of promoter utilization from P2 to P1 is associated with
the activation of translocated ¢-myc in some BL tumors (1). We are currently using the
serum-induction of transfected fibroblasts to analyze the sequence requirements for proper regulation
of promoter activity in response to growth conditions. The extent to which attenuation (5) and
post-transcriptional mechanisms (6) modulate the expression of an activated c-myc gene are also
being investigated in this system.
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Comparison of c¢-, N-, and L-myc Transcriptional Regulation

G. KRYSTAL, J. WAY, and J. BATTEY
ABSTRACT
The molecular mechanisms reported to regulate the expression of

the c-myc gene include gene amplification, transcriptional
activation, a block to transcriptional elongation, and mRNA

stability. We have investigated which of these mechanisms
determine the striking wvariation in mRNA levels of the three myc
family members (c-, N-, and L-myc) observed in human small cell

lung cancer cells, a system in which all three genes are expressed
at widely varying 1levels. Myc family gene amplification is
frequently observed. However there are numerous examples of
elevated expression for each of these genes without amplification.
In these instances, a block to transcriptional elongation appears
to be a significant regulatory mechanism controlling the steady-
state levels of c-myc and L-myc mRNA, but not N-myc. When this
block to elongation is relieved, elevated levels of c-myc and L-myc
gene expression are observed in several cell lines in the absence
of gene amplification. All primary transcription detected from c-,
N-, and L-myc in a nuclear run-on assay results from RNA polymerase
II activity, with no detectable contribution of RNA polymerase III
transcription observed.

INTRODUCTION

Alterations in the regulation of myc genes are often observed in
tumors, and appears to be important in establishing and
maintaining transformation. In Burkitt 1lymphoma, a specific
chromosomal translocation Jjoining the human c¢-myc gene with
immunoglobulin gene sequences and regulatory elements is
invariably observed. This genetic rearrangement is associated
with high levels of transcription from the c-myc allele involved
in the translocation, while the unrearranged allele 1is
transcriptionally silent. It is both interesting and perplexing
to note that +this altered regulation occurs whether the
translocation occurs within the gene, on either side of the gene,
close to the gene, or over ten kilobases from the c-myc locus (for
review, see Leder et. al. 1983). Nevertheless, this specific
genetic change and associated c-myc deregulation are consistently
observed in this B cell lymphoma.

Growth deregulation in human small cell 1lung cancer involves a
host of diverse molecular mechanisms, including autocrine growth
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factor synthesis, chromosomal deletion, and alteration in the
structure and regulation of proto-oncogenes (for review see Minna
et. al. 1986). Increased expression of c-myc in SCLC cell lines
correlates with increased cloning efficiency and decreased
doubling times (Gazdar et. al. 1985, Johnson et. al. 1986), as
well as poorer patient prognosis (Johnson et. al. 1987). These
observations suggest that myc expression may be one important step
in establishing or maintaining transformation and growth
deregulation in SCLC.

The c-myc proto-oncogene is the cellular homolog of the avian
myelocytomatosis virus transforming gene v-myc (Hayward et. al.
1981). The N-myc and L-myc genes were identified by their
structural homology to c-myc (Kohl et. al. 1983, Schwab et. al.
1983, Nau et. al. 1985). These three genes all share a three exon
structure and extensive homology in their protein coding domain,
which is limited to exons two and three (for review see Alt et. al.
1986). All three genes can cooperate with ras to transform primary
rat embryo fibroblasts in a co-transfection assay (Land et. al.
1983, Yancopoulous et. al. 1985, Schwab et. al. 1985, Alt et. al.
1986, Birrer et. al. 1988). They form a family of related genes
both on the basis of structural and functional considerations.

The regulation of the c-myc gene occurs at several levels.
Increased transcription of the c-myc gene is observed in cultured
quiescent fibroblasts stimulated with growth factors (Kelly et. al.
1983, Greenberg and Ziff 1984). Variations in mRNA stability
regulate the levels of c-myc mRNA in differentiating cells (Mechti
et. al. 1986, Dean et. al. 1986) and in stimulated fibroblasts
(Blanchard et. al. 1985). An alternative to promoter mediated
transcriptional regulation of the c-myc gene 1is observed to
modulate the decrease in c-myc mRNA levels that occurs when HL60
cells differentiate. A block to transcription elongation exists
somewhere near the intron 1-exon 1 boundary. Attenuation of
transcription at this block increases dramatically wupon
differentiation, with a consequent decline in steady state mRNA
levels (Bentley and Groudine 1986). An analogous block is found in
the same location in the murine c-myc gene (Nepveu and Marcu 1986).

With this variety of regulatory mechanisms described for the c-
myc gene, Wwe analyzed and compared the regulatory mechanisms
determining the steady state levels of c¢-, N-, and L-myc mRNAs in
SCLC cell lines that express one or more of the three myc family

members. It has been previously shown that selected SCLC cell
lines have c-, N-, and L-myc gene amplification with a consequent
increase in expression. A number of cell lines express these

genes without apparent amplification, providing an opportunity to
explore other regulatory mechanisms important in modulating
steady-state mRNA levels of these three related genes.

RESULTS AND DISCUSSION

Table 1 presents a summary of transcription regulatory studies
examining the mechanism of c¢c-, N-, and L-myc gene regulation in
six representative small cell lung cancer cell lines. Among the
six examples are cell 1lines with amplification of each of the
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three myc family genes, and examples which expresses high 1levels
of c-, N-, and L-myc mRNA without amplification for comparison. We
analyzed the gene copy number, relative mRNA 1levels, level of
initiation, and transcription attenuation between exons one and
two for each example (Krystal et. al., manuscript submitted). As
previously described, the highest levels of mRNA from each of the
three myc family genes is accompanied by gene amplification (H82,
c-myc; H249, N-myc; H510, L-myc) (Little et. al. 1983, Nau et. al
1986, Nau et. al. 1985). It is interesting to note, however, that
elevated levels of mRNA are frequently observed in the absence of
gene amplification. A comparison of transcription regulation
between these two situations reveals that differences in other
regulatory mechanisms also modulate the levels of c-, N-, and L-myc
mRNA in SCLC cell lines.

The c-myc gene is requlated at the 1level of initiation and
elongation

Cell 1line H146 expresses abundant amounts of c-myc mRNA without
gene amplification. Examination of the exon 1l:exon 2 attenuation
ratio shows that this is the only cell line studied here that
shows no block to transcription elongation at the exon 1l-intron 1
boundary, since the ratio of elongated transcripts hybridizing to

exon 1 and exon 2 targets is 1.0 (Table 1). All other cell lines
show an elevated exon 1l:exon 2 ratio indicative of a block to
transcription elongation. For example, cell line H82 with c-myc

amplification has an exon l:exon 2 ratio of 5.0, indicating that
about four times in five RNA polymerase II fails to elongate a

nascent chain across intron 1. Two other cell lines (H249 and
H510) show detectable initiation of transcription of the c-myc
gene in the absence of gene amplification. H249 does not have

detectable levels of c-myc mRNA, while H510 has low levels. No
run-on transcription is observed 3' to exon 1 in H249 (attenuation
ratio >>5). In contrast, H510 shows some transcription reading
through the entire gene (attenuation ratio 5). In each of these
instances, a 1lower attenuation ratio correlates with elevated
steady state c-myc mRNA if there is no gene amplification. The
remaining two cell lines, H187 and H209, show no detectable exon 1
RNA labelled in the nuclear run-on assay indicating that promoter-
mediated initiation is either very low or absent in these examples.
As expected, no detectable c-myc mRNA is found in either cell 1line.
Taken together, it is apparent that c-myc mRNA levels are modulated
by alterations in transcription initiation and a block to
elongation at the exon 1-intron 1 region.

N-myc mRNA levels are requlated at the level of initiation without
any apparent block to elongation

Two cell 1lines studied express detectable steady-state levels of
N-myc mRNA, H249 and H187. H249 has N-myc gene amplification,
while H187 has a single copy of N-myc per haploid genome. These
are the only two 1lines that show detectable 1levels of
transcription initiation as detected by an exon 1 nuclear run-on
target (Table 1). Neither cell line shows a significant block to
transcription elongation of N-myc, in contrast to c-myc. Gene
dosage is the likely explanation for the difference in mRNA levels
observed between these two cell lines (Krystal et. al.,manuscript
submitted). Transcription initiation appears to be the important
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regulatory step for N-myc in SCLC cells, in addition to gene
dosage.

L-myc mRNA levels are requlated primarily by modulation of a block
to transcription elongation between exon 1 and exon 2

Three cell 1lines among the six studied here contain detectable
levels of L-myc mRNA. One of these, H510, has L-myc gene
amplification while the other two, H209 and H82, have a single
copy per haploid genome. In contrast to both c- and N-myc, there
is detectable initiation of transcription for the L-myc gene in
all cell lines studied to date. The three cell lines which do not
express L-myc mRNA despite initiation (H146, H187, and H249) all
have exon l:exon 2 attenuation ratios of much greater that 5, with
no detectable nuclear run-on counts on any probes 3' to exon 1.
H510 has L-myc gene amplification, transcription initiation, and an
attenuation ratio of 4.6 leading to high levels of mRNA. H209 and
H82 have a single copy of the L-myc gene per haploid genome, and
both show detectable levels of L-myc mRNA (Table 1). However, H209
has ten to twenty times more L-myc mRNA that H82. There is a small
difference (roughly two-fold) in the initiation level when these
two cell lines are compared. More significantly, the attenuation
ratio for L-myc transcription in H82 is 4.6, while the ratia is
only 1.6 for H209 resulting in increased steady-state mRNA. It
appears that a loss in the transcription elongation block that is
observed at varying 1levels in the five other 1lines analyzed is
responsible at least in part for the elevated L-myc mRNA levels
observed in H209. H82, with the second lowest attenuation ratio
(4.1), is the only other cell line reported here that expresses
detectable L-myc mRNA without gene amplification.

All detectable primary transcription from c-,N-, and L-myc genes
is alpha-amanitin sensitive and derives from RNA polymerase II

Nuclear run-on experiments using nuclei from SCLC cell 1lines
expressing each of the three myc gene family members were
performed in the presence of two micromolar alpha-amanitin, a
concentration sufficient to supress RNA polymerase II but not
polymerase III transcription (Lindell et. al. 1970). Under these
conditions, labelled RNA hybridizing to a beta-actin target (pol
IT) is completely inhibited, while transcription of 5S RNA genes
(pol III) or 28S RNA (pol I) is unchanged from levels obtained in
the absence of alpha-amanitin. Alpha-amanitin addition resulted in
the abolition of transcription monitored from any target in the c-,
N-, or L-myc genes in SCLC nuclei (Krystal et. al., mauuscript
submitted). This observation indicates that the primary
transcription analyzed in these experiments derives from RNA
polymerase II, with no detectable contribution from either pol I or
pol III.

Post-transcriptional mRNA stability is potentially an additional
mechanism for regulating myc family mRNA levels. The half-lives of
c-, N-, and L-myc mRNAs were determined in several cell 1lines
expressing varying levels of the gene product, using actinomycin D
to block new RNA synthesis. After actinomycin blockade, all cell
lines studied showed a short half-life for histone H2B mRNA
(roughly 30 min; short half-life control) and a long half-life for
beta-actin mRNA (greater than four hours; long half-life control)
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(Krystal et. al., manuscript submitted). No correlation was noted
between longer half-lives and higher levels of steady state mRNA,
suggesting that post-transcriptional stability does not play a
significant role in regulating myc family mRNA levels in cultured
SCLC cells studied here.

In conclusion, the molecular mechanisms which regulate expression
of ¢c~, N-, and L-myc in SCLC cells include variation in initiation
levels, a block to transcription elongation, and gene copy number.
Variation in initiation and elongation may be due either to cis
mutations in the myc alleles, or differences 1in other genes
expressing transcription factors critical for mediating initiation
and elongation of c-, N-, and L-myc. Further studies will be needed
to determine exactly where the differences between cell 1lines
exist, and how these genetic alterations affect the regulatory
mechanisms identified here. Pathologic changes in any one or a
combination of these mechanisms can clearly alter steady-state mRNA
levels, which in turn may result in a growth advantage important in
tumorigenesis or tumor progression. Further analysis of the genetic
differences responsible for the variation in regulation observed
may contribute to a more complete understanding of myc family gene
regulation in normal cells, and how this regulation may be altered
in malignancy.
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Delivery of c-myc Antisense Phosphorothioate
Oligodeoxynucleotides to Hematopoietic Cells in Culture by
Liposome Fusion: Specific Reduction in c-myc Protein
Expression Correlates with Inhibition of Cell Growth and DNA
Synthesis

INTRODUCTION S.L. LokE!, C. STEIN?, X. ZHANG!,
M. AviGaN!, J. COHEN?, and L. M. NECKERs!

To understand the role of individual genes in the regulation of growth and
differentiation, their specific inhibition is necessary. When the gene products are surface
proteins, such as growth factor receptors, such inhibition may be accomplished by use of
monoclonal antibodies capable of interfering with the binding of ligand to receptor
(Neckers and Cossman 1983). However, when the protein 0? interest is localized to an
intracellular compartment, antibodies must be delivered by microinjection toonecell at a
time. While possible, such methodology is tedious, requires specialized apparatus and
techniques, and does not lend itself to the study of cells growing in suspension culture
(i.e., most hematopoietic cells).

A novel approach to the problem of specifically inhibiting the production of

intracellular proteins is the administration, by either plasmid transfection or viral
infection, of constructs capable of producing intracellular antisense RNA complementary
to the mRNA of interest (Izant and Weintraub 1984). In some instances, these constructs
are linked to inducible promoters so that their activity can be exogenously regulated
(Holt et al. 1986). The antisense RNA is thought to form a duplex with the host mMRNA
of interest, thereby preventing its efficient translation by ribosomes. While successful in
some in vitro systems, this approach does not work weﬁ with most hematopoietic cells,
which may be difficult to transfect and in which inducible promoters sometimes fail to
stimulate enough production of the antisense RNA.

The past several years have seen an explosive growth in the use of antisense
oligodeoxynucleotides (ODNs) as modulators of gene expression in model systems
(Stein and Cohen in press). Although DNA and proteins are among the most stable of
biological substances, mRNA is inherently unstable. Inhibition of one copy of mRNA
will also be theoretically much more efficient than inhibiting the protein product, since
one mRNA molecule gives rise to multiple protein copies. In principle, using the current
technology of DNA synthesizers, a single-stranded DN A sequence of desired size can
be produced which is complementary to a known region of a particular mRNA. By
annealing with the mRNA  in the region of complementarity, a double-stranded species
is %roduced, resulting in at least two phenomena. First, the double-stranded DNA-RNA
hybrid becomes a substrate for RN Ase H and is degraded, potentially freeing up the
ODN to hybridize to another copy of mRNA (Dash et al. 1987). Second, if the antisense
ODN is made complementary to a region around the initiation sequence, the ribosome
cannot attach efficiently and translation is arrested (Kawasaki 19%5). Thus, not only is
the amount of mRNA reduced (due to RNAse H digestion), but efficient translation of
remaining messages is also inhibited. The net result is inhibition of specific protein
synthesis. If both the protein and mRNA of interest have short half-lives (on the order
of minutes), a rapid loss of total protein may occur.

Although ODNs are much more stable than RN A, there are exonucleases and
endonucleases in serum which degrade them (Stein et al. in press). This in turn
necessitates the ex%genous addition of a large excess of ODNp to be effective. Recentcl1y,
the automated production of phosphorothioate ODNs (PS-ODNs) has been achieve
(Stec et al. 1984). These compounds, in which a sulfur atom replaces an oxygen atom in
the phosphotriester moiety of the ODN (see Fig. 1), are very resistant to exo- and
endonuclease activity (Stein et al. in press). The utility of these compounds as inhibitors
of gene expression has been suggested (Matsukura et al. 1987).
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The c-myc protein is thought to be involved in the regulation of cell growth and
differentiation and yet the precise mechanism(s) of its action is (are) unknown. This is in
part true because, of all the methods known to inhibit c-myc transcription, none are
specific. In order to study the role of c-myc in cell growth and differentiation, specific
inhibition of its expression is essential. Because the half-life of both the c-myc protein
and mRNA is short, it is a perfect candidate for antisense inhibition. In fact, we have
already demonstrated that an antisene ODN complementary to the first 15 bases of
c-myc mRNA (beginning with the AUG start codon) effectively blocks mitogen
stimulated c-myc expression and proliferation in normal T cell}s, (Heikkila et al. 1987). In
this study, we describe the utility of both unsubstituted and phosphorothioate ODNs as
inhibitors of c-myc expression in the promyelocytic leukemia cell line HL60.
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Fig. 1. Deoxyoligonucleotide structure. When the "X" is an oxygen atom, the compound
is a normal G\;O) olilgomer. When the "X" is a sulfur atom, the compound is a
phosphorothioate (PS) oligomer

MATERIALS AND METHODS

Both unsubstituted (PO-ODNs) and phosphorothioate (PS-ODNs) oligodeoxynuc-
leotides were synthesized and purified as described previously (Heikkila et al. 1987,
Matsukura et al. 1987). The c-myc antisense sequence used was 5' - dAACGTTGA-
GGGGCAT - 3' and the corresponding nonsense sequence was 5' - dAdCTGAAGTGGC-
ATGAG - 3'. Intracellular c-myc protein was quantified by flow cytometry using a
murine anti-c-myc monoclonal antibody (Evan and Hancock 1985). Cells were washed
in cold PBS and fixed in 1% paraformaldehyde (pH 7) for 30 minutes. The cells were
then pelleted and post-fixed in 0.1% Triton/10% goat serum for 10 minutes. Following
gelletin and resusgension in PBS, the cells were ready for staining. Cellualr uptake of

oth PO- and PS-ODNs was monitored by flow cytometric analysis of intracellular ODN
modi§ied with 2-methoxy, 6-chloro, 9-(5-hydroxypentyl)aminoacridine (Stein et al. in
press).
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Liposomes were ﬁrepared as described previously (Papahadjopoulos et al. 1975).
Briefly, 5 mg of phosphatidylserine in chloroform was vaporized to a thin film under
nitrogen using a rotating evaporator. The lipid was resuspended in 0.2 ml EDTA buffer
with vigorous vortexing to form multilamellar vessicles, and Ca+* was added in excess
to form cochleate bodies. Various ODNss to be entrapped were added and the mixtures
incubated for 1 hour. EDTA was then added and the pH of the liposome suspension
adjusted to 7. Completion of vessicle formation was monitored by light microscopy
and the efficien%of entrapment was assessed by monitoring radiolabelled ODN
incorporation. The preparation was centrifuged at 38,000 rpm in an SW 50 rotor in a
Beckman ultracentrifuge for 30 minutes and washed thrice in PBS.

Cells to be lipofused were washed twice and incubated in PBS with 2 mM Ca ** and 0.1
mM Mg*+ for 30 minutes. Liposomes were added to a final concentration of 1.25

mg/mi lipid and the mixture incubated for 30 minutes at 37°C. The cells were then
exposed to polyethylene glycol (m. w. 6000) for 1 minute, washed thoroughly and
resuspended in culture medium.

RESULTS

The effects of addition of 50 uM PO- and PS-ODNs to log phase HL60 cells can be seen in
Fff' 2. While intracellular c-myc protein levels fall within about 4 hours of PO-ODN
addition, reachjn§ a level approximately 30% of control within 18 hours, addition of
PS-ODN was ineffective in lowering intracellular c-myc protein. We thought that
PS-ODNs might have difficulty in entering the cells, since their overall stability is much
greater than that of PO-ODNs. This was confirmed by monitoring the uptake of

acridine labelled PO- and PS-ODNSs by flow cytometry (Fig. 3).

While uptake of the PO-ODN (oligo dT7) was clearly observable within 4 hours and
plateaued at 40 - 50 hours, the uptake of an identically sized PS-ODN was barely
detectable, even with 50 hours of incubation. To overcome this difficulty and utilize the
stability of the PS-ODNs, we loaded them in liposomes and fused these vessicles with
the cells. The effects on c-myc protein expression can be seen in Fig. 4. Both PO- (top)
and PS-ODNss (bottom) antisense to c-myc mRNA are effective in reducing c-myc
protein expression within 1.5 - 2 hours following lipofusion. Empty liposomes and
those containing nonsense sequences are ineffective. The inhibition of c-myc protein
expression is transient and is nearly completely reversed within 24 hours of lipofusion.
Nonetheless, both cell growth and DNA synthesis are inhibited specifically by lipofusion
with PS-ODNs antisense to c-myc mRNA(Fig. 5). The inhibition of DNA synthesis is
reversible and follows a similar time course to that of c-myc protein expression

following lipofusion (see Fig. 4, bottom). The fact that growth is nearly completely
inhibited for 24 hours (Fig. §, top) suggests that the effects of PS-ODN antisense to c-myc
persist for nearly that time period.
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Fig. 3. Uptake of acridine labelled PO- and PS-oligo dT 7 by HL60 cells. Cells were
incubated with 12.5 uM ODN for the times indicated and intracellular fluorescence was
quantified by flow cytometry

SUMMARY AND CONCLUSIONS

Even though PS-ODNs are more resistant to breakdown, they are not taken up by cells
as efficiently as PO-ODNs. In order to determine if phosphorothioate compounds can
successfully serve as myc antisense reagents, we bypassed the cellular uptake
machinery and introduced these compounds to HL60 cells by lipofusion. In this way
we have demonstrated that PS-ODNs are capable of transiently reducing c-myc
protein expression in these over-expressing cells. In addition, this effect is
accompanied by an inhibition of DNA synthesis and cell growth, which persist for as
long as the reduction of myc protein. Our data with HL60 cells and that previously
reported in normal T cells (Heikkila et al. 1987) support a role for c-myc in DNA
synthesis and proliferation.

Finally, we have demonstrated that delivery of antisense ODNs by lipofusion is a

simple and successful method for introducing large quantities of these compounds
intracytoplasmically. Not only does this method allow for the delivery of larger and/or
modified ODNs (which would not normally penetrate the cell membrane), it aiso
protects the ODN from extracellular degradation. The ability to antibody coat liposomes
and thus target them to particular cell types raises the possibility that ODNs antisense
to particular oncogenes may some day play a role in the clinical management of
neoplasia.



287

Fig. 4. Intracellular c-myc protein levels in HL60 cells following lipofusion with PO-
(top) or PS-ODNss (bottom). Protein level is expressed as % of control and was
determined by flow cytometric analysis. Cells were analyzed 2 hrs following lipofusion
in the top panel
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Fig. 5. Top: Following fusion with PS antisense, HL60 cell growth is markedly inhibited
during the ensuing 24 hours. Bottom: DNA synthesis is transiently reduced by PS anti-
sense ODNs following lipofusion
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Different Biological Effects of c-myc and H-ras Oncogene
Expression in EBV-Infected Human Lymphoblasts

S. SEREMETIS!, G. INGHIRAMI?, D. FERRERO!, L. LOMBARDI!, D.M. KNOWLEST?,
G.-P. DOTTO®, and R. DALLA-FAVERA!

INTRODUCTION

The effects of various oncogenes in the multistep transformation process have
been relatively well studied in fibroblasts, while much less is known in other
tissues (1,2). The hematopoietic system, and the B-lymphoid lineage in
particular, affords an excellent opportunity for analysing the effects of
different oncogenes. This system is extensively defined in terms of
differentiation, growth and function, and a vast array of reagents is
available for the precise dissection of each of these aspects.

We have initiated a series of investigations aimed at determining the
biological effects of different oncogenes in human B-cells. We have
previously described an in vitro transformation assay in which Epstein-Barr
Virus (EBV)-immortalized human B-lymphoblastoid cells (LCL) are used as
targets. We have shown that the expression of transfected c-myc oncogenes
induces malignant transformation of these cells (3). Here we summarize the
results of a detailed analysis of the phenotype of myc-transformed LCL, with
particular focus on the observed relationship between c-myc and the expression
of leukocyte-specific cell-adhesion molecules (integrins) (12). In addition,
we have used the same target cells to study the effects of activated ras genes
and report that expression of an activated ras is accompanied by both
transformation and plasmacytoid differentiation of lymphoblastoid cells.

PHENOTYPIC ANALYSIS OF LCL TRANSFORMED BY C-MYC ONCOGENES: DOWN-REGULATION OF
EXPRESSION OF THE CELL-ADHESION MOLECULE LFA-1

We have previously reported that the constitutive expression of c-myc genes
under the control of heterologous enhancer/promoter elements causes the
malignant transformation of transfected LCL. The main features of the
transformed phenotype included the ability to grow in low serum
concentrations, clonogenicity in semi-solid medium and tumorigenicity in nude
mice (3). The availability of several myc-transformed LCL allowed us to
analyze their phenotype in detail in order to identify changes which were
consistent among different transformants and thus likely to depend upon c-myc
activation. A panel of monoclonal antibodies was used to explore changes in
the expression of molecules related to histocompatibility, differentation,
activation, and function (4). Representative data relative to the comparative
analysis of an LCL line independently transfected with three plasmids
expressing c-myc genes at different levels (3) are shown in Table 1. No
changes were observed in the expression of histocompatibility markers or, in
general, in the expression differentiation related markers with the exception
of a marked and consistently observed decrease in BA-2 expression which may
reflect a slight change toward a relatively more undifferentiated phenotype.
More notably, expression of activated c-myc genes consistently correlated with
down-regulation of the leukocyte-specific cell-adhesion molecule LFA-1. The
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levels of down-regulation were directly proportional to the levels of
exogenous c-myc expression and involved both chains (a and B) of the
heterodimeric LFA-1 molecule. These changes have been observed in 7 of 7 LCL
transfected so far, ranging from down-modulation (see Table 1 and Figure 1) to
complete suppression in some LCL expressing very high levels of activated
c-myc genes. These changes correlate with decreased or absent intercellular
adhesion which we have previously described as a decrease or loss of the
clumping pattern typical of LCL growing in liquid suspension cultures (3).

Table 1. ANALYSIS OF MYC-TRANSFORMED LCL

TRANSFECTED CELL LINES (MCF)X

MoAb* (specificity)

sv+ Epmyct  SVmyel,2,3% SVmyc2,3*
HLA-DR (MHC) +++ +++ +++ +++
Differentiation related
IL2R (CD25) - - - -
BA-2 (CD9) +++ =+ + +
PCA-1 + + + +
OKT10 (CD38) + ++ +++ +++
OKB7 (CD21) ++ ++ ++4 +4++
OKT9 (Tfn-R) ++ ++ ++ 44+
OKT1 (CD5) + ++ +++ +++
Cell adhesion
LFA-lo (CDlla) +++ +++ ++ +
LFA-18 (CD11) +++ +++ ++ +

LeuM5 (CDllc) - - - -

(x): MCF: Mean channel fluorescence: <10:—; 10-39:+4; 40-79:++; >80:+++.

(+): Cell lines are LCL (CB33) transfected with different plasmids. SV: a
control plasmid lacking c-myc sequences; Eumyc: c-myc sequences (2nd & 3rd
exon) under the control of the immunoglobulin heavy chain enhancer.
SVmycl,2,3: c-myc sequences (1lst, 2nd, and 3rd exons), under control of SV40
enhancer/promoter.; SVmyc2,3: c-myc sequences (2nd & 3rd exons) under control
of SV40 enhancer/promoter. Levels of c-myc RNA expression are Eumyc <
SVmycl,2,3 < SVmyc 2,3

(*): Cell lines exhibited no differences in expression of the following
antigens: HLA-ABC; J5(CD10); B1(CD20); B4(CD19); BA1(CD24); LFA-3; BAC;
Ki-1(CD30).
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Figure 1. Expression of an activated c-myc is associated with decreased
expression of LFA-1. Representative cytofluorometric analyses of LCL
transfected with pHEBO SV (curves labelled b) and pHEBO SVmyc2,3. (curves c).
Curves a represent reactivity of these cell lines with isotype identical
control monoclonal antibodies. In Panel A are reactivities with TS-1-18 (5),
whose specificity is LFA-1B8; in panel B are reactivities with TS-1-22 (5),
specificity LFA-la; and in panel C are reactivities with an anti-LFA-3
monoclonal antibody. In each case the horizontal axis reflects fluorescence
intensity while the vertical axis represents cell numbers. In both panels A
and B, dramatically reduced LFA-1 expression is seen in the context of high
expression of activated c-myc, while in panel C, LFA-3 expression is shown to
be unmodulated by myc expression.

EFFECTS OF RAS ONCOGENES EXPRESSION IN LCL: MALIGNANT TRANSFORMATION
ACCOMPANIED BY PLASMACYTOID DIFFERENTIATION

Introduction Of Ras Oncogenes Into LCL

Recombinant amphotropic retroviruses containing the G418 (neomycin) resistance
gene either alone (pKneo virus) or in combination with v-H-ras gene (raszipé
virus) (6) were used to infect two LCL lines, CB33 (derived from normal cord
blood) and UH3 (derived from normal adult peripheral blood) (7). Antibiotic
resistant lines were established from all cultures in approximately 3 weeks
and an approximate 3% efficiency of infection was estimated. Southern blot
hybridization analysis confirmed the presence of clonally distinct integration
sites in different infected cell populations. Northern blot hybridization
analysis showed the presence of viral ras genes within genomic-size viral
transcripts.

Evidence for Plasmacytoid Differentiation

Phenotypic analysis of several infected LCL populations revealed changes in
cell carrying activated ras genes which were consistent with plasmacytoid
differentiation: i) Morphology: Raszipé infected cells showed decreased
nucleus/cytoplasm ratio, eccentric placement of the nucleus with appearance of
a single prominent nucleolus and an increase in the number and size of
cytoplasmic inclusions. In addition, these cells were considerably more
adherent to plastic than were either the parent cell lines or the
control-construct infected cell lines; 1ii) Immunophenotype: Data relative to
the immunophenotypic analysis of infected LCLs are summarized in Table 2.
While alterations are observed in expression of several antigens, the most



dramatic and consistent changes were noted in the expression of the CD38
antigen, OKT10, and PCA-1. Expression of both of these antigens is considered
consistent with plasma cell differentiation (8) and each of these antigens is
significantly increased in v-H-ras infected cells. 1iii) IgM secretion: In
the presence of v-H-ras expression, a marked increase in IgM secretion (Figure
2) was noted, with at least a five-fold increase noted on the sixth day of
subculturing. No IgA or IgG secretion was detectable in the infected cell
lines.

TABLE 2

IMMUNOPHENOTYPIC ANALYSIS OF Ras~-zip6-INFECTED
LYMPHOBLASTOID CELL LINES

293

MoAbs* (specificity) INFECTED CELL LINES (MCF)X
CB33neot CB33ras® UH3neo?t UH3ras®
HLA-DR (MHC) 4+ +++ +++ +++

Differentiation-related

IL2R (CD25) - + - +
BA-2 (CD9) + ++ + +
PCA-1 + +++ + +++
OKT10 (CD38) + ++4+ + +++
OKB7 (CD21) ++ + ++ +
OKT9(Tfn-R) +++ ++ 4 44
Cell-adhesion

LFA-1 (CDlla) +++ +++ +++ +++
OKM1 (CD11lb) - - - -
Leu M5 (CDllc) + ++ + +

(x): MCF: Mean channel fluorescence: <10:-; 10-39:4; 40-79:++; >80:+++.

(*): Cell lines exhibited no differences in expression of the following
antigens: HLA-ABC; J5-Calla (CD10); Bl (CD20); BAl (CD24); B4 (CD19); OKT1
(CD5); sIgM; Kil; Ki24.

(+): Cell lines infected with pKneo
(0): Cell lines infected with raszipé
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Figure 2. 1IgM secretion in LCL expressing activated H-ras genes. Cells were
plated at a concentration of 2 x 105/ml and supernatants were assayed at 2,

4, and 6 days for the presence of IgM by an ELISA using an alkaline-
phosphatase-coupled antibody to human IgM. CBras = CB33 infected with raszipé
and CBneo = CB33 infected with pKneo. Each curve represents data from cell
lines derived from distinct infection events. Results indicate that v-H-ras
expression is associated with markedly increased IgM secretion.

Evidence for malignant transformation:

As reported in Table 3, the expression of v-H-ras is associated with the
acquisition of clonogenic properties in agar and tumorigenicity in nude mice
(9). Based on the results obtained in both assays it can be concluded that
H-ras can confer a weak, although clearly and consistently identifiable
transformed phenotype. Analogous results were recently obtained using a
retroviral vector carrying an activated N-ras gene.

DISCUSSION

The central observation of these studies is that although both are capable of
inducing malignant transformation of LCL, c-myc and ras oncogenes induce
strikingly different phenotypes. Activated c-myc expression is associated
with little or no change in the stage of differentiation while its effects on
LFA-expression suggest important effects on the growth pattern of transformed
cells. On the other hand, the expression of an activated ras gene is
associated the acquisition of malignancy but also with dramatic changes in
differentiation stage. The finding of these distinct effects has implications
both for the normal function of these two genes and for their role in
determining the phenotype of naturally occurring tumors.
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TABLE 3.

IN VITRO CLONING EFFICIENCY AND IN VIVO TUMORIGENICITY OF LYMPHOBLASTOID CELL
LCL INFECTED WITH Raszip6

CELL LINE CLONING EFFICIENCY* TUMORS IN NUDE MICE+
tumors/injection latency

BL (P3HR1)X 247 4/4 2-3 wks.
CB33 0 0/12

CB33 neo 0 0/12

CB33 ras 0.3% 11/12 2-3 wks.
UH3 0 0/12

UH3 neo 0 0/12

UH3 ras 0.08% 4/12 4 wks.

(*): Colonies were examined 14 days after cells were seeded in quadruplicate
at 103, 5 x 103, and 104 per culture dish in 1 ml of growth medium

containing 20-/. fetal calf serum (FCS) and 0.3¢/. agar (DIFCO). Data
represent the average of at least three experiments.

(+): 4-week-old Swiss nude mice were injected with 5 x 106 cells in 0.2 ml
of phosphate buffered saline (PBS). Data are expressed as the numbers of
tumors observed after 4 weeks.

(X): Burkitt Lymphoma cell line used as positive control.

The finding of decreased LFA-1 expression upon c-myc activation in LCL
suggests a regulatory role of c-myc on LFA-1 expression which may be relevant
for the control of both normal B-cell growth and for the pathogenesis of
lymphomas carrying activated c-myc genes. LFA-1 is the leukocyte-specific
member of the cell-adhesion receptors (integrin) superfamily of molecules
which in different tissues are involved in cell-cell adhesion and in
extracellular matrix-cell interactions (5,12). The LFA-1 molecule is also
involved in immunorecognition of B-cells by T-cells and the genetic deficiency
of LFA-1 is accompanied by impaired recognition of EBV-infected B-cells by
T-cells (13). It has been reported that high grade B-cell lymphomas and
Burkitt lymphomas in particular display low or undetectable levels of LFA-1
expression, and that this is accompanied by a proportionally decreased ability
to stimulate T-cells in mixed lymphocyte reactions in vitro (10,11). Taken
together, these results suggest that c-myc activation may contribute to
Burkitt lymphomagenesis not only by directly deregulating cell growth but also
by favoring escape from immunosurveillance through down regulation of LFA-1
molecules. Since expression of c-myc is ubiquitous and distinct members of
the integrin superfamily are present in many tissues these observations may be
generally applicable and suggest a mechanism coupling the control of cell
proliferation to the extracellular environment.

The results obtained by introducing ras genes into LCLs indicate that these
oncogenes can stimulate both proliferation and differentiation of LCL cells.
Taken individually, these effects have been previously described (14), since
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ras oncogenes can contribute to transformation of a number of cell types while
it causes terminal differentiation coupled with arrest of proliferation in
pheochromocytoma (15) and thyroid carcinoma (16) cell lines. In LCL cells,
however, proliferation and differentiation appear to be coupled, resulting in
a cell population which is capable of both self renewal and stochastically
determined entrance in the differentiation pathway. While our currently
limited knowledge of the biochemical function of ras proteins prevents a
thorough understanding of these findings it may be interesting to note that
several types of naturally occurring malignancies, most notably multiple
myeloma, display an analogous behaviour. In addition, we have recently
determined that, distinct from lymphoma and chronic lymphocytic leukemias
which do not contain activated ras genes, multiple myeloma is associated with
N-ras activation in approximately 30:/. of cases (Neri, A., unpublished
results). These results warrant further investigations on the role of ras
activation in this type of tumors.

In general, the observations presented here further underscore the need for
study on the biological effects of oncogenes in different target tissues. The
B-cell transformation system described here represents a novel model for
further dissection of the mechanisms through which oncogenes may contribute to
B-cell lymphomagenesis.
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Abrogation of IL-3 Dependence of Myeloid FDC-P1 Cells by
Tyrosine Kinase Oncogenes Is Associated with Induction of c-myc

J.L. CLEVELAND!, M. DEAN?, J.Y. WANG®, A.-M. HEDGE?, J.N. IHLE*, and U.R. RaPP'
INTRODUCTION

A role for the c-myc proto-oncogene in growth factor signal transduction
first came from experiments showing that the gene was inducible by treating
quiescent T cells and fibroblasts with experimental mitogens or growth
factors (Kelly et al., 1983). Subsequently, subtractive cDNA cloning from
PDGF-treated fibroblast cells identified c-myc as an early Gl or "competence"
gene in these cells (Cochran et al., 1983). Significance for this induction
was established from studies demonstrating that introduction of constitutive-
1y expressed source of exogenous c-myc or microinjection of purified c-myc
protein relieved the requirements for PDGF in the transition from GO into Gl
(Armelin et al., 1984; Kaczmarek et al., 1985).

Concurrently we have examined the regulation and functional significance
of the c-myc gene in interleukin-3 (IL-3) signal transduction in factor
dependent murine myeloid FDC-P1 cells. These cells strictly require IL-3 for
proliferation and viability and die rapidly when the ligand is removed. c-
myc mRNA levels are tightly controlied by IL-3 in these cells and introduc-
tion of exogenous v-myc or murine c-myc either partially or fully abrogates
the requirements of these cells for this growth factor (Rapp et al., 1985;
Dean et al., 1987). Additionally, all partially abrogated clones containing
functional exogenous c-myc gave rise to factor independent lines in a
stochastic fashion. Acquisition of factor independence in these cells was
not associated with alterations in IL-3 receptor levels or affinities, nor
was it a consequence of inducing factors which could support the growth of
these cells in an autocrine type of mechanism. However, we did observe that
these clones have an activated endogenous c-myc or N-myc gene, suggesting
that myc is indeed a key target in growth factor abrogation (Dean et al.,
1987). Activation of myc genes in these factor independent cells was not due
to gross alterations nor promoter insertion into c- or N-myc as judged by
Southern blot analyses, nor was activation of endogenous c-myc due to
differential promoter usage or point mutations in exon 1 (Cleveland,
unpublished results), suggesting that these activations represent a new class
of regulatory mutations which activate myc gene expression in trans (see Dean
et al., this volume).

The next question we decided to address was how our findings of a key
role for myc in IL-3 signal transduction and growth factor abrogation fit
with the work of several different 1laboratories which have shown that
introduction of expression vectors carrying tyrosine Kkinase oncogenes
abrogates the requirement of IL-3 dependent cells for this ligand (Pierce et
al., 1985; Cook et al., 1985; Mathey-Prevot et al., 1986; Wheeler et al.,
1987; Pierce et al., 1988). The question we specifically asked was whether

1lLaboratory of Viral Carcinogenesis/NCI-FCRF, Frederick, MD; 2Program
Resources Inc., Frederick, MD; 3University of California at San Diego, la
Jolla, CA; 4Bionetics Research Institute, Frederick, MD, U.S.A.
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these tyrosine kinase oncogenes abrogate factor dependence by utilizing
signalling pathways which are independent of or involve c-myc.

RESULTS

A series of recombinant and natural isolates of defective murine
retroviruses carrying different of tyrosine and serine/threonine kinase
oncogenes and others carrying activated ras or mos oncogenes were used to
infect FDC-Pl cells and virus positive cells (identified by infectious cell
center assays on NIH 3T3 indicator cells) were challenged to grow in the
absence of IL-3. As is illustrated in Table 1, all retroviruses carrying
tyrosine kinase oncogenes were effective in giving rise to factor independent
cell lines whereas the other classes of oncogenes tested were inefficient at
generating factor independent clones. Again, the factor independent tyrosine
kinase cell lines were not abrogated as a consequence of alterations in IL-3
receptor levels or affinities.

These tyrosine kinase oncogene containing cell lines were next examined
for the status of c-myc expression by Northern blot hybridization of poly(A)+
RNA and compared with control FDC-P1 cells and cells rendered factor
independent by infection with viruses carrying exogenous c-myc and v-myc
(Figure 1). Several points can be made from this analysis. First, as noted
above c-myc mRNA levels are tightly controlled in parental FDC-P1 cells by
the presence of IL-3 since when they are depleted of the ligand for 24 hours
c-myc transcripts are no longer detectable. Second, all tyrosine kinase
containing independent Tlines express c-myc constitutively in the absence of
IL-3. This constitutive expression of c-myc could reasonably be envisioned
to be due to an autocrine mechanism in which these factor inependent cells
produce factors which induce c-myc and hence make them factor independent.
However, this does not appear 1ikely since none of these 1lines express
detectable IL-3 transcripts (Fig. 1) nor, from conditioned media experiments,
do they produce any other factors which support their growth or that of
parental FDC-P1 cells.

The constitutive expression of c-myc in the tyrosine kinase abrogated
cells could be a consequence of alterations in the c-myc locus. However,
Southern blot analysis did not show detectable alterations or amplification
of c-myc in any of these cell Tines. To examine whether constitutive c-myc
expression may have been due to alternative promoter usage as has been shown
in other systems, we performed an S1 nuclease experiment of c-myc RNA cap
sites in FDC-P1 versus factor independent derivatives using a large probe
which extends greater than 1 kb 5’ of exon 1. Promoter usage in the factor
independent Tines was not appreciably different than parental FDC-P1 cells
and no novel RNA start sites were detected (Cleveland et al., in prepara-
tion). These factor independent lines were also checked for possible point
mutations in exon 1, since it has been suggested that the point mutations
which occur at the end of exon 1 in several human Burkitt lymphoma cell lines
relieve c-myc from a transcription elongation block (Pelicci et al., 1986)
which has been shown to occur in several cell types (Bentley and Groudine,
1986; Eick and Bornkamm, 1986; Mechti et al., 1987). Using two RNA probes
which span the transcription elongation block site in mouse c-myc .exon 1,
RNAse A protection experiments failed to reveal any novel point mutations
specific for c-myc transcripts from the factor independent cell Tlines
(Cleveland et al., in preparation). Therefore, at least in the confines of
this assay there does not appear to be any mutations which might alleviate
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Table 1. Abrogation of IL-3 Dependence

Virus Oncogene FDC-P1 -IL-3
Svx-neo none -
Src-MuLVv vV-Src +
Ab1-MuLV v-abl +
Fms/neo-MulV v-fms +
Trk/neo-MuLV trk +
3611-MSV v-raf -
Mo-MSV V-mos -
Ha-MuSV v-Ha-ras -

Figure 1. Northern blot analysis of myc and IL-3 expression in factor
independent lines. Total poly(A)+ RNA was isolated from the independent cell
lines grown in the absence of IL-3 and from control cultures (Wehi, FD) grown
in the presence of IL-3. Five micrograms of RNA was analyzed per Tlane.
Exposures for c-myc was for 20 hours; exposures for N-myc and IL-3 were for 3
days



303

attenuation regulation of c-myc in the tyrosine kinase containing factor
independent cells.

The constitutive expression of c-myc in the factor independent deriva-
tives could, however, still be a consequence of other secondary events which
we cannot score. For example, if activation of endogenous N-myc is taken as
a marker for secondary events, this would have appeared to have occurred in
one of the src virus infected clones, as it expresses high Tlevels, and
perhaps also in two of the abl virus clones, which express moderate levels of
N-myc (Figure 1). To try to get around this Tlimitation we used two ap-
proaches. First, we utilized a retroviral vector which expresses the trk
tyrosine kinase oncogene and the selectable neo gene so we could select for
virus positive clones and assay for factor independence and c-myc expression
independent of other events. The second approach involved introducing
viruses containing temperature sensitive (ts) versions of the abl tyrosine
kinase oncogene into FDC-P1 cells which conditionally exhibit tyrosine kinase
activity depending upon temperature.

FDC-P1 cells were infected with the trk-neo virus and then immediately
plated into soft agar containing IL-3 and G418. G418 resistant clones were
then expanded and challenged to grow in the absence of IL-3. The trk-neo
virus was very efficient in abrogating IL-3 requirements of FDC-P1 cells
since frequencies of factor independent clones were approximately four orders
of magnitude higher than those arising after infection with control neo virus
and approximately 1000 fold higher in frequency than independent Tines
generated by infection with raf-neo virus (Cleveland et al., in preparation).
Three trk independent clones were picked and then analyzed for expression by
Northern blot hybridization (Figure 2). Al1 clones expressed high levels of
the introduced virus and again all -expressed high levels of c-myc in the
absence of IL-3. In contrast, none of the clones expressed detectable Tevels
of N-myc, perhaps suggesting that secondary events were not involved in
generation of factor independence or activation of c-myc.

To definitively test whether tyrosine kinase oncogenes were directly
involved 1in generation of factor independence and induction of c-myc
expression we used a series of independently derived ts abl viruses. FDC-Pl
cells were infected with wild-type and ts versions of abl retroviruses at the
permissive temperature (32 C) and single cell clones were screened for virus
by infectious cell center assays. We then tested the virus positive clones
for their ability to grow in the absence of I1-3 at 32 C and all of the
clones tested were factor independent at this temperature. The clones were
then expanded and examined for expression of exogenous abl and endogenous c-
myc (Figure 3). A1l abl virus infected clones (wild-type MO-1,and ts mutants
RK-4 and TS-1) expressed high levels of the expected size viral transcripts
and notably all expressed c-myc in the absence of IL-3 at this temperature.

The next question was whether abrogation of factor dependence and
induction of c-myc correlated with conditional abl tyrosine kinase activity.
The same clones were tested for their IL-3 dependent phenotype by shifting
them to 39 C, the nonpermissive temperature, in the absence of IL-3. Figure
4 shows a viability curve of these clones compared with parental FDC-P1 cells
which had first been expanded at 32 C in IL-3, washed twice to remove IL-3,
and then also shifted to 39 C. Parental FDC-Pl cells and clones containing
either the RK or TS ts abl viruses died rapidly at 39 C, whereas the MO-1
clone containing wild type abl kinase remained viable at 39 C in the absence
of IL-3. To check whether the ts phenotype in IL-3 abrogation was also
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Figure 2. myc expression in FDC-P1 factor independent trk-neo clones. Total
poly(A)+ RNA was isolated from the trk-neo clones grown in the absence of IL-
3 and from control FDC-P1 cells grown in IL-3 and examined for expression of
trk, c-myc, and N-myc. Blots were exposed for 20 hrs (trk, c-myc) to 3 days

(N-myc)

Figure 3. Expression of exogenous abl and c-myc in FDC-P1 cells infected
with retroviruses expressing wild-type (MO-1) and ts versions of abl tyrosine
kinase (RK-4 and TS-1). abl virus clones were grown at 32 C (the permissive
temperature) in the absence of IL-3 and compared to a Abl-MulV factor
independent clone and parental FDC-P1 cells grown in IL-3 at 32 C. Blots were
exposed for 16 hours
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Figure 4. Loss of viability of FDC-P1 clones infected with retroviral
constructs expressing wild type and ts versions of abl after shifting the
cultures from the permissive temperature (32 C) to the nonpermissive
temperature (39 C). At the indicated times aliquots of cells were removed
from the cultures and the percentage of viable cells determined by their
ability to exclude trypan blue. As a control parental FDC-P1 cells were
washed to remove IL-3 and shifted to 39 C

Figure 5. [Effects of temperature shift upon expression of c-myc in FD/abl
virus clones. Cultures of FD/abl clones expanded at 32 C in the absence of
IL-3 were shifted to 39 C and at the indicated times a portion of the culture
was removed and total RNA was isolated. As a control parental FDC-P1 cells
“Were also expanded at 32 C but in the presence of IL-3, washed twice and
resuspended in medium without IL-3 and shifted to 39 C. Blots were exposed
for two days
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reflected in a ts regulation of c-myc expression we expanded the abl virus
clones at 32 C in the absence of IL-3 and RNA was isolated at specific times
after shifting the cultures to 39 C. As a control, parental FDC-P1 cells
were grown at 32 C in the presence of IL-3, the cells washed twice and then
placed in medium without IL-3 and shifted to 39 C. Again, all abl virus
clones grown at 32 C in the absence of IL-3 had levels of c-myc mRNA similar
to control FDC-P1 cells grown at this temperature in the presence of IL-3 (0
time point, Figure 5). After shifting to 39 C in the absence of IL-3, levels
of c-myc transcripts declined rapidly in FDC-P1 cells; a similar decrease was
also seen, albeit with slightly slower kinetics, in the ts abl virus clones.
In contrast, levels of c-myc in cells infected with the wild-type abl virus
remained approximately equal (Figure 5). Therefore, constitutive expression
of c-myc in the absence of IL-3 required functional abl kinase.

To test whether c-myc mRNA levels were directly influenced by the
presence of functional abl protein we examined the status of c-myc expression
after shifting FDC-P1 ts abl clones down from the nonpermissive to the
permissive temperature (Figure 6). Again control FDC-P1 cells in the presence
of IL-3 and abl virus clones without the ligand were expanded at 32 C,
cultures were shifted to 39 C, and then after 24 hours in the absence of IL-3
at 39 C they were shifted back down to 32 C. Again in parental FDC-P1 cells,
c-myc mRNA rapidly decreased after removal of IL-3 at 39 C and remained low
after shifting these cells to 32 C for 4 hours. As expected, once again
steady state levels of c-myc did not change appreciably in FDC-P1 cells
containing wild type abl after shifting up to 39 C or back down to 32 C.
Importantly, both FDC-P1 clones containing ts abl proteins behaved 1like
parental FDC-P1 cells when shifted up to 39 C but after shifting down to 32 C
for 2 hours c-myc mRNA levels were back up to "wild-type" Tlevels. This
demonstrates that induction of c-myc is directly tied to the presence of
functional abl protein kinase.

DISCUSSION

We have examined the effects of constitutive tyrosine kinase oncogenes
on growth factor dependence and c-myc regulation in the murine IL-3 dependent
myeloid FDC-P1 cell line. These experiments were based upon two observa-
tions. First, two classes of oncogenes, specifically the nuclear myc
oncoproteins (Rapp et al., 1985; Dean et al., 1987) and several tyrosine
kinase oncogenes (Pierce et al., 1985; Mathey-Prevot et al.,1986; Wheeler et
al., 1987; Pierce et al., 1988) have been shown to partially or fully
alleviate the IL-3 requirements of FDC-P1 cells for growth and viability.
Second, treating these cells with IL-3 rapidly induces tyrosine phosphoryla-
tion of a discrete set of cellular proteins (Isfort et al., in press) and c-
myc expression (Dean et al., 1987), suggesting a physiologic link between
these two events in IL-3 signal transduction.

Several Tines of evidence described here show a direct linkage
between activated tyrosine kinase proteins and induction of c-myc in IL-3
signal transduction and growth factor abrogation. First, we have shown that
tyrosine kinase oncogenes acutely abrogate IL-3 dependence of FDC-P1 cells at
very high frequencies, and therefore factor abrogation in these cells is not
likely to require secondary events. Second, using two different conditional
tyrosine kinase abl mutants we have shown that IL-3 factor abrogation is
temperature sensitive and requires the presence of functional abl protein.
Third, all FDC-P1 cells rendered factor independent by introduction of a
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Figure 6. Trans-activation of c-myc RNA levels by functional abl protein
kinase. Cultures of parental FDC-P1 cells and FD/abl clones were expanded
and shifted to 39 C as described in Fig. 5 but after 24 hours in the absence
of IL-3 at 39 C they were shifted back down to the permissive temperature and
at various times total RNA was isolated and analyzed for expression of c-myc.
Blots were exposed for 20 hours
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variety of tyrosine kinase oncogenes including v-abl, v-fms, v-src, and trk
constitutively express c-myc in the absence of IL-3. Therefore, although
tyrosine kinase oncogenes likely perform several functions that are jointly
involved in growth factor abrogation, one essential activity which they share
for growth factor abrogation appears to be their ability to induce c-myc.
This hypothesis was confirmed at least in the case of abl tyrosine kinase,
but may be a general property for several tyrosine kinases. Experiments
using ts abl retroviruses demonstrated that conditional expression of
functional abl protein correlated with the ability of this oncogene to
abrogate IL-3 dependence and trans-activate expression of c-myc. The exact
level at which abl activates c-myc expression is currently being assessed.
These findings may also have relevance for the activation of endogenous c-myc
and/or N-myc which we observed concommitant with acquisition in clones
partially abrogated with c-myc virus (Dean et al., 1987). Moreover,
activation of myc family genes in a variety of settings where no structural
alterations in these genes have been detected (see Dean et al., this volume).
may have a similar basis. The constitutive expression of c-myc and N-myc
could be envisioned to be due to activation of a variety of cellular trans-
activators, of which tyrosine kinases may represent an important class.
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The Abelson Protein Is Required for Initiation and Maintenance
for Transformation in Murine Pre-B Cells

A. ENGELMAN and N. ROSENBERG

INTRODUCTION

Abelson murine leukemia virus (Ab-MLV) is a replication defective
retrovirus that carries the onc gene abl. The virus induces a rapid
thymus-independent lymphoma in vivo under most conditions and
transforms cells related to pre-B lymphocytes in vitro (reviewed in
Rosenberg and Witte, 1988). The Abelson protein, the sole product of
the virus, is a protein tyrosine kinase and expression of an
enzymatically active Abelson protein is required for transformation
(Rosenberg and Witte, 1988). Recent analyses of temperature
sensitive (ts) mutants of Ab-MLV have indicated that expression of an
active Abelson protein is also required for maintenance of NIH 3T3
cell transformation (Engelman and Rosenberg, 1987; Kipreos et al.,
1987; Takemori et al., 1987). 1In addition, Abelson protein
expression appears to play a role in maintaining the relatively
undifferentiated state of some Ab-MLV-transformed lymphoid cells
(Takemori et al., 1987).

We have been studying two ts mutants of Ab-MLV, Ab-MLV-P70/H590 and
Ab-MLV-P70/G536. The first of these has a single point mutation at
base 2,388 which results in the substitution of a histidine for a
tyrosine at residue 590 of the Abelson protein; the second has a
mutation resulting in the substitution of a glycine for a lysine at
reside 536 (Engelman and Rosenberg, 1987). Our previous work has
shown that NIH 3T3 cells transformed with these viruses revert to a
normal morphology at the nonpermissive temperature (Engelman and
Rosenberg 1987; unpublished data). Here, we report the effect of
these viruses on initiation and maintenance of transformation in
lymphoid cells.

RESULTS

Ab-MLV-P70/H590 and Ab-MLV-P70/G536 are ts for Initiation of Lymphoid

Cell Transformation

To determine if Ab-MLV-P70/H590 and Ab-MLV-P70/G536 were ts for
initiation of lymphoid cell transformation, mouse bone marrow cells
were infected with these viruses and appropriate wild type strains.
The infected cells were plated in soft agar (Rosenberg and Baltimore,
1976) and evaluated at both the permissive (34.0°) and the
nonpermissive (39.5°) temperatures. Colonies of transformed
lymphoid cells were counted 13 days after plating for cultures
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incubated at the high temperature and 22 days after plating for
cultures incubated at the low temperature.

Both Ab-MLV-P160 and Ab-MLV-P70 transformed lymphoid cells at the
permissive and nonpermissive temperatures (Table 1). The slight
decrease in the frequency of transformants observed at 39.5° in
both cases may reflect the effect of the high incubation
temperature. The difference in frequency of colonies observed
between Ab-MLV-P160 and Ab-MLV-P70 probably reflects the absence of C
terminal sequences in the P70 protein. This portion of the molecule
has been shown to be important for lymphoid cell transformation
(Rosenberg et al., 1980; Prywes et al., 1983, 1985). 1In contrast to
the results with the wild type viruses, Ab-MLV-P70/H590 and
Ab-MLV-P70/G536 induced transformation only when the infected cells
were plated at the permissive temperature (Table 1). Thus, the
behaviour of these mutants in lymphoid cells is similar to that
observed in fibroblast cells.

Table 1. Lymphoid transformation by ts Ab-MLV

Virus Lymphoid Foci/106 cells 4 Foci 34.0°
34.0° 39.5° 4 Foci 39.5°
P160 220 180 1.2
P70 32 17 1.8
P70/H590 110 <0.5 >220
P70/G536 35 <0.5 >70

Ab-MLV is Required for Growth of Pre-B Cells at the Nonpermissive
Temperature

Lymphoid cell lines transformed by the various viruses, individual
colonies of transformed lymphoid cells were isolated from agar and
transferred to liquid cultures. 1In addition to cells transformed
with the P70/H590 and P70/G536 mutants, lymphoid cells transformed
with Ab-MLV-P160/H590 were also isolated. This latter virus is not
ts for transformation of NIH 3T3 (Engelman and Rosenberg, 1987).
Consistent with this observation, Ab-MLV-P160/H590 does transform
some lymphoid cells at 39.5° (data not shown).

To determine the effect of the ts mutations on the lymphoid cells,
duplicate cultures were incubated at 34.0° and 39.5° and survival
was monitored by microscopic observation. Twenty-three of
twenty-three independently derived cell lines infected with
Ab-MLV-P70/H590 died during the first 36 hours of incubation at the
high temperature. The one cell line studied that was transformed by

the P70/G536 mutant also died at this temperature. 1In contrast, none
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of the twelve cell lines transformed by Ab-MLV-P160/H590 were
compromised in their growth at 39.5°. As expected, cell lines
transformed by wild type Ab-MLV strains also grew well at the high
temperature. Therefore, mutants that are ts for initiation of
transformation are also ts for maintenance of transformation. 1In
addition, because expression of an active protein kinase is inhibited
by high temperature in NIH 3T3 cells transformed by Ab-MLV-P70/H590
(Engelman and Rosenberg, 1987) these data suggest that continued
expression of an active protein kinase is required to maintain a
transformed phenotype.

Wild Type Ab-MLV can "Rescue" the Transformed Phenotype

To determine if expression of wild type Abelson protein was
sufficient to complement the ts defect in the cells transformed with
the conditional mutants, it was necessary to identify clones of
lymphoid cells transformed with these viruses that could be
superinfected with ecotropic retroviruses. For this purpose, nine
clones transformed with Ab-MLV-P70/H590 were examined by
immunofluorescent staining for the presence of surface gag
determinants. Expression of these Moloney virus encoded determinants
indicates the presence of helper virus and reduces the chances that
the cells can be superinfected with ecotropic retroviruses. This
analysis, using the monoclonal antibody 13E10 (Schiff-Maker and
Rosenberg, 1986), revealed that three of nine clones examined lacked
evidence of helper virus protein expression. Two of these clones
were used for subsequent studies.

Cells from the helper virus-negative clones were infected with wild
type strains of Ab-MLV-P160 and Ab-MLV-P70 and plated in microtiter
wells at 39.5°. One to two weeks post infection, colonies of
transformed cells appeared in the cultures infected with both of the
wild type viruses. Analysis of the expression of Abelson protein in
cells recovered from Ab-MLV-P160 superinfected cultures revealed that
these populations all expressed P160 (data not shown). These cells,
unlike the parent, nonsuperinfected cell line, grew equally well at
34.0° and 39.5°.

To determine if other viruses encoding related protein tyrosine
kinases could also rescue the ts phenotype of the transformed
lymphoid cells, cultures were infected with MRSV, a virus which
expresses the Rous sarcoma virus derived src gene (Anderson and
Scolnick, 1983). As in the case of Ab-MLV-P160, cells infected with
this virus grew at 39.5°. Thus, other protein tyrosine kinases can
substitute for Abelson protein under these conditions. 1In contrast,
infection of the same cells with a retroviral construct containing
the myc gene and a neo gene (generous gift of Dr. J. Devilliers and
Dr. K. Marcu) did not rescue the ts phenotype. Although cells
infected with the myc virus could be isolated at 34.0°, these cells
did not survive at 39.5° (Fig. 1).
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Fig. 1. Growth of m5 lymphoid cells at the permissive and
nonpermissive temperatures. The m5 cell line, transformed with
Ab-MLV-P70/H590, and a derivative infected with a myc virus construct
were plated at 34.0° (LT) and 39.5° (HT). Replicate cultures

were pulsed with 3y thymidine for two hours and harvested and
processed at the time points shown

DISCUSSION

Analysis of the H590 and G536 mutants in lymphoid cells suggests that
viruses which are ts for NIH 3T3 transformation are also ts for
initiation and maintenance of lymphoid cell transformation in vitro.
The absence of ts transformation observed with the Ab-MLV-P160/H590
strain reinforces this point. This result contrasts with
observations concerning the transformation potential of several
nonconditional Ab-MLV mutants. In these cases, transformation of
fibroblast cells occurs with high efficiency but lymphoid cell
transformation is compromised (Rosenberg et al., 1980; Prywes et al.,
1983, 1985). However, most of the mutants of this type encode
Abelson proteins that are lacking C terminal amino acids and contain
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no alterations in the region of the genome encoding the catalytic
domain of the protein.

The role of Abelson protein in maintenance of lymphoid cell
transformation has been controversial. Several laboratories have
demonstrated that lymphoid cells derived in vitro using Ab-MLV
require additional signals to develop into fully malignant cells
(Whitlock et al., 1983; Pillemer et al., 1984; Green et al., 1987).
In addition, in some settings Ab-MLV appears to be lost from tumor
cells derived from mice with Abelson disease (Grunwald et al.,
1982). However, the inability of lymphoid cells transformed with the
£s mutants to survive at the nonpermissive temperature demonstrates
that Abelson protein is required for maintenance of the transformed
state. Furthermore, any additional signals required for a fully
malignant phenotype are not sufficient to maintain transformation.

The inability of the lymphoid cells to survive at the high
temperature also suggests that expression of Abelson protein alone
does not block differentiation of pre-B cells. 1Indeed, a number of
lymphoid cells transformed with wild type strains of Ab-MLV undergo
differentiation like changes in vitro in the absence of changes in
Abelson protein expression or tyrosine kinase activity (reviewed in
Alt et al., 1986). Despite this, changes in immunoglobulin
expression have been observed following high temperature incubation
of cells transformed by ts Ab-MLV strains (Takemori at al, 1987; our
unpublished data). These apparently contrasting pieces of data
highlight the complex relationship of transformation and
differentiation in the Ab-MLV system.

The ability of pp60src to substitute for Abelson protein in cells
transformed with the ts strains reinforces the notion that Abelson
protein and pp60 interact with similar signalling pathways (Pierce et
al., 1984; Mathey-Prevot et al., 1986; Hunter, 1987). However,
infection of murine bone marrow cells with viruses expressing ppé60
does not always lead to transformation of pre-B cells (Mathey-Prevot
and Baltimore, 1985) and pp60 does not completely replace Abelson
protein in IL-3 dependent cells (Mathey-Prevot et al., 1986). It is
possible that changes such as those involved in complete malignant
conversion co-operate with pp60 in the cells transformed by ts Ab-MLV
mutants. These lymphoid cells provide a unique system in which such
interactions can be studied under conditions that allow
transformation to be switched on and off according to the
experimental design.
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Expression and Function of the c-myb Oncogene During
Hematopoietic Differentiation

W.M. KUEHL, T. P. BENDER, J. STAFFORD, D. MCCLINTON, S. SEGAL, and E. DMITROVSKY

The c-myb proto-oncogene encodes a 72,000 Dalton phosphoprotein
which binds DNA (Klempnauer et al, 1986). Unlike the c-myc
protein, which is associated with the nuclear matrix, the c-myb
protein is 1localized in chromatin. Although c-myb mRNA is
expressed predominantly in normal and tumor cells of hematopoietic
origin (Gonda et al, 1982), there is increasing evidence that it
is expressed at some level in many - perhaps most - nonhematopoie-
tic tissues (e.g. Torelli et al, 1987). However, for all hemato-
poietic 1lineages examined, c-myb mRNA is at higher 1levels in
immature than in mature cells. The function of c-myb is unknown,
although it may be involved in cell proliferation since: 1) trun-
cated forms of c-myb mRNA expressed by a retrovirus or after
insertional mutagenesis are associated with enhanced cell prolifer-
ation and tumorigenesis (Ness et al, 1987; Sheng-Ong et al, 1986),
and 2) c-myb mRNA expression is up-regulated in late Gl or early S
phase when normal, resting T lymphocytes are stimulated by mitogens
(in contrast up-regulation of c-myc mRNA occurs as an early event
when T cells progress from GO to Gl1) (Reed et al, 1986). Alterna-
tively, c-myb may be involved in cell differentiation per se: 1)
c-myb mRNA expression 1is higher in immature compared to mature
hematopoietic cell 1lines despite indistinguishable proliferative
properties of these lines (Bender and Kuehl, 1987); and 2) it has
been reported that avian myelomonoblastic cells infected with a
retrovirus containing a temperature sensitive v-myb gene mature to
macrophages at the nonpermissive temperature but then retro-
differentiate to myeloblastic cells at the permissive temperature
(Ness et al, 1987). 1In this report, we will briefly summarize our
studies which demonstrate a role of c-myb as a marker of B cell
differentiation and as a gene which must be down-regulated to
permit terminal differentiation of erythroleukemia cells.

c-myb mRNA Levels as a Marker of B Cell Differentiation

We have shown that murine pre-B lymphoma cell lines express similar
high levels of c-myb mRNA, whereas plasmacytoma and B lymphoma cell
"lines express c-myb mRNA at levels which are five-fold or more
lower than the pre-B lymphoma cell lines (Bender and Kuehl, 1987).
On the basis of these results, we suggested that c-myb mRNA expres-
sion is down-regulated as cells mature from pre-B to B cells.
Consistent with our proposal, plasmacytoma X pre-B lymphoma somatic
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cell hybrids, which have a plasmacytoma phenotype, express low
levels of c-myb mRNA similar to the plasmacytoma parent.

Cell 1lines that co-express membrane immunoglobulin (a B _cell
marker) and a variety of pre-B cell markers.

It had been proposed that pre-B cell tumors can spontaneously
differentiate in vitro to immature B cells which express surface
IgM (mIgM) (Reth et al, 1985). To further test our proposal we
examined subclones of the 1881 pre-B cell line (mut,L”) which had
spontaneously rearranged a kappa 1light chain gene (Bender and
Kuehl, 1987). Two of three such subclones express mIgM but
continue to express the same high levels of c-myb mRNA as the
parental 18.81 pre-B cell line. In addition, these mIgM positive
subclones express 3 other pre-B cell markers (i.e. X5 and N-myc
mMRNAs and BP-1 surface antigen) at undiminished levels. We also
found that A2023 B lymphoma X 70Z/3B pre-B lymphoma somatic cell
hybrids, which have a phenotype similar to the pre-B lymphoma
parent, express levels of c-myb and N5 mRNAs comparable to the pre-
B lymphoma parent, but also express both parental light chains and
low levels of mIgM. These examples of cell lines which co-express
mIg and pre-B cell markers led us to examine another line which
might have similar properties, i.e. the Balb-1427 line which was
reported as a "mature B cell" that expresses mIgM and low levels of
V(D)J recombinase (Lieber et al, 1987). We have found that Balb-
1427 cells express levels of c-myb and A5 mRNAs comparable to other
pre-B lymphomas.

Table I summarizes some properties of pre-B and immature B cells.
Initially we viewed the cell 1lines which express pre-B cell
markers (A5, high c-myb, N-myc mRNAs, and BP1l surface antigen)
together with mIg to be pre-B cells. However, we now propose that
such cells be designated as "nascent" B cells to preserve the
established and convenient definition that B cells express mIg
whereas pre-B cell do not.

TABLE I. Markers to Distinguish Pre-B from Early B Cells®

PRE-B "NASCENT" B IMMATURE B
surface Ig - + +
c-myb mRNA high high low
A5 mRNA + + -
N-myc mRNA® +/(-) +/(~) -
BP; antigen + + -
Examples of 1881 1881 subclones WEHI 231
cell lines Lss8 Pre-B X B hybrids Balentyl 17
70Z2/3 Balb-1427

2 See Bender and Kuehl, 1987 for additional information and
references on markers and cell lines.

PN-myc mRNA is expressed in normal murine pre-B cells and in
all murine pre-B lymphoma lines examined except 70%/3 (Zimmerman
et al., 1986).
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Down-Requlation of c-myb mWRNA is Necessary for Terminal
Differentiation of Mouse Erythroleukemia Cells

Friend virus infected mouse erythroleukemia (MEL) cell lines are
transformed early erythroid precursors that can be induced
chemically to differentiate into more mature erythroid cells
(Marks and Rifkind, 1978). When inducer 1is added, there is a
latent period of about 12 hours before cells become irreversibly
committed to the terminal differentiation program, although
undergoing several rounds of cell division before ceasing to

replicate. Following induction there is a biphasic decline in the
steady state 1levels of c-myc and c-myb mRNAs (Kirsch et al.,
1986) . For each nuclear oncogene, the initial decline of mRNA

begins within hours after inducer is added but then increases to
essentially basal levels during the first 24 hours of induction.
During the next few days as the cells undergo terminal
differentiation (including increased expression of hemoglobin),
there is a secondary decline in c-myc and c-myb mRNA levels. By
expressing a transfected c-myc oncogene in MEL cells, we and
others have shown that the down-regulation of c-myc mRNA is a
necessary event for inducer-mediated terminal differentiation
(Coppola and Cole, 1986, Dmitrovsky et al., 1986, Prochownik and
Kurowska, 1986,)

We have now attempted to determine whether down-regulation of c-
myb mRNA is also a necessary event for inducer-mediated differen-
tiation of MEL cells. Our c-myb expression vector contains a mouse
cDNA coding region plus 33 bp of 5' untranslated and 158 bp of 3!
untranslated sequences (Bender and Kuehl, 1986) (Fig. 1).

Fig. 1. Structure of mouse myb cDNA expression vector (pRMb3SVTK).
The plasmid consists of four fragments: a) 3.4 Kb Bam HI-
Hind III fragment from PpRSVCAT vector (Gorman et al.,
1982); b) mouse myb cDNA fragment from Sma I-230
(converted to Hind III site with linkers) to Bgl II-2333
(Bender and Kuehl, 1986); c) 237 bp Bcl I/Bam HI fragment
containing SV40 polyadenylation sites; and d) a 3.6 Kb Bam
HI fragment containing the herpes virus thymidine Xkinase
gene. Arrows indicate direction of transcription units
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The expected sizes for endogenous and exogenous c-myb mRNAs should
be approximately 3.8 and 2.8 Kb, respectively. We transfected
these vectors into C19 cells, a thymidine kinase (TK) negative
mutant of MEL cell line 745. 1In our first transfection experiment,
we obtained 19 transfectants. Eighteen transfectants were sibs
which expressed the exogenous c-myb mRNA and one transfectant did
not express exogenous c-myb mRNA (Fig. 2).

Fig. 2. RNA expression of exogenous and endogenous c-myb genes in
stable MEL transfectants. The pRMb3SV.TK plasmid was
transfected into C19 MEL cells as a calcium phosphate
precipitate. Stable transfectants were selected in HAT
medium. Total RNA was prepared, electrophoresed on a 1%
agarose formaldehyde gel, blotted, and hybridized with a
mouse myb cDNA probe. The blot was washed at 60°C in 0.1
X S8SC and analyzed by radioautography. Each lane was
loaded with 10 pg of RNA. Lanes 1-4 represent
transfectant clones H4, H12, H20, H21l, respectively (all
of these clones are sibs - see text). Lane 5 is the C19
parent. Ribosomal RNA and myb mRNA sizes are indicated

We analyzed approximately 75 other independent transfectants in
subsequent experiments. However, only 15% of these transfectants
expressed detectable 1levels of exogenous c-myb mRNA, and none
expressed high levels of exogenous c-myb mMRNA (See Table II for 2
independent clones expressing highest level of exogenous c-myb
mRNA) . We also constructed a similar vector with a Moloney LTR
replacing the Rous LTR as a promoter element. Although the Moloney
vector gave rise to transfectants with slightly higher 1levels of
exogenous c-myb mRNA, this RNA was not translated efficiently in
MEL cells.

The parental cells and the 3 independent transfectants expressing
the highest 1levels of exogenous c-myb mRNA were induced with
hexamethylene bisacetamide (HMBA) to assess the ability of the
cells to terminally differentiate (Table II).
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TABLE II. DIFFERENTIATION OF MEL CELLS

Exogenous % Benzidine

Clone c-myb RNA? Positive cells
C19 0 85
H4 1.0 4
H21 1.1 2
G6 0.4 66
25.1 0.5 58
H21TK™ Revertants

1B1 0 66

2B1 0 72

2B3 0 67
H21 Subclones

H21E 0.3 40

H21D 0.2 66

#Exogenous/endogenous c-myb RNA prior to induction
bScored 5 days after addition of 3.5 mM HMBA

The G6 and 25.1 transfectants express relatively low levels of
exogenous c-myb mRNA, and differentiate nearly as well as the
parental C19 cells. In contrast, the H4 and H21 siblings from the
first transfection express substantially higher levels of exogenous
c-myb mRNA, and are almost completely blocked in their ability to
differentiate. We isolated 3 independent TK minus revertants of
H21. Each of these revertants had deleted all traces of the
transfected plasmid (data not shown) and had regained the ability
to differentiate, indicating that expression of the exogenous c-myb
mMRNA is responsible for blocking differentiation of transfectant

H21. Curiously, TK positive subclones of H21 showed decreased
expression of c-myb mRNA but no evidence of gene loss (data not
shown) . These H21 subclones also regained the ability to

differentiate, again supporting the conclusion that the level of
exogenous c-myb mRNA is critical in determining whether or not the
differentiation process is affected. Recently, Clark et al.
(1988) published results similar to ours confirming that
transfectants expressing high levels of exogenous c-myb mRNA are
unable to differentiate, whereas transfectants expressing lower
levels of exogenous c-myb mRNA differentiate.

In conclusion, the inducer-mediated terminal differentiation of
MEL cells requires down-regulation of both the c-myc and c-myb
nuclear oncogenes. In each case, it remains to be determined:

1) whether the early and/or the late phase of down-regulation is
necessary and 2) the mechanism(s) by which nuclear oncogenes
affect the differentiation process.
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Sense and Anti-sense Transcription in the Murine c-myb
Attenuator Region

T.P. BENDER!, K.M. CATRON!, W.M. KUEHL?, and C.B. THOMPSON>

INTRODUCTION

The c-myb proto-oncogene has been found to be expressed at high levels
predominantly in normal tissues and tumor cell lines of immature
hematopoietic origin (Westin 1982; Gonda 1982; Duprey 1985; Bender 1987a).

In each lineage which has been examined expression of c-myb mRNA has been
found to decrease during maturation. Recent evidence suggests, at least in
the T cell lineage, that expression of c-myb mRNA may switch from high
constitutive expression in immature T cells to a cell cycle related mode of
expression at more mature stages of development (Thompson 1986; Reed 1986).
These findings have suggested that the c-myb gene product may play a role in
hematopoietic maturation and that down-regulation of c-myb expression is
required for normal development to proceed. Indeed, transfection experiments
have demonstrated that constitutive expression of myb may interfere with
differentiation in tsE26 transformed monocytic cells and the inducible
differentiation of murine erythroleukemia cells (Beug 1987; Clarke 1988). We
have begun to examine how c-myb steady state mRNA levels are determined in a
series of murine B lymphoid tumors which demonstrate developmentally
regulated expression of c-myb mRNA levels. In these tumor cell lines, pre-B
cell lymphomas contain 10 to greater than 100 times as much c-myb mRNA than B
cell lymphomas or plasmacytomas (Bender 1987a). We find that these
differences in steady state c-myb mRNA levels are regulated primarily by a
block to transcription elongation which occurs in the first intron of the c-
myb locus (Bender 1987b).

THE c-myb PROMOTER APPEARS TO LACK TISSUE SPECIFICITY

To initially assess the ability of c-myb 5’ flanking/untranslated sequences
(Bender 1986) to promote transcription we have constructed a chloramphicol
acetyl transferase (CAT) expression vector based on pSVoCAT (provided by B.
Howard). A Hind3/Ncol fragment beginning at the first base 5' of the murine
c-myb translation start site and containing ~1.7 kb of 5' untrans-
lated/flanking DNA was cloned into the Hind3 site adjacent to the CAT gene of
PSVOCAT (Gorman 1982). This region contains all of the previously reported
putative murine c-myb transcription start sites (Bender 1986). We have found
that the sense orientation of this construct will allow expression of the
bacterial CAT gene in stable Rat-1 cell transformants. The anti-sense
orientation of this construct does not allow expression of the CAT gene.
Thus, there does not appear to be an innate tissue specific component to the
c-myb promoter region.
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REGULATION OF STEADY STATE c-myb mRNA LEVELS BY A PREMATURE BLOCK TO
TRANSCRIPTION ELONGATION

To better understand the regulation of c-myb steady state mRNA levels in
murine B lymphoid tumors we have pursued our studies primarily using the pre-
B cell lymphoma 70Z/3B and the mature B cell lymphoma A20/2J (Bender 1987b).
The 70Z/3B pre-B cell lymphoma contains approximately 10-20 times more c-myb
mRNA than A20/2J. Using actinomycin D (8 ug/ml) to inhibit de novo RNA
synthesis we have found that c-myb mRNA has a half life of approximately 165-
190 minutes in both cell lines. We have extended these studies to several
other B lymphoid tumor lines as well as the murine erythroleukemia cell line
745 with the same result. Thus, differences in message stability do not seem
to account for the differences in steady state mRNA levels between these cell
lines.

= = ——
Exon 1 Exon 2

05 24 33 14

| — 1 1 —

A B C D

Fig. 1. Schematic representation of c-myb genomic targets used in nuclear
run-on studies. The plasmid pmybl3 is a 7.6 kb EcoRl murine genomic DNA
fragment with c-myb 5’ flanking untranslated sequences, exon I, intron I and
exon II cloned into the EcoRl site of pJB327. Digestion of this plasmid with
EcoRl and Hind3 yields the four target fragments, A-D, used in these studies
plus the vector pJB327

We have used a nuclear run-on assay (as described by Groudine 1981) to exam-
ine rates of transcription across a 7.6 kb EcoRl genomic fragment, cloned
into pJB327, which contains exon I, intron I and exon II of the murine c-myb
gene (Bender 1987b). Digestion of this plasmid with EcoRl and Hind3
conveniently divides the 7.6 kb fragment into four targets, A-D, which
roughly contain 5’ flanking DNA, exon I, intron I and exon II as shown in
Figure 1. When nuclear run-on transcripts from either 70Z/3B or A20/2J are
hybridized to filters with these targets we do not detect transcription with
target A suggesting that detectable transcription 5’ of exon I does not occur
in these cell lines. Using nuclei isolated from 70Z/3B lymphoma cells
transcription is detected across exon I, intron I and exon II (targets B-D
respectively). However, the density of RNA polymerase is consistently 2-3
fold lower on exon II than exon I even when differences in target size are
taken into account. These experiments were initially done using double
stranded targets which do not differentiate between sense and anti-sense
transcription. As discussed below, most of this difference is clarified by
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Fig. 2. Restriction map of the 7.6 kb EcoRl genomic DNA region containing
the murine c-myb attenuator region. The positions of A/T-rich regions are
shown. Exons I and II are indicated by boxes. Restriction sites are R,
EcoRl; H, Hind3; and B, BamHl

Sequence I: 215-250

TTTTTTATTTTATTTCTCTTTTTCTTTCTTTTTTCTTTTTCTTTTT-NBO-GZZIZI'...

Sequence II: 1144 - 1198

TTTCTTTCCTTTCTTTCTTTCTTTCTTTCTTTCTTTTTTTTTTGll...

Fig. 3. A/T-rich sequences found in the c-myb attenuator region. Positions
of A/T-rich regions are numbered from the c-myb translation start site

(Bender 1986). Sequence
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using single stranded targets as there is significant anti-sense
transcription in the exon I region of the c-myb locus. Thus, in 70Z/3B most,
if not all, of the sense transcription which initiates in the exon I region
continues through exon II. Using nuclear run-on probes from A20/2J we found
that the transcription detected with target B (exon I) was equivalent to that
seen in 70Z/3B. However, transcription detected with target C was about one-
fifth to one-third that seen in 70Z/3B and no transcription was detected
above background with target D. Although a small amount of steady state c-
myb mRNA is detected on total RNA blots from A20/2J, low transcription rates
of moderately stable mRNA species are difficult to detect by nuclear run-on
assay. This data indicates that the differences in steady state levels of c-
myb mRNA between these cell lines is due to a premature block to
transcription elongation which occurs in intron I of A20/2J rather than
differences in transcription initiation.

We have recently extended the analysis of run-on transcription to the 1881
pre-B cell lymphoma, the WEH1-231 B cell lymphoma, the plasmacytoma MPC-11
and the murine erythroleukemia cell line 745. We do not detect read-through
transcription (as measured using an exon II single stranded target) in either
WEH1-231 or MPC-11. Interestingly, although read-through transcription is
readily detected in both 1881 and MEL 745, it is consistently somewhat lower
than seen in 70Z/3B suggesting that some degree of attenuation may take place
in these cell lines.

All of the transcription that we detect across the 7.6 kb EcoRl fragment,
described above, is completely sensitive to a-amanitin at 2 pg/ml which has
been shown to inhibit transcription by RNA polymerase II (Roeder 1976). 1In
these experiments we control for RNA polymerase I transcription using an 18S
rRNA target (provided by J. Sylvester) and RNA polymerase III transcription
using a 55 rRNA target (provided by D. Bogenhagen). High levels of both
polymerase I and III transcription are detected in our run-on assays, using
these targets, in the presence of a-amanitin at 2 ug/ml and do not increase
in its absence. Thus, the c-myb transcription that we are measuring appears
to be the result of RNA polymerase II activity. In addition, the 7.6 kb
EcoRl fragment detects only a single band when used as a probe on genomic DNA
and RNA blot analysis.

As mentioned above, we detect significant amounts of anti-sense transcription
in the area of exon I in both 70Z/3B and A20/2J (Bender 1987b). The amount
of anti-sense transcription detected across the exon I region using single
stranded 1.1 kb BamHl genomic targets (See Figure 2 and Bender 1987b) is
approximately equivalent to the amount of sense transcription in this region.
We have extended this analysis to several other pre-B cell lymphoma, B cell
lymphoma and plasmacytoma cell lines and find that the ratio of sense to
anti-sense transcription is quite variable ranging from roughly 1:1 to 10:1
in the exon I region. However, this variation does not appear to correlate
with any specific state of differentiation and at present it is not possible
to assess the biological relevance of this anti-sense transcription. Since
anti-sense transcription is not detected with our exon II target nor fragment
A (which covers 5' flanking sequences), this implies that the anti-sense
transcription initiates in intron I and ends near the 5’ end of exon I.
Although mapping by nuclear run-on assay indicates that anti-sense
transcription initiates in the 3’ half of intron I accurate mapping of this
position remains to be done.
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STRUCTURAL FEATURES IN THE c-myb INTRON I

We have recently extended our mapping studies of c-myb sense transcription
across the 7.6 kb EcoRl fragment shown in Figure 2. These studies indicate
that most, if not all, of the sense transcription in A20/2J terminates in or
slightly downstream of the ~1.5 kb BamHl fragment just 3’ of exon I. Due to
the amount of anti-sense transcription in this region we cannot be certain
that some sense transcription does not extend past this point but most
appears to terminate here. When this region from the mouse was sequenced by
the dideoxy-chain termination method we found an extraordinary AT-rich region
extending from positions 215-250 3' of the translation start site (Sequence
I, Figure 3). This sequence is followed, after 30 seeming random bases, by a
stretch of 22/24 guanine residues. Interestingly a similar AT-rich stretch
is located at approximately the same position in the human c-myb intron I. A
second AT-rich region (Sequence 2, Figure 3) is located approximately 900 bp
3’ of this site. This AT-rich sequence is immediately followed by a run of
11 guanine residues which closely resembles a polymerase III termination site
(Bogenhagen 1981). We do not yet know whether this second sequence is
present in the human c-myb intron I nor whether either AT-rich sequence is
involved in attenuation. However, runs of thymidine residues followed by a
run of guanine residues have been shown to be involved in premature chain
termination or RNA polymerase "pausing" in prokaryotic biosynthetic operons
(Platt 1986), the adenovirus major late promoter (Maderious 1984), the SV40
VP-1 gene (Hay 1985) and the c-myc gene (Bentley 1986; Chung 1987).

CONCLUSIONS

We have found that differences in steady state c-myb mRNA levels between
murine B lymphoid tumors are maintained primarily by a block to transcription
elongation rather than at the level of transcription initiation. Similarly,
the differential expression of c-myc mRNA has been reported to be regulated,
at least in part, by a block to transcription elongation. As expression of
both c-myc and c-myb is associated with cell growth and proliferation regula-
tion of transcription at the level of elongation may provide a more rapid and
sensitive mechanism to rapidly increase or decrease steady state mRNA in
response to external signals than transcription initiation. Thus, it is of
interest that expression of both c-myc and c-myb mRNA increases during
progression from GO through the Gl stage of the cell cycle (Kelley 1983;
Stern 1986). By keeping these genes in a transcriptionally active state
simple removal or alteration of a block to elongation would allow rapid
increases in steady state mRNA levels.
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Expression of the Murine Proto-Oncogene bcl-2 Is Stage Specific
and Cell-Type Specific

J.F. MusHINSKI, J.D. MOUNTZ?, J.H. PIERCE?, J.G. PUMPHREY!, R.M. SKURLA JR.},
F.D. FINKELMAN', D. GivoL®, and W.F. DAVIDSON!

INTRODUCTION

The proto-oncogene bcl-2 is of particular interest in any consideration of neo-
plasia of B lymphocytes, because it has been shown to be involved in the t(14,18)
(q32,921) translocations that are found in virtually all of human follicular
lymphomas, the most common B cell lymphoma in man (Bakhshi et al. 1985; Cleary and
Sklar 1985; Tsujimoto et al. 1985, 1986) and in an acute pre-B lymphocytic
leukemia cell line (TSqumOtO et al. 1984). The critical consequences of the
interruption of the bcl-2 gene " by this translocation appears to be a constitutive
expression of becl-2 transcrlpts that also contain sequences from the newly juxta-
posed immunoglobulin heavy chain joining region (Ig-Jy) (Graninger et al. 1987;
Seto et al. 1988). The normal function of the bcl-2 proto-oncogene protein
product is unknown, but like many other proto-oncogenes it appears to be involved
in control of normal growth and development of human hemopoietic cells. Support
for this comes from data that show rapid induction of bcl-2 expression in mitogen-
stimulated proliferation of normal human B and T lymphocytes (Graninger et al.,
1987; Reed et al., 1987; Seto et al. 1988) and a down regulation of bcl-2 expres-—
sion accompanying termlnal B cell maturation (Graninger et al. 1987).

In order to gain additional information about the function of this gene, we have
studied its structure and expression in normal and neoplastic murine B lymphocytes
using cDNA clones derived from a mouse B cell lymphoma (Givol 1987). We reported
earlier that the bcl-2 gene was located on mouse chromosome 1 (Mock EE_al. 1988)
and that its expression was found only in pre B and mature B cell lymphomas but
not in the very early “"progenitor B cell line" HAFTL-1 nor in any plasmacytomas
which represent very late, nearly “end-stage” antibody-secreting B cells
(Mushinski 1987; Mushinski et al. 1987). These results became somewhat contro-—
versial inasmuch as 1) studies with certain human myeloma cell lines (presumably
equivalent "endstage"” B cells) did not show complete down regulation of bcl-2
expression (Tsujimoto 1987), and 2) LPS blasts which can differentiate into Ig-
secreting cells were not followed long enough to determine if such differentiation
would result in disappearance of bcl-2 RNA (Graninger et al. 1987; Negrini et al.
1987; Reed et al. 1987). Thus, additional experiments T with normal dlfferentlatlng
murine B lymphocytes were undertaken as well as additional studies with the
progenitor B cell lines HAFTL-1 and HAFTL-3, which are now known to be capable of
differentiating along the myeloid pathway (Holmes et al. 1986; Davidson et al.
1988).
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RESULTS

Fig. 1. Sequential analysis of bcl-2 mRNA levels in spleens following anti-IgD
injection. FEach lane represents a blot of 7.5 pug poly(A)tT RNA extracted from
spleens of BALB/c mice at various times after antiserum treatment. The two
panels are data are from two independent experiments. In each case the RNA was
electrophoresed in 1% agarose gel containing 2.2 M formaldehyde and transferred
to a nitrocellulose membrane (Mountz et al. 1987). The membrane was hybridized
to a 32p-labeled 3' bcl-2 probe from the cDNA clone Ncm4 (Gurfinkel et al. 1987;
Givol 1987)

In order to study the expression of bcl-2 in normal mouse B cells which are
differentiating into "end-stage" antibody-secreting cells, we induced polyclonal
B cell activation in intact BALB/c mice by intravenous injection of 800 ug of

an affinity-purified goat antibody to IgD (Finkelman et al. 1982; Mountz et al.
1987). At various times after injection, spleens were removed and mRNA prepared
from them (Mountz et al. 1987). Assays for serum immunoglobulin (Ig) levels,
cytoplasmic Ig and Ig mRNA showed an increase in secretory IgM, IgG; and IgG,
which peaked between 6 and 8 days after treatment. Studies of B cell prolifera-
tion have indicated that a high percentage of B cells are also synthesizing DNA
during this time period. Northern blots of these RNAs were hybridized with
probes for mouse bcl-2. The results of two such experiments (Fig. 1) showed that
this probe detected bcl-2 transcripts which decreased to nearly undetectable
levels by day 6-8 but which began to reappear at low levels thereafter. The down
regulation of bcl-2 expression coincided with the maximum expression of IgM and
IgG (Mountz et al. 1987), thus confirming that interpretation made from B cell
tumors of varying degrees of maturation (Gurfinkel et al. 1987; Mushinski et al.
1987).
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Fig. 2. Expression of bcl-2 RNA in progenitor B cell lines and subclones. Each
lane represents a blot of 5 ug poly(A)t RNA extracted from the indicated cell
lines, electrophoresed in formaldehyde/agarose gels, and blotted onto nitrocellu-
lose (Davidson et al. 1988). The membranes were hybridized to a 32p-1abeled 3'
bcl-2 cDNA probe. Cx indicates that the cells were treated with cyclohexamide
Tor 2 hours before RNA extraction. "“B" and "m" beneath the lanes indicates
whether the cells belonged to the B lymphocyte lineage or the myeloid lineage,
respectively

In order to study the bcl-2 expression of very early B cells in greater detail,
RNA was prepared from HAFTL-1 and HAFTL-3 and from myeloid clones derived from
these bipotential progenitor lines. When probed with the 3' bcl-2 probe (Fig.
2), the original HAFTL-1 cells are confirmed to have undetectable levels of bcl-2
mRNA, even when the cultures were exposed to 10 ug/ml cycloheximide which fre-—
quently stabilizes mRNAs with short half lives. On the other hand, clones of
HAFTL-1 (1G4, 3G4, and 2B7) and of HAFTL-3 (HAFTL-3A) which had acquired the
morphology, surface phenotype (Mac-1*) and function (phagocytosis) characteristic
of macrophages (Holmes et al. 1985; Davidson et al. 1988) did contain bcl-2
transcripts. Thus, the change in cell lineage from B lymphocyte to myeloid was
accompanied by the activation of the bcl-2 gene. In contrast, certain other
oncogenes which are actively expressed in HAFTL-1 and its pre-B subclones, e.g.,
c-myb, are dramatically turned off (data not shown).
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DISCUSSION AND CONCLUSIONS

These studies have confirmed that expression of the putative proto-oncogene bcl-2
in B lymphocytes is confined to cells in pre-B and mature B stages. SpeciffEZle,
the data show that Ig-secreting cells, whether normal spleen cells activated by
anti-§ antibodies or plasma cell tumors, contain little if any bcl-2 mRNA. To
this extent the ontogenic regulation of expression of bcl-2 resembles that of
c-myc. In this context it is important to note that both these oncogenes are
susceptible to reciprocal chromosomal translocations involving the Ig heavy chain
chromosome in neoplasms of mature B lymphocytes (Pegoraro et al. 1984; Mushinski
et al. 1987). It is tempting to interpret these results mechanistically and to
suggest that during B cell development there are periods characterized by DNA
rearrangement and switching of Ig genes which coincide with high levels of
expression of bcl-2 and c-myc. This makes these proto-oncogenes accessihble and
potentially susceptible to accidental aberrant rearrangements by the same enzymes
that are normally involved in Ig gene shuffling, leading to chromosome transloca-
tions. Some aspect of these translocations, probably the constitutive expression
of bcl-2 in t(14;18) or c-myc in t(8;14), contributes to neoplastic transforma-
tion, because normal B cell differentiation is accompanied by down regulation of
these genes, which is now impossible. Although the contribution of c-myc deregu-
lation is firmly established, the direct demonstration that bcl-2 can induce
neoplasia is still lacking. What is more, the normal functions of the protein
products of bcl-2 and c-myc have not been discovered. It is known that their
site of localization within the cell is different: c-m -myc is nuclear and bcl-2 is
found on the inner aspect of the plasma membrane (Tsujimoto et al. 1987)%

Our efforts to learn more about the physiology of bcl—-2 have utilized tumor models
of progenitor B cells, HAFTL-1 and HAFTL-3. These data show that bcl-2 expression
is tightly regulated between the pre-B and pro-monocyte cell lineages to which
these progenitor cell lines can give rise. When HAFTL-1 or HAFTL-3 develop into
myeloid cells, this process is accompanied by the activation of bcl-2 expression.
Whether the bcl-2 protein plays any direct role in producing the shift into the
myeloid pathway remains to be demonstrated. It is interesting, however, to note
that c-myc and bcl-2 expression are uncoupled in this situation, since c-myc mRNA
is abundant in both HAFTL-1, its B cell and its myeloid subclones (W.F. Davidson,
in preparation).
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Recent Progress on the Human bcl-2 Gene Involved in Follicular
Lymphoma: Characterization of the Protein Products

Y. TsuiiMoTO and C.M. CROCE

INTRODUCTION

Chromosome translocations involving the immunoglobulin heavy chain
gene are common in B cell malignancies (Yunis 1983). The t(14;18)
translocation has been extensively studied by us and others for the
last several years because this translocation is nearly always
associated with follicular lymphoma, one of the most common human B
cell malignancies (Fukuhara et al. 1979; Yunis et al. 1982). By
molecular cloning of the breakpoint of the t(14;18) translocation,
we and others identified a gene, bcl-2, at the breakpoint region
(Tsujimoto et al. 1985a; Bakshi et al. 1985; Cleary and Sklar
1985). Since the t(14;18) translocation occurs within or in the
close vicinity of the bcl-2 gene (Tsujimoto et al. 1985a,b;
Tsujimoto and Croce 1986; Cleary et al. 1986), and since the
steady-state level of bcl-2 mRNA is elevated by the translocation
(Tsujimoto et al. 1985a), the bcl-2 gene is a strong candidate for
the oncogene involved in follicular lymphomagenesis, analogous to
the role of the c-myc gene in Burkitt's lymphomagenesis. The bcl-2
gene consists of two exons (Tsujimoto and Croce 1986; Cleary et al.
1986) and is transcribed into several species of mRNA by splicing
and differential usage of the polyA site (Tsujimoto and Croce
1986). These mRNAs encode two different bcl-2 proteins, o and g,
which are identical except at the carboxyl terminus (Tsujimoto and
Croce 1986; Cleary et al. 1986).

Toward the goal of understanding the function of the bcl-2 gene, we
have raised polyclonal antiserum against the bcl-2 protein using
the p-gal-bcl-2 fusion protein expressed in E. coli (Tsujimoto et
al. 1987). This antiserum immunoprecipitates the bcl-2 o protein,
prepared in vitro from RNA transcribed from bcl-2 cDNA using T7
phage RNA polymerase in vitro (Tsujimoto and Croce 1986), and also
the bcl-2 g protein (Tsujimoto, unpublished). This antiserum was
used to detect the bcl-2 protein in human B cells. As shown in
Fig. 1, a protein with the same size (about 26 Kd) as that of the
in vitro translated bcl-2 a protein is precipitated from a pre-B
cell line. The identity of this 26 Kd protein as the bcl-2 o pro-
tein was confirmed by V8 protease peptide mapping (Fig. 2).
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Fig. 1. Immunoprecipitation of the bcl-2 o protein from human B
cells. Lane 1, [P®¥s]lmethionine-labeled bcl-2 ¢ protein prepared by
in vitro translation as described (Tsujimoto and Croce, 1986).
Lanes 2 and 3, the proteins precipitated with pre-immune and immune
serum, respectively. Cell labeling and immunoprecipitation were
carried out as described (Tsujimoto et al. 1987).

Fig. 2. Peptide mapping of bcl-2 a protein with V8 protease. Lane
l, in vitro translated bcl-2 o protein. Lanes 2 and 3, in vitro
translated bcl-2 o protein digested with V8. Lanes 4 and 5, the 26
Kd protein immunoprecipitated from 697 cells and digested with V8.
Fifty ng of V8 were used for lanes 2 and 4 and 500 ng for lanes 3

and 5. V8 peptide mapping was performed as described (Cleveland et
al. 1977).
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Subcellular fractionation of B cell proteins followed by immunopre-
cipitation showed that the bcl-2 o protein is recovered in the
membrane fraction but not in the cytosolic or nuclear fractions
(Fig. 3). Since the bcl-2 protein has no signal peptide or
transmembrane domain (Tsujimoto and Croce 1986; Cleary et al.
1986), the bcl-2 protein is most probably located at the inner
surface of the cytoplasmic membrane, raising the possibility that
the bcl-2 protein is involved in signal transduction. This possi-~
bility, together with the observations that bcl-2 gene expression
is silent in resting B and T cells and begins to be expressed 6 to
8 hr after mitogen stimulation (Reed et al. 1987), could, in turn,
imply involvement of this protein in secondary activation, such as
the IL2/IL2 receptor pathway, in T cells.

Fig. 3. Immunoprecipitation of the bcl-2 protein from subcellular
fractions of human B-cells analyzed on 12,5% polyacrylamide/SDS
gel. Each fraction (cytosolic, membrane and nuclear) was immu-
noprecipitated with pre-immune (lanes, 2, 4, 6, 8) and antiserum
(lanes, 3, 5, 7, 9). The arrow indicates the bcl-2 a protein.
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