UCSF

UC San Francisco Electronic Theses and Dissertations

Title
The mechanism of leukemogenesis by avian leukosis virus

Permalink
https://escholarship.org/uc/item/1xm602jim

Author
Payne, Gregory S.

Publication Date
1982

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1xm602jm
https://escholarship.org
http://www.cdlib.org/

The Mechanism of Leukemogenesis by Avian Leukosis Virus
by

Gregory S. Payne

DISSERTATION

Submitted in partial satistaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Biochamistry

in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

San Francisco

Date niversity Librarian

Degree Conferred: . . . .<EP 8, .19.82.



- ————— N



This is dedicated to
my father
and
mother



ACKNOWLEDGMENTS

My graduate carrer has been exciting and, in retrospect, enjoy-
able. I cannot possibly acknowledge all the individuals who have con-
tributed to my education and experiments and I apolagize to those who I
fail to mentin.

Propitiaus circumstances lel me to Harold Varmus' lab. My decision
to remain in the lab was inspired by his scientific perspicacity and
intelligence, but I remember most vividly his understamding, patience
and suppat during the difficult times.

Mike Bishop deserves special thanks for providing critical qui-
dance and suppat while Hardld was on sabbatical and continuing to con-
tribute to my project thromghout my time in the lab.

I consider myself fartunate to have received the foundatin and
substance of my scientific educatian from two such autstanding scien-
tists and teachers.

Never theless, the days and nichts in (and the few out of) the lab,
often filled with exasperation and/a confusim, would have proven
tedicus without the intellectt.nl and social companionship of Jdmn
Majors, Suzanne Ortiz, Richard Parker, Nancy Quintrell and Ron Swan-
strom. They are all great friends.

Jamn, sitting quietly at the next desk, provided equanimity and
cogent advice (amd Wild Turkey) for all fivwe years. To him I may owe
my sanity.

Suzanne, the ultimate organizer, was also the primary initiator
and canpanicon in our escapades in the arts and humanities.

Richard, more than anyane, has instilled and shared the joy of



vt



scientific rumimtions. Our friemdship has been cemented during the
vicissitudes of our softball careers.

Nancy, although terrifying at first, proved to be an invaluable
source of friendship, gave needed advice on RNA and camisserated dur-
ing the trials and trihulatians of Charon 20.

Rm, the ultimate sweet-heart, gave unselfishly of his time ard
knowledge in the lab and led me into unforgettable predicaments in the
mountains.

Lyman Crittenden was a gracious collaborator. Without his
knowledge of the hialogy of chickens and ALV and his provision of
tumors, the project never would have progressed.

Steve Hughes substantially contributed to many of the ideas and
experiments in this thesis.

Jean Jackson unfailingly provided primary CEF (except when I
turned off the incubata) and advised me on tissue culture techniques.
Sue Adams held my hand and guided me throuwgh the hureaucratic

morasses which appeared during my tenure here.

My classmates David Ucker and Suzamne Pfeffer and I spent many
hours sharing our grievances and insecurities and giving each other
support.

Fimlly, Enid withstood the worst and remained supportive and
urderstanding.






Table of Contents

I. CHAPTER l: Introduction 9
A. Patholay
1. The bursa of Fabricius
2. Tumor Patholagy
B. Structure and Characteristics of ALV
l. Replication

2. Viral Oncogenesis

II. CHAPTER 2: Amalysis of ALV INA and RMA in Bursal 32
Tumors: Viral Gene Expressiam is not
Required for Maintenance of the Tumor
State

III. APPENDIX 1l: Detailed Mapping of Single RAV-2 54
Proviruses in Four Bursal Tumors

IV. CHAPTER 3: Mul tiple Arrangements of Viral DNA 929
and an Activated Host Oncogene in Bursal
Lymphamas

V. APPENDIX 2: The Oncogenic Spectra of Malecularly 136

Cloned Avian Leukosis Virus.

VI. APPENDIX 3: Sarcomas imduced by Rous Sarcoma 143
are not Claal

VII. APPENDIX 4: Malecular Cloming of the ALV 151
Provirus and Activated c-myc from
Tumar LL6



VIII. APPENDIX 5: Expression of Clawed DNA 157
Fragments Carrying ALV Proviruses
Adjacent to c-myc in
Mouse L Fibroblasts

IX. DISQUSSION 164
A. Lymphamagenesis
B. Tumorigenesis in other systems
C. Enhancement

D. A speculation



ABSTRACT

Avian leukosis virus (ALV) is an RNA tumor virus which primarily
induces B-lymphocyte neoplasms arising in the hursa of Fabricius in
chickens. We have been investigating the mechanism of ALV-induced
tunarigenesis by analvzing the ALV-specific INA and RNA found in bursal
lymphomas caused bv viral infection. Our observations imdicate that
tumar induction by ALV mav depend upon activation of a cellular gene by
ALV proviral DNA rather than upmn expression of viral genes. First,
all hursal lymphamas are clonal populations of tumor cells containing
at least one ALV provirus, but solitary proviruses are often defectiwve
and many tumors are devoid of virus-specific mRNA's. Secord, in most
ALV-induced tumors, proviral DNA is famnd in the same region of the
host gename; Hayward et al. have identified this locus as c-myc, the
cellular hamologue of the putative transforming gene (v-myc) of myelo-
cytomatosis virus-29. We have famnd that enhanced expression of c-myc
occurs in association with proviruses positioned in any of three confi-
qurations with respect to the cellular gene: i) upstream in a tran-
scriptional sense from c-myc, in the same transcriptiomal orientation,
ii) upstream, in the opposite transcriptional arientation and, iii) 3'
to the gene in the same transcriptional arientation. Amalyses of
molecularly clmed examples of ALV proviruses and c-myc from tumors
displaying configurations ii) and iii) have confirmed these arrange-
ments. These findings have suygested a novel ability of the ALV pro-
virus to enhance the transcription of adjacent cellular DNA and thereby

exert its oncogenic effects. We have attempted to recapitulate



enhanced transcription of c-myc by intraducing the molecular clanes
into mouse L fibroblasts. Preliminary experiments revealed a malest
axgmentation of c-myc transcription from molecules carrying a provirus
in configuration iii) when campared to transcription fram an unaltered
c-yc molecular clme.

Ancillary investigations confirmed the expectation that Raus sar-
coma virus, which carries an oncogene v-src, praduces nan-clmal sarco-
mas.

I have also prepared molecular clmes of two strains of ALV, RAV-1
and RAV-2, which yield bialogically active virus after incaporation

into chick embryo fibrohlasts.

Hayward, W.S., Neel, B.G. and Astrin, S.M. 1981. Nature 290, 475.
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Introduction
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"Lymphoid leukosis" (LL) describes a disease of fawl in which neo-
plastic proliferation of 1ymphoid cells leads to solid tumors most
often involving the bursa of Fabricius, spleen amd liver. A group of
retroviruses aptly labelled avian leukosis viruses (ALV) are the
etiolagic agents of lymphoid leukosis (Purchase and Burmester,1978).
Although LI was described essentially concurrently with other
retrovirus-inmduced tumors in fawl—including erythroblastosis, fibro-
sarcanas and myeloid leukemia—research into the bialogy of ALV has
lagged far behimd investigations of the viruses affiliated with other
tumors (Burmester and Purchase,1978). Undoubtedly this situation arose
because ALV-imduced lymphomas reaquire four to six months to manifest
themselves and ALV does not marphologically transfam cells in culture.
On the other hand, these same characteristics have recently provoked
interest in the possibility that ALV might employ a novel mechanism to
induce lymphomas. Cansequently we began a series of studies designed
to address the mechanism of ALV-induced tumar famation. A histopatho-
logical desaription of lymphomagenesis caused by ALV and descriptions
of the molecular structure of the ALV gename famed the basis far our

studies.

Pathology

A variety of different tumors can result from infection by ALV
including lymphamas, erythroblastcses and nephroblastamas, and at least
one hyperplasia, osteopetrosis (Burmester and Purchase,1978). The
relative propartion of each tumar type in an infected chicken popula-
tion is influenced by the route of infection, the dose of infecting

virus, the particular virus strain, the age of the chicken at infection
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and the genetic background of the chicken (Burmester and Pur-
chase,1978). However, in general, the most prevalent disease is lym-
phoid leukosis originmating in the bursa of Fabricius (Burmester and
Purchase,1978; Crittenden,1980).

The bursa of Fabricius

The bursa of Fabricius is a qut-associated lymphoid organ which
apparently serves as a primary site fa B-cell develomment in fowl
(Chang et al.,195%). ‘rhe discovery of this primary lymphoid organ
alloved for a relatively precise in vivo definition of B-lymphocyte
develomment in the chicken (Glick,1977). These experiments, however,
often reliel on chemical or surgical bursectomy and suffer from uncon-
trollable variables inherent to an in vivo system traumatized by surgi-
cal a chemical manipulation. This has resulted in equivocal and often
contradictory reports. I will summarize the two major views in some
detail, both fa reference purposes and also because it will serwve as a
backdrop for the description of tumor pathology which follows.

The bursal anlage begins to fam at day five of embryanic develop-
ment. Experiments using interspecific chimaeras (Le Dauarin and
Jotereau,1980) and intravenmous injection of sex chramosame-marked cells
(Moore and Owen,1965; Weber and Mausner, 1977) suggest that migration
of a putative lymphoid stem ar progenitcar cell from the yalk sac and/ar
bone marrow to the bursa is restricted to days 8-14. These cells
presumably proliferate and differentiate to fam the lymphoid follicles
of stem and/or progenitor cells amd cells at various points alaxg the
B-1ymphocyte lineage. The first cells expressing immunoglobulin appear
in the bursal follicles at day 12 of develomment (Grossi et al.,1977).

These cells exhibit both cytoplasmic and surface IgM. (This property



is distinct from mouse pre-B cell develomment where cytopl asmic IgM
preceeds surface IgM expression (Levitt and Cooper ,1980).) A number of
experiments carried ocut by Cooper and his colleagues (Kincade and
Cooper ,1971,1973; Kincade et al.,1970,1973) suggest that cells express-
ing IgM further differentiate to cells expressing IqG then IgA perhaps
in an antigen—-independent manner. Bursectomy experiments imlicated
that this progression requires the hursal envirament and that appear-
ance of immunogldwulin expressing cells in secordary lymphoid organs
such as the spleen follows the same order observed in the hursa, that
is IgM to IG to IgA; and this seeding of secordary organs was
prevented by removing the bursa by day 17 of development.

The proliferative rate of lymphoid cells in the bursa is greatest
during the first month after hatching. After this point argan growth
slavs until regression and involution commences between 3 and 4 months
post-hatch (Glick ,1977). A different stem ar progenitar cell capable
of restoring humoral responses makes its appearance in the bursa at
approximately four weeks post-hatch amd soon after can be found in the
spleen and bone marrow (Toivanen arnd Toivanen,1973; Eskola ard
Toivanen,1977). In contrast to the bursa-deperdent cell described
above, this cell can differentiate in hursectomized chickens and has
been designated a post-hursal stem cell (Toivanen and Toivanen,1973).
However, since birds hursectomized early in life are incapable of
developing a humaral immune system (but see below) the post-bursal stem
cell presumably requires the bursa for same aspect of its develomment.
Two sets of experiments provide evidence that extra-bursal sites exist
for B-lymphocyte develomment into IgM producing cells. First, surgical

and chemical bursectamy perfamed on embryocs failed to abrogate a
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humoral response expressed as IgM (Glick,1977; Fitzsimmons et al.,1973;
Jancovic et al. ,1975). Secondly, Lewis et al. (1981) have shown that
reticul cendothelicsis virus (REV-T) transfams cells with pre-B charac-
teristics am this cell is not famnd in the hursa

In view of the discrepancies described above it seems safest (but
by no means certain) to conclude that committment of stem cells to the
B-lymphocyte lineage and differentiation to IgM praducing cells can
occur autside the bursa but in the normal bird the bursa accepts cells
which differentiate into IgM expressing cells and acts as the primary
site for progression to IG and IgA producing cells, subsequently sup-
plying secandary lvmphoid argans with these immunocampetent cells.

Tumor Pathology

The histopatholagical consequences of ALV infection are superim-
pased on the namal development of the bursa. Histological analyses of
bursae from infected birds has revealeal that the earliest manifestation
of disease occurs in individual bursal follicles which becane occupied
by large lymphohlastoid cells (Peterson et al.,1964; Cooper et
al.,1968) . These cells appear morpholojically transformed and are evi-
dent in 50-100 follicles per bursa (there are approximately 10,000 fol-
licles per hbursa) (Neiman et al.,1980). This data, in combinmation with
the observation of apparently polyclonal antibodies in the sera fram
tumor-bearing birds, prompted M.D. Cooper et al. to propose that bursal
lymphomas are polyclamal in origin (Cooper et al.,1968). Further his-
tolagy described by Neiman et al. (1980) revealel that hursae sectioned
between 6-7 weeks post infection displayed slightly reduced numbers of
the abnormal fallicles plus one or two macroscopic nodules of lymphob-

lasts., Finally, the tumors removed fram 4-6 month old birds occupy
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50-90% of the bursa (which normally would have regressed by this time)
and metastatic lesions are sanetimes apoarent (Purchase and Burmes-
ter,1978; Cooper et al.,1968). This set of static observations has led
to the theory (Neiman et al.,1980) that a relatively large number (50-
100) of lymphocytes became transfamed at early times following infec-
tion and proliferation of these cells leads to transformed follicles.
The cells in only one or a few of these follicles acquire the proli-
ferative capability necessary to form a tumor nalule and progress into
a cloal lymphana and associated metastases.

A number of investigators have addressed the nature of the target
cell fa ALV transfamation. Since the tumors first appear in the
bursa these studies have focused on the role of this organ in lym-
phamagenesis. Surgical bursectany up to three months following infec-
tion at day ane post-hatch hy ALV eliminates the appearance of tumors
comprised of cells in the B-lymprhocyte lineage (Peterson et al.,1966).
Purchase and Gilmour (1975) have shown that treatment of chicks with
cyclahosthamide (Cy) , which leaves the hursal epithelium intact hut
destroys the hursal lymphocyte population, eliminates subsequent lym-
phomagenesis. Injection of suspensions of bursa cells into Cy treated
chicks can reconstitute both humoral immunity and susceptibility to ALV
lymphomas. These experiments provide evidence tl"\at the target cell for
ALV transfamation resides in the bursa. These same authors reparted
further support for this lacalization in experiments involving bursal
cells from line 63 chickens which exhibit natural immunity to ALV
tumorigenesis (Purchase et al.). Reciprocal reconstitution experiments
revealed that hursal cells from ALV resistant chickens conferred resis-

tance to Cy treated sensitive birds and vice versa. Humoral immunity
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was sucessfully reconstituted in all birds. Although unlikely, these
exper iments cannot rule out the pcssibility that target cells infected
autside the bursa require an interaction with hursa cells for progres-
sion to a transformed state, and line 63 chicks cannot provide this
interactio.

In agreement with the hursal lacation of ALV target cells, immu-
noflourescent staining of tumar cells has shown that they stain with
anti-mu antisera and anti-licht chain antisera (Cooper et al.,1974). No
staining was observed with anti-gamma or anti-alpha antisera. The
tumor cells were expressing surface IgM and variable amounts of cyto-
plasmic IgM. In general the tumar cells stained less intensely than
mature plasma cells suggesting, in conjunction with their size, that
they were arrested as immature lymphocytes. Cooper et al. (1974) cited
this apparent differentiation arrest as evidence that ALV might exert
its oncogenic effects on a cell undergoing the DNA rearrangements
necessary (at least in mammals) for IgM expression. Given the present
information describing the involvement of DNA deletion during mammalian
B-lymphocyte differentiation (Leder et al.,1980), it seems improbable
that a mature B-lymphocyte has been transfoarmed by ALV and induced to
dedifferentiate. Differentiation of a cell to praduce IgM subsequent to
transfamatian by ALV has not been excluded. The nature of the cell
targeted for transformation remains a major question in leukosis
research because of the implications its identification might have on

models describing mechanisms of transformation.

Structure and characteristics of ALV

Replication
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The avian leukosis viruses resoonsible for LL are replication com-
petent retroviruses. They share camm gename aganizations and employ
idential strategies for replication and expression. The virus particle
packages two copies of the RNA genmme in a protein capsid o core sur-
raonded by a lipid envelope derived from the host cell's plasma mem-

. brane. The ALV RNA genane cales fa three genes required fa viral
replication (Figure 1A): gag encodes a 76kd polvprotein which is
cleaved during virus maturation to generate the core proteins; pol
gives rise to the RNA-dependent TNA palymerase (reverse transcriptase);
and env codes for the viral qlycoproteins associated with the viral
envelope (Vogt,1977).

Three other regions of the gename play piwvotal roles during the
RNA-templ ated INA synthesis. The 5' and 3' terminal 16 a 21 bhases
(deperding on the strain of avian virus) form a direct repeat desig-
mted R (Shwartz et al.,1977). The host cell tRNA used as a primer for
minus strand DNA synthesis is hydrogen- barxied to 18 bases in the viral
gename which lie approximately 80 bases from the 5' copy of R (Tay-
la,1977). The bases between R and the primer binding site are termed
US. A site at the 3' end of the viral gename defines a major initia-
tion point for synthesis of plus strand DNA (Varmus et al.,1978; Swan-
strom et al.,1981; Hishinuma et al.,1981). The secquence between this
initiation site and the 3' emd of the gename, excepting R, constitutes
the region called U3. Thus the structure of the viral gename (outlined
in Fig. 1A) is R-US5 gag pol env U3-R,

Infection commences when the virus enters the cell employing a
specific interaction between the viral envelope glycoprotein and a cell

surfae receptor (Weiss,1982). The gename is uncoated by an as yet
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undefined mechanism and DNA svnthesis begins. Unique acrobatics
enacted during transcription of the gename into INA (details of which
are unnecessary for this introduction) generate a linear DNA molecule
with 1ong terminal repeats (ITRs) whose structures can be represented
as 5-U3 RUS-3 (Fig. 1B) (Shank et al.,1978). The linear molecules
migrate to the nucleus where they apparently serve as precursors for
the formation of at least two forms of circular DNA. These forms con-
tain either onre ar two ITRs (Shank and Varmus,1978) (Fig. 1C). Viral
DNA then becomes covalently joined to host chramosomal DNA to generate
a provirus. It is presently unclear which DNA species acts as the
immediate precursor to the provirus. The provirus is colinear with the
linear DNA, hence it is flanked by LTRs (Fig. 1D) (Shank et al.,1978;
Hsu et al.,1978). Viral DNA can integrate into a large number of loca-
tions in the host genaome (For references see Varmus,1982%). Restric-
tion erdonuclease analyses and nuclectide seavencing of host-proviral
junctions has failed to reveal cammon features at the host integration
sites.

Gename and messenger RNA are transcribed from the provirus by host
RMA polymerase II (Jacuet et al.,1974; Rymo et al.,1974). Structural
studies of viral gename and MRNA (Weiss et al.,1977; Cordell et
al.,1978; Stacey and Hamafusa,1978), sequence analyses of viral DNA
(Swanstrom et al.,1981; Hishinuma et al.,1981; D. Shwartz persomal com-
mnication) and in vitro transcription studies (Yamamoto et al.,1980)
have elucidated regions of the provirus which are crucial far the
genesis of RNA. The ITR carries sequences apparently necessary for the
initiati on of RNA synthesis and provides polyadenylation and transcrip-

tion termimation signals. The structural identity of LTR's places
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these transcriptim initiation amd termimation functions at both pro-
viral termini. Thus, the 5' ITR could act to terminate transcripts
origimting in cellular sequences and the 3' LTR could pramote tran—-
scription of adjacent cellular INA. Transcription of host sequences
arigimting from a proviral LTR has heen observed (chapter 2,3; Quin-
trell et al., 1980; Neel et al.,1981) but termimation of acellular
transcript within the 5' ITR has not been reparted. However, although
both ITR's can function as pramoters, examples of transcriptian from
the 3' ITR are infrequent. It is unclear why identical ITR's preferen-
tially disvlay either initiation or terminmation functians deperding on
their position at the 5' o 3' end of a provirus. Efficient transcrip-
tion prancted by the 3' LTR may require abolition of transcripntion from
the 5' LTR (see Chapter 2, Discussion and Neel et al.,1981). The
unique proviral sequences immediately flanking the ITR's could also
influence their respective activities.

A site located 390 base-pairs (bp) from the initiation site for
RA synthesis acts as a splice donor site to generate the subgenamic
mRNA which is translated to yield the envelope glycoprotein (Hackett et
al.,1982; Swanstrom et al.,1982) (Fig. 1F). The splice acceptor site
fa this mRNA is as yet urdefined. DNA sequence analysis has revealed
that a spliced mRNA must be created to allaw translation of the
palyprotein precursar of reverse transcriptase (D. Shwartz, pers.
cam.). The splice presumablv occurs in a small region at the junction
of gag and pol but the actual pol mRMA has not been detected. Once the
mRNAs are famed, the viral proteins are translated (Fig. 1G,H), the
genamic RMA is packaged and the cycle repeats.

Viral Oncogenesis
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Although all avian retroviruses employ a similar replication
cycle, they can be classified into four groups based on their gename
structures and ancogenic potentials. This classification scheme illus-
trates the major issues which confronted us as we began our investiga-
tions into ALV lymphomagenesis.

i) the replication canpetent sarama viruses

Raus sarcoma virus (RSV) is the sole representative of a replica-
tion canpetent virus which produces reoplasia rapidly (sarcamas arise
within two weeks fallaving infection) and induces fibroblast transfor-
mation in culture. This virus has given tumaxr virologists their most
detaileal glimpse into a mechanism of viral axcogenesis. RSV carries a
bonifiel cncogere (v-onc), v-src (Martin,1970), which encodes a 60kd
chosthoprotein (Brugge et al.,1978; Collett and Erickson,1978; Levinson
et al.,1978) exhibiting tyrosine kimase activity (Hunter and Sef-
ton,1980). The uninfected chicken contains a hamologue (c-src ) of the
viral oncogerne (Stehelin et al.,1976). c-src is transcribed (Spector et
al.,1978b) and translated into a 60k tyrosine kinase which is similar
but not identical to pp60>- =< (Opperman et al.,1979; Collett et
al.,1978) . The c-src gene is conserved throughout vertebrate evolutim
(Spector et al.,1978a) and has even heen famd in Drosophila (Shilo and
Weinberg,1981). This conservation is presumably indicative of the
importance of ppGOg- SIC in the ontogeny of (at least) vertebrate organ—
isms. However the function of c-src remains obscure. The origin of RSV
has been postulated to involve the transduction of c-src from the host
genane by a replicati on canpetent retrovirus (probably ALV)
(Bishop,1981; Varmus, 1982a). The transduced viral omcogene may effect

transfamatian by either: coding for a protein with activity identical
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to its cellular counterpart which is over-expressed under the influence
of the strang proviral pramoter or encoding a protein whose activity
has been altered bv mutation of the transduced gene.

ii) The defective sarcamna and leukemia viruses

Replicatian~-defective sarcoma and leukemia viruses have transduced
cellular genes distinct from c-src (Sheiness and Bishop,1979; Roussel
et al.,1979) (excepting the Bryan strain of RSV) which have been impli-
cated in oncogenesis by their respective viruses (less persuasively
than c-src in most cases). The leukemia virus members of this category
produce a variety of hematopoietic tumoars (usually arising within ae
month follaving infection) and transform the analogous ta}:get cells in
vitro. Several members also irduce sarcomas n»? carc;inanas (Graf and
Beug,1978). The defective sarcama viruses display associated tyrosine
kimse activity (Bishop amd Varmus,1982). On the other hand there is
evidence that the v-oncs of the leukemia viruses do not encode proteins
with tyrosine kimase activity (Sefton et al.,1980).

iii) The replicati on campetent leukosis viruses.

The characteristics of these viruses have already been described
above. It is clear that ALV can be distinguished fram members of the
first two groups on the basis of faur characteristics: 1) ALV does nat
contain a transduced cellular oncogene; 2) it induces neoplasms which
become apparent only after a latent periad of several months follawing
infection; 3) it fails to transfam cells in culture; 4) the spectrum
of reoplasms produced by ALV differs from the oncogenic spectra of
other avian retroviruses.

In addition to ALV at least two other distinct types of

replicati on- campetent viruses are capable of inducing LL in chickens
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and exhibit the faur characteristics listed above (Teich et al.,1982).
Myeloblastosis-associated viruses (MAV), isalated from the BAI-A com-
plex of avian myeldhlastosis viruses, have a similar gename to ALV hut
carry an unrelated U3 sequence (Gaxa et al.,1981). Chicken syncytial
virus (CSV) acts as a helper virus fa the defective reticuloen-
dothelicsis virus (REV-T), CSV is unrelated to either ALV or MAV ard
may have aiginated fram mammalian retroviruses (Simek and Rice,1980).
iv) The replication competent non-aoncogenic viruses.

Non-anoogenic viruses originate spontaneously fram certain pro-
viruses which can be famnd as genetic elements in same chickens. The
most well characterized virus of this categqay, RAV-0, is infrequently
produced by cells carrying the emdogencus provirus ev-2 (Vogt ard
Friis,1971; Astrin et al.,1980). Virus interference assays showed that
the envelope glycoprotein of RAV-0 is uniquely found in endogenous
viruses and on this basis these viruses are classified as subgroup E
(Vogt ard Friis,1971; Weiss,1969). RNase T1 oligonuclectide finger-
printing amd nucleotide sequencing studies indicate that differences
between ALV and RAV-0 env genes consist of single base changes and
small insertions and deletions (Coffin et al.,1978). The sequence
divergence between the respective U3 regions is much more pronounced
(Neiman et al.,1977; Hishinuma et al., 1981). Recambination experiments
have shown that the non-oncogenic rhenotype of RAV-0 segregates fram
the subgroup E envelope protein (Crittenden et al.,1980; Robinson et
al.,1980). By elimimation, this result implicated the U3 region as a
determinant of oncogenic potential. Since U3 intimately participates
in viral RNA biogenesis, these experiments provided the first clue in

the quest to discover the oncogenic mechanism.
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As we commenced aur study three amproaches were considered. 1) An
investigation into the nature of the virus released from tumor cells
might elucidate alterations in the gename reflecting the process of
anoogernesis. This approach, avplied to a murine virus analogue of ALV
which inmduces thymomas with 1ong latencies (murine leukemia virus or
MuLV), had vielded the surprising result that viruses released fram
tumor cells carried a recombinant env gene (Hartley et al.,1977; Elder
et al.,1977). By virtue of this recombinmation these viruses had
acquired the ahility to grow to high titres in the thymus of infected
mice. Same of these viruses a'so accelerted tumor formation in mice
already destined to suffer thymamas late in life (Clod et al.,1980).
Since the third approach outlined below could also address these
issues, we did not amalyze virus released from tumors. 2) Constructing
recanbinant viruses using ALV and RAV-0 would further define the region
necessary for tumorigenesis. This approach called for molecularly clm-
ing INA molecules representing ALV and RAV-0 and recambining these
molecules using recombimant DNA technology. We initiated these experi-
ments but did not progress to the point of making recambinants. The
initial phases of this work yielded results which address the inherent
oncogenic potential of ALV and are described in appendix 2. 3) The
approach which yielded the greatest rewards consisted of an investiga-
tin into the structure of ALV proviruses present in bursal lymphamas.
Several questions seemed accessible using this strategy. Were the
tumors clonal? While histalogy and characterization of the serum immu-
noglaulins had failel to provide an answer, an amalysis of the junc-
ti ons between ALV proviruses and host cell TNA could resolve this issue

in a manner demonstrated for mouse mamary tumor virus tw Cchen et al.
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(1979) . Furthermore, this type of amalvsis could also define the
regions of the host genane occupied by ALV proviruses in the tumors, an
approach picneered by Ketner and Kellv (1976) and Botchan et al.
(1976) . Insertional mutagenesis is a potential corollary of viral DNA
integration and the mechanism of cncogenesis could rely on an interac-
tion of the provirus and specific flanking cellular sequences. The
internal structures of proviruses resident in tumor cells could also be
analyzed. Since replicating virus ohtained from tumors did not display
enhanced or altered tumorigenic potential the passibility existed that
the integrated DNA had undergone a rearrangement necessary for
oncogenesis yet destroying the ability of transcribed RNA to be vack-
aged o replicated. Potential recambinatim events described in the
first appraach would also be present in proviruses foaurd in the tumors.
The following two chapters describe the results of investigati os

into the nature of ALV proviruses present in hursal lymphomas.
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Figure 1.

Replication and expressian of retroviral genames. (A) One of the two
identical subunits of a viral RNA gename with its majar structural and
geretic features: the short sequence repeated at both termini (R,
filled hoxes); the unique sequence at the 5' end of the RNA which is
repeated in viral DNA (U5, shaded box); host tRNA hydrogenbonded to
the genane at the boundary of US; the coding domains far the viral
structural proteins (gag, pol, env); the unique sequence faund at the
3' erd of the gename and repeated in viral INA (U3, open box), and the
polyadenylic acid tract (poly (A)). (B) The major product of reverse
transcription, linear duplex DNA terminated by 1long terminal repeats
(ITR's) composed of U3, R, U5, (C) Clcsed circular DNA, with cne or two
oopies of the ITR. (D) Proviral DNA. (E and F) Genomic and messenger
RMA's, derived from the primary transcriot by capping, poly (A) addi-
tin and splicing; the splice donor and acceptar sites used to generate
env mRNA are indicated in (F). (G and H) The polyproteins translated
fram viral mRNA's and their mature products after cleavage and, in same

cases, glycosylation (CHD) or rhosthorylation (PO4).
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CHAPTER 2

Amlysis of Avian Leukosis Virus DNA and RNA in Bursal Tumors: Viral

Gene Expressian is not Reauired for Maintemance of the Tumor State
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ABSTRACT
To imvestigate the mechanism of ancogeresis bv avian leukosis

viruses (ALVs), we have characterized the viral mucleic acids present
in virus-induced hursal lvmphmmas using restriction endoucleases and
molecul ar hybridization techniques.

Each of twelve tumors induced by either Rous associated virus-1 a
-2 (RAV-1 or RAV-2) contained a predominmant population of cells with
ALV proviruses integrated at camm sites. This is consistent with a
clmal origin of these tumors. Seven of nine RAV-2-induced bursal
tunors contained single proviruses, and all seven solitary proviruses
were fand to have suffered deletions. The detailed structures of four
of these proviruses were investigated by camparing maps of restriction
enzyme recognition sites in the proviruses to a map of restriction
sites in unintegrated RAV-2 INA. Major deletions hal occurred near
at the 5' ends of these pfoviruseﬁ, spaming sequences potentially
impartant in the production of viral RNA. One provirus also lacked
most of the informatiaon coding for the replicativwe functions of the
virus. Restriction maps of flanking cellular INA suggest that these
four proviruses were inserted in similar regions of the host gename.

We have studied virus-specific RNA in four bursal tumors and four
cell lines derived from bursal tumors. No normal viral RNA species
were detectable in three tumors containing single aberrant proviruses.
However, transcripts of 2.2 kiladbases which reacted only with a hybrid-
izati n probe specific fa the 5' end of viral RNA were observed in e
of these three tumors. Amalagous species, varying in length fram 1.5
to 6.0 kb, were observed in a fourth bursal tumor with multiple pro-

viruses and in all faur cell lines. (This tumor and the cell lines
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also contained normal svecies of ALV mRNA and apmarentlv normal pro-
viral INA.)

The structures of the aberrant proviruses and the ahsence of nor-
mal viral RNA in same tumors indicate that expression of viral genes is
not required for maintenance of the tumor rhenotype. Furthermore, in
at least same cases, the mechanism of oncogenesis may invalve stimula-
tion of transcription of flanking cellular sequences bv a viral pro-
moter.

INTRODUCTION

Avian leukosis viruses (ALVs) most frequently inmduce lymphatic
neoplasms of the B-cell lineage arising in the hursa of Fabricius of
chickens (for review, see Purchase and Burmester, 1978). The charac-
teristics of oncogenesis by AlLVs place these viruses in a unique
category of avian retroviruses. ALV-imduced bursal lymphomas become
micrcscopically evident only 4-6 weeks after infection and require 4-6
months to reach macrosoopic size. ALVs do not transform cells in cul-
ture, and no gerne responsible fa their oncogenic effects has been
identified. In contrast, the other major classes of avian retro-
viruses, the sarcama and the defective leukemia viruses, induce neo-
plasms which become grossly apparent within a few weeks post-infection
am kill the chicken within 1-2 months; in addition, these viruses
transform their resvective target cells in culture. Rous sarcoma virus
has been shomn to exert its oncogenic effecs via a protein, g:>605—rc-
(Brugge and Erikson, 1977; Purchio et al., 1978), which is not required
for virus replication and is encoded in a gene (src) which has been
transduced from the cellular gename (Stehelin et al., 1976; Spector et

al., 1978a). Transduced host cell sequences also appear to be respon-
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sible for the oncogenic effects of the defectiwe leukemia viruses amd
other sarcoma viruses (Sheiness and Bishop, 1979; Rausssel et al.,
1979).

The mechanism by which ALVs might exert their oncogenic effects
has remained obscure. ALVs do not appear to contain transduced cellu-
lar sequences or to encade proteins other than those required for
replication (Vogt, 1977). Sequences located near the 3' emd of viral
RNA have been implicated in ALV oncogenesis (Tsichlis and Coffin, 1980)
because this region exhibits the only major divergence (Neiman et al.,
1977; Coffin et al., 1978; Shank et al., 1980) from the sequences of a
non-ocncogenic avian retrovirus endogenous to sane narmal chickens,
RAV-O (Mctta et al., 1975; Purchase et al., 1977).

We have begqun to investigate the mechanism of AIV-induced tumari-
geresis by analyzing the ALV-specific DNA and RMA faund in bursal lym-
phanas and tumar cell lines derived from ALV-induced bursal lymphamas.
We have famnd that the tumors appear to be clamal and that several con-
tained single proviruses, allowing us to determine the structure of the
provirus presumably responsible for oncogenesis in each case. Most of
these proviruses exhibited deletions which spanned regions potentially
important in viral RNA biogenesis. At least one deletion also removed
most of the genetic infamation present in the provirus.

Our analysis of virus-specific RNA in tumors and tumor cell lines
has revealed RNA species which may result from transcription of host
cell seaquences initiated at viral promoters. In addition, in three
tumors with solitary, defective proviruses, we were unable to detect
normal viral mRNMAs. Similar results have been obtained by Neel et al.

(1981) and are presented in the accampanying paper.
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RESUITS

Restriction Map of RAV-2 INA.

In order to analyze RAV-2 proviruses present in bursal tumors, it
was necessary to construct a map of restriction endonuclease recogni-
tion sites present in RAV-2 INA. Using techniques similar to those
described by Shank et al. (1978), we derived a physical map of restric-
tion sites in RAV-2 linear INA. The aporoximate relationships between
restriction sites, viral RNA, viral genes, and the 1ang (330 bp) termi-
nal redundancy (ITR) are shown in Fiqure 2. Kpn I, Sac I anmd Hind III
cleave the viral DNA once. BEco RI and Bam HI each praduces three
internal fragments from RAV-2 INA, sane of which comigrate with inter-
nal fragments fraom proviruses endogenocus to chickens used in our study.
However , the 2.3 kbp and 1.1 kbo Bco RI fragments and the 1.8 kbp Bam
HI

fragments are derived cnly from exogenous RAV-2 proviruses and have
been used as signature fragments diagnostic of specific regions of the
RAV-2 provirus (see Figure 2).

AlV-induced tumors are clonal and cantain few ALV proviruses.

In this repart we present results obtained with tumors fram eight

SPAFAS animals and one 1!515 X 72

addition, we have analyzed tumors from three 1515 X 72 birds infected

animal inoculated with RAV-2, In

with RAV-1 [see Experimental Procedures]. Table 1 summarizes infarma-
tion concerning each of the tumors used in the experiments described in
subsequent sectims.

Digestion of proviral DNA with restriction endonucleases produces
two types of virus-specific fragments: (i) fragments containing viral

sequences linked to host sequences (junction fragments) and (ii) inter-
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nal fragments common to all normal proviruses, regardless of the
integration site in host cell INA. Because retroviral DNA can enter
many sites in host DNA (Hughes et al., 1978; Steffen and Weinberg,
1978), analysis of junction fragments requires a clonal. population of
cells, homogenous with respect to sites occupied by proviral ™NA. Stu-
dies of proviruses in murine tumors induced after 1aong latency by
leukemia and mammary tumor viruses have imdicated that such tumors are
claal or semi—clmal (Steffen and Weinberg, 1978; Cchen et al., 1979;
Cchen and Varmus, 1980; Jahner et al., 1980) and hence amemable to full
analysis of proviruses with restrictimm enzymes. We (see below) and
others (Neiman et al., 1980; Neel et al., 1981; Y.K. Fung anl H.-J.
Kung, persanal camunication) have confirmed this observation usimng
tumors induced bv the ALVs.

The presence of ALV-related emlogenous proviruses in most chickens
canplicates the analysis of restriction fragments of ALV DNA in tumors.
Hughes et al. (1980b) and Hayward et al. (1980) have constructed physi-
cal maps of most of the endogencus proviruses identified by Astrin et
al. (1980). We have thus been abhle to identify the emogencus pro-
viruses present in several of the tumors analyzed (see Table 1 and
Apperdix 1).

To address the issue of clamality and to estimate the number of
copies of ALV INA in each tumar, tumor DNAs were initially tested with
enzymes which cleave once in RAV-2 proviral DNA. Such enzymes produce
two fragments fran each namal RAV-2 provirus present in the tumar
cells; these fragments are ahsent from parallel digests of DNA fram
uninvalved tissue from the same bird.

Amalyses of DNA from two tumors are illustrated in Fiqure 3. Hybridi-
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zation of a probe representing the entire viral gename (CDNArep) to a
Kpn I digest of DNA from tumor IL 5 revealed two fragments (Fig. 3,
lare 1) not fourd in a digest of INA fom uninfected circulating red
blood cells (Fig. 3, lane 3). This tumor was thus cloal. or semi-
clonal and probably contained anly one new exogenous provirus. Anneal-
ing of c:Dl\IZi.n:_.p to a Hind IIT digest of DNA from hursal tumor LL 6 pro-
duced two bands (larne 4) which were absent in a digest of DNA from
uninfected red blood cells (lane 6). This tumor was claal axi also
apparently contained a single RAV-2 provirus.

Proviruses in metastatic growths are identical to those in the primary

tumors.

Same birds with bursal tumors were found to contain metastases in
the spleen ar liver.

We were thus able to ask whether the metastatic lesions were clmal
and whether they contained the same RAV-2 proviruses as the primary
tumors.

A ¥pon I digest of DNA from a focus of tumor cells present in the
liver of chicken 5 (Fig. 3, lare 2) was indistinquishable from the dig-
est of bursal tumor DNA (lane 1)), swggesting that the metastatic cells
also contained a single RAV-2 provirus integrated at the same location
as the provirus in the bursal tumor cells. The liver tumor apparently
resulted fram proliferation of hursal tumar cells without amplification
o extensive alteration of proviral DNA. These conclusions were sup—
pated by further mapping experiments with material fram chicken 5,
using additional enzymes and hybridization probes (data not shown), and
by analysis of INA fraom the hursal tunar, a solenic metastasis, and

uninfected circulating red blood cells from bird 6. As revealel by
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digestion with Hind III (lanes 4-6), the primary tumor and the metas-
tatic growth appeared to harbar the same, single RAV-2 provirus.

The single RAV-2 provirus present in bursal tumor LIl is defective

The existence of clonal tumars containing single ex>geneous pro-
viruses allawed us to construct rhysical maps of the proviruses presum—
ably responsible fa tumarigenesis. In Figure 4, we present a partial
analysis of the single provirus in tumor IL 1. Kpn I produced two
tumar-specific fragnents of 11.8 and 8.2 kbp from LL 1 DNA (Fig. 4A,
lanes 1 and 2), as expected for a clmal growth bearinag a single new
provirus. (The 11.8 fragment was clearly distinquishable fram a
similarly-sized fragment containing emdogencus proviral DNA in an
autoradiogram obtained after a sharter exposure. This result was con-
firmed in tests with Hind IIT aml Sac I , both of which cleave RAV-2
NA once (data not shown). To investigate the genetic camposition o
this provirus, we annealel RAV-2 CDNA,, to the Kpn I digest of LL 1 INA
(Fiqures 4A, lanes 3 & 4). CDNA,, is complementary to unique seauences
lacated at the 3' emd of the viral RMA (U,; see Figure 2 and Experimen-
tal Procedures), and it should anneal to both of the tumor specific Kpon
I fragments by virtue of the U3 seqeences lacated in the proviral LTRs.
However, only the 8.2 kbp Kon I fragment reacted with RAV-2 cDNA3. :
the 11.8 kbp fragment did not react (Fiqure 4A, lanes 3 and 4). The Bam
C probe, specific for sequences lccated in the gag gene of both exo-
genous and endogenous proviruses (see Figure 2), annealed to the 11.8
kbp Kon I fragment, but not to the 8.2 kbp fragment, identifying the
larger fragment as the left junction fragment (Fig. 4, lanes 5 ami 6).
The simplest interpretation of these data is that the RAV-2 prowvirus

present in this tumor lacked U3 sequences at the left cell-provirus
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border.

Digestion of DNA from LL 1 with an enzyme, Bco RI , that cleaves
RAV-2 proviral DNA at multiple sites, supported this observation. Fco
RI digestion of a namal RAV-2 provirus, coextensive with linear viral
DNA, should produce three internal fragments (see Figure 2) which can

be detected with CDNAre . Only about 150 base pairs at each erd of pro-

P
viral DNA remain joined to cell secquences, and the Fco RI junction
fragments cannot be detected with cDNArep. The 3.8 kbp internal frag-
ment bearing sequences from the center of the RAV-2 provirus comigrates
with a similar fragment from the enmlogenous proviruses present in these
chickens. Howewver, the internal restriction fragments of 2.3 amd 1.1
kbp are unique to the RAV-2 provirus because the Eco RI recognition
sites located in the RAV-2 ITR's do not occur in the ITR's of the
endogenous proviruses (Hughes et al., 1980b).

BEco RI digestion of the RAV-2 provirus in LL 1 generated the
expected 1.1 kbp Eco RI fragment, but the 2.3 kbp fragment was ahsent
(Figure 4B, lanes 7, 8). (The 1.1 kbp fragment is difficult to see in
lane 7, but it was clearly evident in the autoradiogram and readily
viswmlized by annealing with cDNA3, (lane 11).) An additional unex-
pected Bco RI fragment of 13 kbp was detected in the digest of the
tumor DNA. The Bam C probe, composed of sequences contained entirely
within the normal 2.3 kbp Eco RI fragment, hybridized to the 13 kbp
fragnent (lanes 9, 10). These findings suggested that a deletim which

removed the Bco RI site in the U, region of the left LTR linked

3
sequences namally found within the 2.3 kbp internal fragment to host
sequences (cf. Fiqure 5).

This interpretation was supported by annealing with d)NA3. which



spu'd detect faur Bco

internal fragrents and

D, If the U, seawnee

3
snr'd react only with

fnction fraqrent. As 1
fament hut did annea?
xesmably the right ha
% vas weak de ko ¢
laes 11,12, cTNAS. <
Nigw to the e o
loated in the TR's ¢
te interna) 2.3 iy
femert in an o ny

T with the 3 5 e



41

should detect faur BEco RI fraaments from a normal RAV-2 provirus: two
internal fragments and two host-provirus junction fraoments (see Fig.
2). 1If the U3 sequences in the left LTR have been deleted, then cDNAB,
should react only with the internal 1.1 kbp fragment amd the richt

junction fragment. As oredicted, cDNA,, did not react with the 13 kbp

30
fragment hut did anneal to the 1.1 kbp fragment and also to a fragment,
presumably the right hand junction fragment, migrating at 3.2 kbp (this
band was weak due to the small region of homalogy (60lo) (Figure 4B,
larnes 11,12). cDNAS, oontains sequences complementary to the bases
unique to the 5' end of viral RMA (US) . These seaquences are also

lacated in the ITR's (see Figqure 2). Normally, cDNA_, would anneal to

5!
the internal 2.3 kbp fragment and to the right host-provirus junction

fragment in an Bco RI digest of RAV-2 proviral DNA, but cDNA_, reacted

51
only with the 3.2 kbp fragment from the abnarmal RAV-2 provirus in LL 1
(lanes 13 amd 14). This confirmed the identity of the 3.2 kbp fragment
as the right host-provirus junction fragment. The failure of either
cDNAa, or cDNAs, to hybridize to the 13 kbp fragment imlicated that
both U3 and Ug sequences were missing from the left LTR (Fiqure 5).
Many tumors contain abnormal proviruses

The results of the previous sectin suggested that one of the bur-
sal tumors contained an abnormal provirus and demonstrated how Eco RI
can be used to screen tumors fa proviruses which have suffered major
alteratians.

We have amalyzed DNA from 12 tumors with Eco RI and with at least
one enzyme which cleaves once in RAV-2 INA (data not shown). Seven of
these tumors appeared to contain single RAV-2 proviruses (Table 1).

All seven solitary proviruses have sustained alterations which affect
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at least the region defined by the Eco RI 2.3 kbo fragment. The tumors
containing multiple proviruses were more canplicated. One tuma prob-
ably contained two defective exogenous proviruses; ancth»r probably
contained both defective and non-defective exogennus proviruses.
Fimally, DNA from three other tumors vielded all of the expected Eco RI
fragments but no aberrant fragments. However, this analysis was insuf-
ficient to exxlude the presence of ane or more abnormal proviruses in
these tumors.

Physical maps of single aberrant RAV-2 proviruses in tumors LL 1-LL 4..

We have used the strategies illustrated with LL 1 to construct
detailed physical maps of single aberrant RAV-2 proviruses present in
four tumors (LL 1-4) (see Appendix 1). In each case, single deletims
appeared to account for the mapping data; the extent of each lesion is
diagrammed in Figure 5 and discussed more fully below.

Physical maps of INA flanking proviruses in LLl, LI2, and LL 3 reveal

similar integration sites.

Using the mapping data from which the proviral deletions were
deduced, it was possible to construct physical maps of the regions of
chicken DNA which had acquired RAV-2 proviruses in IL 1, IL 2, ard LL
3; these maps are depicted in Figure 6.

The restriction enzyme recognition sites in the DNA flanking the
proviruses in tumors LL 1 and LL 3 could be unambiguously mapped, based
on the sizes of the host~-provirus junction fragments. Since the exact
size of the deletimm in the provirus in tumar LL 2 was not determined,
we could not be certain of the absolute distances between the recogni-
ti on sites encanpassing the deletiom, although we were able to estimate

the distances to within 1 kbp (Figqure 5). Moreover, the deletion must
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affect the size of each host-provirus junction fragment similarly;
therefore the order and position of the sites could be determined rela-
tive to each other an each side of the provirus.

The positions of recognition sites for Bam HI , Kon I , Fco RI ard
Hind III to the right of the proviruses in tumors LL 2 and LL 3 were
identical. The recognition sites of these enzymes to the left of the
proviruses had the same order and same position relative to each other.
If we assume that the deletin in the provirus of tumor LL 2 spanned
1.2 kbp (a reasomable estimate, hbased upon the data), then the recogni-
tion sites were identical o both sides of the integration sites occu-
pied in IL 2 and 1L 3. (We have made this assumption in Fiqure 6.)

Sac I did not cleave either of these proviruses. The Sac I frag-
ment containing the provirus in tumar LL 2 was 20 kbp, and the
provirus-containing Sac I fragment from the DNA of tumor LL 3 was 24
klp. The extent of the deletions in the two proviruses could not
differ sufficiently to account for this 4 kbo difference. Thus there
must have been a difference in the position of the Sac I recognition
sites in the host sequences flanking the proviruses. Howewver, the cell
sequences flanking the proviruses in tumors LL 2 and LL 3 seem to be
very similar and might exhibit only minor differences, including ae
within the six hases comprising a Sac I recognition site. Many examples
of genetic polymaphism recognized in this fashion have been repated
(Mandel et al., 1978; Weinstock et al., 1978; Lai et al., 1979; Hughes
et al., 1979).

Camparison of the maps depicted in Fiqure 6 reveals that the posi-
tions of restriction sites in INA flanking the LLl1 provirus are very

similar to the sites in DNA flanking the ILL 2 and LL 3 proviruses, but
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inverted in orientation. (Again Sac I appeared to differentiate the
integration sites, hut the differences mav be due to sequence palymor-
phisms as described above.) We suggest that similar regions of the host
genane have been used as integration sites in LL 1-LL 3, but that the
provirus in I, 1 was inserted in an orientation omposite to that of the
proviruses in LL 2 and LL 3 (see Discussim).

The limited number of useful restriction sites in the truncated
provirus in LL 4 stymied effarts to generate a detailed map of the
integration site. Haowever, single amd double digestions with Eco RI
and Sac T have shown that sites for these enzymes were arranged on both
sides of the LL 4 provirus in the same pattern as found fa the LL 1
orovirus (data not shown). It is thus possible that the integration
site in LL 4 is similar or identical to that used in the other three
tumors .

Bursal tumors may lack normal RAV-2 mRNAs and exhibit provirus-promoted

transcription of flanking cellular INA.

Proviruses contain regi ons which may suoply sequences impartant in
initi ation, polyadenylation, and solicing of viral RNA. The deletions
in the solitary proviruses LL 1-LL 4 spanned either the postulated pro-
moter region, the env mRNA donor splice site, or both (see Fig. 5). The
deletin in the LL 4 provirus also removed most of the coling nfama-
tion present in the RAV-2 provirus (Fig. 5). These results suggested
that namal expression of viral genes could not occur in these tumars
ard that viral gere products may not be necessary for maintemance of
the tumar state.

To examine this possibility, we have attempted to amalyze viral

RNA in bursal tumors, using gel electrophoresis to determine the size
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and hybridization kinetics to measure the concentration of ALV-related
RNA. In Figure 7 we present autoradiograms displaving viral RNA
species, detectable with various hybridization reagents, from a tumor
bearing multiple RAV-2 proviruses (LL 21) and a tuma bearing a sinqgle
defective RAV-2 provirus (IL 1). Amalysis of RNA from tumor 1L 21
showed that all three hybridization probes, anArep, cDNA3. and cDNAS,
detected the normal RAV-2 mRNAS of 8.4 kb (mRNAT1%PI and mraad2 POl
and 3.2 kb (MRMASTY) (Fiqure 7, lanes 1-3) expected in RAV-2 infected
cells (Hayward et al., 1977; Weiss et al., 1977; Lee et al., 1979;
Quintrell et al., 1980); these svecies were also observed in parallel
analyses of RAV-2 infected fibroblasts (Figure 8, panels A-C, lare 1).
However , cDNAS, also detected an RNA species of about 2.4 kb which
failed to anneal with the other cINAs (lare 3).

RNA from IL 1 did not appear to contain the normal RAV-2 RWAs of
8.4 amd 3.2 kb (lanes 4-6), as predicted from the structure of the pro-
virus in this tumor (see Figqure 5). Again, CDNA( , recorded an RNA
species (2.2kb) (lane 6) which did not anneal to cDNArep or cDNA3,
(lanes 4 and 5). We presume that such transcripts join sequences
copied from the US region of RAV-2 DNA to sequences copied from flank-
ing cellular INA; mechanisms by which such transcripts might be gen-
erated are considered in the Discussian. We failel to detect any
virus-specific RNA in samples of RNA from tumors LL 2 and 3 analyzed in

parallel with RMA from tumor IL 1 using cDNAre , CDNA,, and cDNA

p 5!

(data not shown).
The analysis of gel-fractionated RNA from tumor LL 1 was corro-

borated by determining the kinetics of hybridization of cONA rep ard

cDNAs. to IL 1 A in solution (data not shown). Seventy percent of
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CDNA;, annealed to RNA from tumor LL 1 with a Crt 1/2 of 9 x 1073

mole-sec/l. This corresoods to approximately 10 copies of th 2.2 kb

RNA per cell. Only 25% of dJNAreD hybridized at a Crt 1/2 value of 2 x

10"4 mole-sec/l. This 1w level prohably revresented annealing of

cDNA:e to transcripts from endogenous proviruses anmd cellular src

p
(Wang et al., 1977; Spector et al., 1978b). Parallel tests of RMA from

ALV producing cultured cells (BK 4484A) inmdicated that the cDNA., and

5!

cDNAre used in these experiments hybridized at similar rates and to

P
similar extents with nomal viral RNA (data not shown). Again, paral-

lel solutim hybridization of RNA from tumors ILL 2 and ILL 3 to cDNAS.

and cDNA re failel to reveal virus-specific RNA present in concentra-

P
ti ons higher than that expected from transcripts of endogempus pro-

viruses (data not shown).

Qultured bursal tumor cells also contain RNA species detected only with

C[N%,.

Three tissue culture lines established by Hihara et al. (1974,

1977) (BK4484A; 1104B-1; 1104X-5) and a fourth (R2B) established by me
of us (S.A.C.) from a tumor passaged in vivo by Okazaki et al. (1980)
all contain multiple acquired ALV proviruses (data not shown). Viral
RNA species were detected using probes svecific for various regions of
the viral gename (Figure 8, manels A-C, lanes 2-5). Each line contained
the normal two species of viral RMAs (8.4 and 3.2 kb) which reacted

with cDNAme v cDNA3, , and cDNAS. (Fiqure 8, panels A-C) amd were

P
indistinguishable from species in RAV-2 infected fibroblasts (Figure 8,
panels A-C, lane 1). However, each tumor line also contained RNA
species detected aonly with cDNAS, ; such species were not observed in

RAV-2 infected fibrohlasts (lare 1 in each vanel) or in uninfected tis-
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swes from tumor-bearing or normal chickens (data not shown). The
BK4484A cells exhibited two RNA species (2.6 ard 1.5 kb) which reacted
only with cDNAS, (Fiqure 8C, lane 2). The cell lines 1104B-1 and
1104X-5, which were derived from the same tumor (Hihara et al., 1974)
but had slightly different patterns of proviral restriction fragments,
contained similar RNA species of 66 kb and 1.6 kb detected only with
cDNAS, (Figure 8C, lanes 3 and 4). Three size species of RNA (6 kb,
2,6 kb, and 1.7 kb) were identified only with CDNA( , in R2B cells (Fig-
ure 8C, lane 5).

The most ahundant RNA species detected only with cDNAS, in each
lire was present at approximately 50 to 100 ocopies per cell, as
estimated from the intensity of bands in Fiqure 7C and from kinetic

measurements of total viral RNA in line BK4484A,

DISQUSS ION

In this report we have described the physical structure amd
genetic canpcsition of proviruses and virus-specific RNAs present in
bursal lymphomas from chickens with leukosis caused bv avian leukosis
virus and in tissue culture lines derived from ALV-induced hursal
tumors. We have famnd that (1) all tumors appear to be claal (i.e.,
each tumor consisted of a predaminant population of cells containing at
least one provirus integrated at a comon site); (2) most (9 of 12)
tumors contained proviruses which incurred major deletions detected tw
restriction enzyme amalyses (in 7 of 12 tumors the altered provirus is
the mly exogemous provirus present in the tumor cells); (3) in at
least three tumors no normal species of viral RNA were detectable, sug-
gesting, in canjuncti m with the aberrant structure of several solitary

proviruses, that expressian of viral genes is nat required for
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maintemance of the tumor state; (4) same bursal lvmphomas and cell
lines derived fran bursal lymphamas exhibited RNA species which prob-
ably consist of sequences from the 5' emd of viral RNA joined to cell
sequences; ard (5) in at least three tumors, single RAV-2 proviruses
were lacated at very similar, if not identical, sites in the host
gename. This canstellation of findings is consistent with the propcsal
that ALVs may exert their ancogenic effects by altering expressian of a
subset of host genes, rather than by elaboration of a viral gene pro-
duct. Similar data have been set forth by Neel et al. (198l) in the
accanpanying paper.

Expression of replication functions is unnecessary for maintenance of

the tumor state.

The detailel physical maps of faur solitary proviruses in hursal
tunors suggests that namal expression of replicati m genes could not
accur and thus is not necessary for maintemance of the oncogenic state
(Figure 5). Three of the proviruses sustained deletions which affected
either the presumed viral promoter or the donor splice site for env
mRNA. The fourth provirus incurred a deletim which removed most of
the genetic information of the provirus. The apparent absence of nor-
mal species of viral RNA in the tumors LL 1-LL3 further supparts the
idea that expressicn of replication functians is unnecessary for
maintenance of the tuna state. However, we cannot exclude the passi-
bility that viral genes are instrumental in the initiation of tumor
growth, since all of our experiments were perfamed with materials fram
advanced neoplasms. As expected from the structures of the proviruses
in each tumcar, we were unable to detect subgrow B virus in the hursal

tumors IL 1, IL 3 ard LL 4 (see Experimental Procedures). Subgroup B
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virus was detected in tumor IL 2. We believe this virus was produced
by non-tumar cells containing a canplete RAV-2 provirus but present in
the bursal tumor at a level undetectable by our hybridization anmalyses.

Novel species of RNA are present in same bursal tumors and tumor cell

Lines.

Although normal viral RNMAs may be absent from tumor cells, we have
observed RNA species which anneal only to cDNAS, in tumor cell lines
arnd in sane tunars. These findings suppart the hypothesis that ALV
induces tumors by pramoting transcription of flanking cellular genes
(see below), hut we have also encountered two tumors (LL 2 and LL 3) in
which no virus-related RNA could be detected. The finmdings with LL 2
and LL 3 could mean that the hypothesis is incarrect, that a secad
mechanism is also operative, or that late changes in provirus structure
a transcriptional activity hawve obscured the initiating events.

Virus specific RMAs which react only with CONA; , were first
observed by Quintrell et al. (1980) in lines of ASV-transformed mam-
malian cells. These transcripts were postulated to consist of viral Uy
sequences joined to host cell sequences. Synthesis of normal species
of viral RNA is thought to be initiated at the site within the left LTR
correspanding to the capped nuclectide at the 5' emd of the viral
gename (Huwhes et al., 1978; Sabran et al., 1979; Tsichlis amd Coffin,
1980) . Putative pramoter sequences have been identified in the Uy
region and are thus famnd at both erds of each normal provirus (Shimo-
tohno et al., 1980; Dhar et al., 1980; Czernilcofsky et al., 1980; Swan-
strom et al., 1980; Sutcliffe et al., 1980; Van Beveren et al., 1980;

Majors amd Varmus, 1980a; Hager and Danehower, 1980) . The RNAs which

only anneal to cDNA;, . probably generated by transcription of host
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cell sequences using a viral pramoter supplied by an LTR positioned at
the right ar left erds of namal or abnamal proviruses. Two madels
for the origin of these RNAs are diaarammed in Figure 9A. Transcrip-
tion could ariginate within the right LTR and directly proceed into
host cell sequences or could originate within the left LTR amd proceed
through the entire provirus into cell sequences. In the latter case,
the RMA must then be processed (spliced) to remove most of the viral
sequences. In the case of tumor IL 1, which lacked the left LTR, the
RNA probably originated within the right LTR (Fig. 8B). 1In other
instances in which such RNA species have been observed, we have yet to
determine which LTR initiated the transcripts.

Are ALV proviruses integrated into similar regions of the gename in

different bursal lymphamas?

Provirus-pramoted transcription of host sequences represents a
mechanism by which ALVs could exert a tumcarigenic effect. Recent
experiments of Cooper and his colleagues (1980) suygest that normal
cell sequences taken out of the context of their namal flanking
regions can exert transfaming (oncogenic) effects. ALVs may subvert
transcriptional control of certain cellular genes by inserting an
upstream viral pramoter; heichtened or aberrant expression of such
genes could conceivably extinguish growth control of B lymphocytes and
produce leukosis. A similar mechanism might be employed by mammalian
retroviruses such as MuLV, MMIV and bovine leukemia virus, which also
induce clmal tumors after a 1long latent periad (Steffen and Weinberg,
1978; Jahner et al., 1980; Cchen et al., 1979; Cchen and Varmus, 1980;
Kettman et al., 1980).

One prediction of this madel is that the proviruses present in

50
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One prediction of this madel is that the proviruses present in
different tumors will be integrated near a specific subset of cell
genes capable of exerting oncogenic effects on the B-lymphocyte. This
does not imply that RAV-2 integrates into a small number of sites in
the chicken gename. On the contrary, ample data suygest that retro-
viruses integrate into many sites in the host gename (Hughes et al.,
1978 ; Steffen and Weinberg, 1978; Cchen et al., 1979; Bachelor and Fan,
1979; Ringold et al., 1979; Gilmer and Parsons, 1979; Canaani ard
Aaronson, 1979; van der Putten et al., 1979; Keshet et al., 1979;
Jahner et al., 1980; Collins et al., 1980; Hughes et al., 1980; Quin-
trell et al., 1980; Cohen and Varmus, 19800; Groner and Hynes, 1980;
Majors and Varmus, 1980b; Kettman et al., 1980). We propose that RAV-2
infects many cells in the hursa, integrating at different sites in most
cells. However, only a limited number of integration events may place
the provirus in a position to initiate tumorous growth. This
hypothesis could account for the clmmal mture and lengthy latency of
ALV-induced tumars.

After completing the experiments described here, we learned fram
Hayward and his calleagues that the ALV proviruses in the tumors
described by Neel et al. (1981) were inserted near the cellular
sequences related to the putative transfaming gene of myelocytamatosis
virus-29 (MC-29); moreover, same of the RNA species detected with

cDNA., hut not with cDNArep (Neel et al., 1981) appeared to amneal with

5!
cDNA specific for the transforming region of MC-29 (Hayward et al.,
1981) . We have therefore reexamined materials from our tumors with a
probe derived from the same region of clamed MC-29 circular DNA (B.

Vennstran and J.M. Bishop, manuscript in preparatim). All of our
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tumors, including IL 1-IL 4, contained proviruses clcsely linked to the
cellular homolague of the MC-29 onc gene, confirming the results of
Hayward et al. (1981). In same cases, the MC-29-specific region was
positioned an the 5' side of the proviruses. The latter results are
consistent with the restriction maps of the integration sites for pro-
viruses in LL 1-LL 3 (Fig. 6) and may be related to the absence of
detectable viral RMA in IL 2 and IL 3.

Cooper and Neiman (1980) have recently found that NIH-3T3 fibrob-
lasts can be transformed at high frequencies wth DNA fram ALV-induced
bursal lymphamas. ALV proviral sequences (including sequences from the
LTR) did not appear to be required for transformation of the NIH-3T3
cells. Further wark is required to umderstand the relationship of
these findings to those reported to us and by Neel et al. (198l).

Proviruses in metastases

Two of the tumors described in our report had metastasized either
to the liver o spleen. The single abnamal provirus present in each
metastatic growth was identical by restriction mapping to the provirus
present in the primary bursal lymphama. Thus provirus amplification,
virus spread, or further major alteratians in the sructure of the pro-
virus are not required to confer metastatic potential on the tumar cell
population residing in the bursa. Our findings are clearly incon-
sistent with the proposal by Neiman et al. (1980) that amplification of
viral DNA is associated with metastatic potential.

Deletions may reflect selection against viral expression.

The abnamal structure of the exogenous proviruses present in the
tumors was a striking feature of ocur results. Eight out of 12 tumors

contained only proviruses with significantly altered conformation. A
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ninth tumor contained both nadefective and defective proviruses. How-
ever, it seems improbable that the provirus must underqo a structural
change to exert its oncogenic capacity. We amd others (Neiman et al.,
1980 ; Neel et al., 1981; Y.K. Fung and H.-J. Kung, personal comunica-
tion) have observed tumars containing only apparently narmal exogenous
proviruses. A more likely possibility is that cells containing abnor-
mal proviruses defective in expression of viral antigens are selected
during the process of tumor progression by the host immune response to
viral proteins, especially the env glycoprotein.

We have encountered other examples of proviral deletions similar
to those described here, involving sequences near or at the left LTR,
under conditions which may select against the expression of viral
genes. By selecting for rhenotypic revertants of an ASV-transformed
rat cell (Varmus et al., 1980), mutants bearing deletions affecting the
left erd of an ASV provirus and eliminating expression of the viral src
gene have been obtained (Majors et al., 1981). Hughes et al. (1980b)
and Hayward et al. (1980) have described several deletions affecting
the left ends of emdogenous chicken proviruses; Hughes et al. (1980b)
have propcsed that these mutated proviruses may pcse less of an evolu-
tionary disadvantage to their host than intact proviruses, thus

accounting far their prevalence.
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APPENDIX 1

Detailed mapping of single RAV-2 proviruses in faur hursal tumors.
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IL 1

A portion of the analysis of the RAV-2 provirus in IL 1 is illus-
trated in Figure 4 and described in the Results section of the main
text. The lcocation of the left host-provirus junction was further
defined using Sac I and Bam Hl. Sac I digestion of tumor DNA produced
two fragments of 8.1 kbp and 6.7 kob from the exogenous provirus (Fig-
ure 10A, lane set 1), only one of which (8.1 kbp) hybridized to cDNA3,
(lane set 2) as predicted fram the experiments described earlier. The
presence of two virus-specific fragments indicated that the provirus
had retained the Sac I site. Digestion of tumor DNA with Bam HI
revealed the 1.8 kbp signature fragment from the envelope region of the
provirus after annealing to cDNA rep (lane set 3). cDNA3. detected an
8.5 kbp fragment (lane set 4) which represented the right host-provirus
junction fragment. We were unable to detect the left Bam HI junction
fragment with the available probes. This may have been due to the
camigration of this fragment with a fragment from an emogenocus pro-
virus a to the pawity of viral DNA in the left junction fragment
(cDNA3. would have failel to detect a camigrating fragment because the
fragment lacked the LTR). Further experiments using Bam HI (not shown)
suggest that the structure of the exogenous provirus is intact to the
richt of the Sac I site.

The analyses of LL 1 (Figure 4, Figure 10A) indicated that the
left host-provirus junction lacked U3 and U5 sequences (Figure 5).
This structure was probably due to a deletion of the left ITR hut the
possibility remains that it resulted fram the integration of a circular
molecule which joined proviral sequences to host sequences between the

LTR and the Bam HI site clcsest to the LTR in the gag region (see Fig-
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ure 2).
IL 2

Figure 10B, lane sets 1-3, show Kpn I digests of DNA fram LL 2.
Only one new fragment (10.9 kbp) was clearly present in digests cf
tumor DNA as judged by hybridization to cDNArep (Figure 10B, lane set

1). cDNAre annealel more strongly to DNA migrating at 8.8 kbp in dig-

P
ests of tumor DNA than to DNA of this size in digests of uninfected
spleen DNA. This swugested that a second fragment containing RAV-2
proviral sequences may have been comigrating at 8.8 kbp with the frag-
ment from an endogencus provirus. This interpretation was supported by
hybridization of tumor DNA with the Bam C probe; the result also
assigned this fragment to the left end of the RAV-2 provirus (Figure
10B, lane set 2). Lane set 3 shows that the 10.9 kbp Kon I fragment
reacted with RAV-2 cDNA3.. Again, the 8.5 kbp fragment in digests of
tumor DNA annealed more strongly to RAV-2 cDNA,, than to 8.5 kbp frag-
ments in digests of spleen INA (Figure 10, lane set 3). 1In this case,
since both Kpn I fragments containing RAV-2 INA annealed to RAV-2
cDNA3. R U3 sequences were at least partially retained in both LTRs.
The reaction of this preparation of RAV-2 cDNA3. with endogenaus pro-
viral INA is probably due to a partion of the probe camplementary to
the 3' end of the env gene (Huyhes et al., 1980b).

Lane set 4 shows that CDNA failed to detect the 2.3 kbp frag-

p
ment in an Bco RI digest of tumor DNA but a new tumor-specific fragment
appeared at 4.2 kbp. Hybridization with the Bam C probe (lane set 5)

showed that sequences narmally in the 2.3 kbp fragment were present in
the 4.2 kbp fragment. This result suygested that the 4.2 kbp fragment

was the left host-provirus junction fragment which lacked the Bco RI
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site in the ILTR. The 4.2 kbp fragment anmnealed to cDNA3. (lane set 6),
inrdicating that it still retained same U3 sences. In addition, cDNA3.
revealal another new exogenous fragment, presumably containing the
richt end of the RAV-2 provirus, migrating at 12.7 kb. cDNAS. (lane
set 7) anly reacted with the 12,7 kbp fragment. This result indicated
that the deletion included the Pco RI site and the U sequences in the
left LTR, but spared same of the U3 sequences.

Sac I and Bam HI digests placed the rightward emd point of the
deletion in the gag gene to the right of the Bam HI site clcsest to the
left LTR. Sac I digests of DNA hybridized to either cDNArep (lane set
8) or m3. (lane set 9) showed only one tumor-specific fragment, sug-
gesting that the Sac I site had been deleted. A Bam HI digest of tumor
DNA hybridized to cDNZ!urep (lane set 10) revealed a faint band at 6.0
kbp on the autoradiogram. This fragment reacted with d)NA3. (lane set
11), identifying it as one of the junction fragments. The intensity of

cmre annealing to tumor DNA at 6.6 kbp relative to DNA migrating at

p
6.6 kbp in a digest of spleen INA was consistent with the camigration
of the second junction fragment with a fragment from an emdogencus pro-
virus. Hybridization with the Bam C probe showed that this was the
case (lane set 12). Deletion of the Bam HI site nearest the left LTR
created a host-proviral junction fragment containing the sequences
represented by the Bam C probe. This explains why the Bam C probe
annealed to the 6.6 kbp fragment in addition to the 1.6 kbp fragment
from the endogencus proviruses. Since the Bam C probe hybridized well
to the 6.6 kbp fragnent, a substantial amount of these sequences must
have been present in the RAV-2 provirus.

These experiments mapped a deletion which begins in U3 to the 5!
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side of the Bco RI site in the left LTR, svans U5 sequences and the Sac
I and Bam HI sites, and ends in the N-termimal half of gag.
IL 3

The third panel displays an anmalysis of Kpn I digests of DNA from
chicken 3. The patterns of restriction fragments detected with dif-
ferent probes were remarkably similar to those of bird 2 (compare Fig-
ure 10C, lane sets 1-3 to Figure 10B, lane sets 1-3), and a similar
argument applies. The similarity of the restriction fragment patterns
of proviruses in these two tumars using enzymes which cleave ance
within the provirus suggested that these proviruses may be located at

similar sequences in the host gename. CDNA revealed no new Bco RI

P
fragments other than the 1.1 kbp fragment in tumor DNA (Figure 10C,
lane set 4). Hybridization with the Bam C probe (lane set 5) indicated
that the sequences namally in the 2.3 kbp fragment migrated at 1.1
kbp. A probe made from the 3.0 kbp Bco RI fragment of SR-A, which con-
tains the sequences in the RAV-2 Eco RI 1.1 kbp fragment plus src, also
reacted with the 1.1 kbp fragment (data not shown). Since internal
regions of the provirus are intact (e.g., Kpn I sites are retained),
two fragments of 1.1 kbp must have camigrated, a fragment containing
sequences normally in the 2.3 kbp Bco RI fragment and the wild-type 1.1
kbp fragment. Assuming that a deletion of contiguous sequences had
occurred, ane of three explamations could account for these results.
Since the 2.3 kbp Fco RI fragment was absent, either ane or both of the
Eco RI sites defining this fragment could have been deleted, or the
deletion might have occurred within the two sites. If both Eco RI
sites were deleted by a single lesimn, we would not expect to see

hybridization of the Bam C probe to fragments from the exogencus pro-
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virus (Figure 2). Therefore, at least one of the Fco RI sites amd same
of the sequences namally in the 2.3 kbp fragment were probably
present. Hind III cleaves a normal RAV-2 provirus about 800 base pairs
to the right of the Fco RI site at the gag/pol junction. Lane set 8
shows that Hinmd III produced 2 fragments, both of which reacted with
cDNA,,. Thus, the Hind III site was present and at least some 3'
sequences were retained at both ends of the provirus. A deletim which
lay to the left of the Hind III site and to the right of the
host/provirus junction could only produce a 1.1 kbp fragment if it were
contained entirely within the 2 Bco RI sites normally defining the 2.3
kbp Bco RI fragment. The follaving results were consistent with this
interpretation. As described in the analysis of tumor IL 1, Fco RI
produces four fragments (fram a wild-type RAV-2 provirus) which react
with dJ%3.. T™wo of these fragments should react with d)NAS.: the
internal fragment fram the left end of the provirus and the right
host/provirus junction fragment. Lane sets 6 and 7 show that the 12.7
kbp BEco RI fragments reacted with both cDNA3. and cDNAs.. The 2.7 kbp
Eco RI fragment reacts only with d)NA3.. Hybridization of cmAS. to a
1.1 kbp fragnent is consistent with the suggestion that ane of the two
1.1 kbp fragments contained sequences to the richt of the Bco RI site
in the left LTR. Since this band contained both internal Eco RI frag-
ments, the 12.7 kbp fragment represented the right host cell/provirus
junction and the 2.7 kbp fragment represented the left junctimn.

The deletion spanned the Sac T and Bam HI sites near the left LTR.
Sac I digests revealed only one fragment after hybridization to cDNAnep
ard cDW\3, (lane sets 9 and 10). Using an argument analogous to that

described in the analysis of the previous provirus, the Bam HI site was
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also missing (data not shown). Thus the deletion began to the right of
the left LTR (or within the Uy sequence) ard proceeded for 1.2 kbp.
L4

Parel D, lane set 1 shows a Hind III digest of DNA from bird 4.
Only one tumor specific fragment annealel weakly to cDNArep. cDNA3.
detected only this 10 kbp fragment (lane set 2). Pvu II-B probe, con-
taining sequences from the 3' erd of the env gene and the 5' emd of the
src gene in SR-A (see Experimental Procedures), failel to detect any
tumcr specific fragments (Lane 3). These observations suggested that
this provirus incurred a large deletion spanning the Hind III recogni-
tion sequence and the env gene.

Bam HI digestion of LL 4 INA and hybridization to CDNArep failed
to reveal the 1.8 kbp signature fragment from the env gene (lane set
4). cDNA3. detected only one tumor-specific Bam HI fragment (10 kbp)
in lane set 5 which hybridized weakly to ch;rep in lane set 5. Nei-
ther Pvu II-B or Bam C probe (lane sets 6 and 7) revealed tumor
specific fragments.

Both Bco RI signature fragments (2.3 and 1.1 kbp) were missing
when digests of tumor DNA were annealed to either CDNArep (Lane set 8)
or cDNA3. (lane set 9). CDNA, , detected only two fragments with sizes
of 9 kbp and 3.1 kbp (lane set 8) which were specific fa the tumcr.
Digestions of tumor DNA with Sac I and Rpn I produced only one tumor
specific fragment detectable with mrep or cDNA3. (data not shown).
The provirus thus lacked these two recognition sequences.

This provirus had most likely suffered a deletion which remowved
sequences exterding fram the Sac I recognition site approximately 400

bp from the left host cell-provirus junction to the 3' end of the env
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gene. The presence of U3 sequences and anly one Eco RI recognition site
suggested that the RAV-2 provirus in this tunar consisted primarily of

only cne ITR. However, we are not certain whether this LTR originated

at the left or right end of the RAV-2 provirus.
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Legend to Table 1.

1 See Experimental Procedures.

2 B, Bursa; L, Liver; S, Spleen.

3 ev-1 and ev-4 are enmdogencus proviruses associated with the gs and

chf™ phenotype of certain chicken lines and have been defined by res-
triction enlonuclease analyses and breeding experiments (Astrin et al.,
1980) .

4 Not determined.

> Bco Rl digestion of DNA from this tumor praduced the expected 2.3 kbp
and 1.1 kbp fragments in addition to other BEco Rl fragments containing
sequences normally famnd in the 2.3 kbp Bco Rl fragment (see text).

6 BEco Rl digestion of INA fram these tumors did not reveal aberrant
fragmnents. This does not preclude the presence of abnarmal RAV-2 pro-

viruses (see text).
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TABLE 1. Number and structure of Proviruses in ALV-Induced Tumors.
Tissues
Virus Containing Number of Structure Endogenous

Parental Chicken Virus Isolated from Transformed Exogenous of Exogenous Proviral
Source Lines Number Inoculated Bursal Tumor! Lymphocytes Proviruses Proviruses Loci3
SPAFAS 11 1 RAV-2 - B 1 Defective ev-1, ev-4
SPAFAS 11 2 RAV-2 + B 1 Defective ev-1, ev-4
SPAFAS 11 3 RAV-2 - B 1 Defective ev-1, ev-4
SPAFAS 11 4 RAV-2 - B 1 Defective ev-1
SPAFAS 11 5 RAV-2 . B,L 1 Defective np?
SPAFAS 11 6 RAV-2 + B,L,S 1 Defective ND
SPAFAS 11 7 RAV-2 .- B,L,S 1 Defective ND
SPAFAS 11 11 RAV-2 - B 2(7) Defective ev-1
RPRL 151_x7 21 RAV-2 ND B,L,S 3 Defective and_. ND

5772 )
Non-defective

RPRL 151.x7, 31 RAV-1 ND B,S 4 Non-defective® ND
RPRL uwmquw 32 RAV-1 ND B,S 3 zo:-momooa:oo ND
RPRL 151.x7 33 RAV-1 ND B 3 zo:-n_amann:oo ND

572
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Legend to Figure 2.
Diagramatic representation of restriction enzyme recognition sites in
RAV-2 INA.

The positions of the restriction sites were determined as
described by Shank et al., 1978. Unintegrated RAV-2 IDNA was prepared
fram the Hirt supernatant fraction of chicken cells acutely infected by
the virus stock also used for induction of tumors in chickens. Restric-
tion fragments were ordered using probes specific fa various regims
of the viral RMA, sequential digestions with two restriction enzymes,
and canparison of the restrictian fragment patterns of farm I and fam
III viral DNA. These data were suplemented with information obtained
fram restriction enzyme digests of RAV-2 INA cloned in bacterio;hage)\
gtwWES- )\B (see Experimental Procedures). R = Eco RI; B =Bam HI; S =
Sac I; K=Kpn I; H = Hind III. The terminmal repeats (ITR), approxi-
mately 300 bp, are drawn as boxes at the ends of the INA. The open box
represents sequences specific to the 3' erd of the viral RNA (U3) , the
shaded boxes represent sequences specific to the 5' end of viral RNA
(U5) . The approximate lacations of viral genes are indicated on the
diagram of viral RNA. "Signature fragments" which distinguish RAV-2
DNA from proviruses emdogenous to the chickens used in this study are
marked by lines cannecting the two restrictin sites and contain the
sizes of these fragments in kiladbase pairs (kbp). Same of the probes
used in our studies represent the regions delineated by the labelled
lines between the diagrams of viral RNA and DNA. Descriptians of the

content of each probe are included in the Results sectim.
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Legerd to Figure 3.
Demonstratian of claality of bursal tumors and metastases by digestion
of tumor INA with restricti m enzymes which cleave ance within the
RAV-2 provirus.

Five micrograms of DNA from primary tumors (T), metastatic tumors
(M), and control tissues (C) were digested to campletion with Kon I or
Hind III, electrophoresed through 0.8% agarose, transferred to nitro-

cellulcse and annealel to cDNA rep 35 described in Experimental Pro-

P
cedures.

Lanes 1-3: Kpn I digests of DNA from tumor, hepatic metastasis,
and normal liver from bird 5. Lanes 4-6: Hind III digests of DNA fram
tunaxr, splenic metastases and circulating red blood cells fram bird 6.

The arrows denote the positions of fragments specific to tumor tissue.
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Legerd to Figure 4.
Definition of a deletion in the single RAV-2 provirus in tumor IL 1.
After digestion with Fon I (Panel A) or Fco RI (Panel B), DNA fram
bird 1 was analyzed as described in the legend to Figure 3. Each set
of 2 1lanes shows the results with bursal tumor DNA (even numbered
lanes) and uninvalved spleen INA (odd numbered lanes) hybridized to the
virus-specific probes imdicated belaw the lanes. The camposition of
each probe is described in the text and illustrated in Figure 3.

Tumor-specific bands are marked with their lengths in kbp.
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Legerd to Fiqure 5.
Physical maps of regions deleted from single proviruses present in four
bursal tumors.

The diagram of RAV-2 INA at the top of the figqure illustrates the
ITRs, relevant restriction sites, and approximate gene locations. The
region which may contain the proviral promoter armd polyadenylation sig-
nals (Shank et al., 1978; Hughes et al., 1978; Sabran et al., 1979;
Tsichlis and Coffin, 1980; Swanstrom et al., 1980; Czernildfsky et al.,
1980), and the seaquences containing the env nRMA splice donor site (P.
Hackett, G. Gasic, personal camunications) are indicated. The region
deleted fram the provirus in each tumor (LL 1-IL 4) is drawn below the
RAV-2 INA. These diagrams represent minimal estimates of the extent of
exch deletion. The deletins could extend into regions which are dot-
ted in the diagrams of the proviruses from LL 2 and LL 4. The RAV-2
DNA in IL 4 retained cne LTR, but we are uncertain whether it ori-

ginated at the left or right end of the provirus.
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Legem to Fiqure 6.
Maps of restriction sites in host cell DNA flanking the RAV-2 provirus
in three tumors.

The sites of integration are marked by diamonds. The restriction
enzyme symbols are the same as in Figure 2. The maps are ariented so
that transcription of the sense strand of proviral DNA would proceed

fram left to right (cf. Fig. 2).
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Legerd to Fiqure 7.
Atypical species of viral RNA from a tumor harboring multiple pro-
viruses and a tumor harbaring a single provirus.

Total RA (80 ug) from tumor IL 21 and tumor 1L 1 was electro-
phoresed through 1.2% agarase containing methyl mercury hydroxide,
transferred to activated DBM-cellulcse paper, ard annealel to virus-
specific probes as described in Experimental Procedures. Results shown
in lanes 2 and 3 and in lanes 4-6 were obtained by annealing different
probes sequentially to RNA on the same filter.

The left hand panel shows total RNA from tumor ILL 21; the richt
hand panel shows RNA fram tunor LL 1. The probes employed for anneal-
ing in each panel are indicated underneath the panel. The RMAs are

marked by arrows and their lengths are indicated in kb.
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Legerd to Fiqure 8.
Detection of atyical viral RNA species in cell lines derived fram
ALV-induced hursal lymphamas.

Total A (50 ug) from RAV-2 infected fibroblasts amd fram tumor
lines described in the text was electrophoaresed through 1.2% agarose
containing methyl mercury hydroxide, transferred to activated DBM- cel-
lul cse paper and annealed to virus-specific probes as described in
Experimental Procedures. The probes are imdicated beneath each pnel.
Lane 1, RAV-2 infected fibroblast RNA; lane 2, line BK 4484A RNA; lane
3, line 1104B-1 RA; lane 4, line 1104X-5 RA; lane 5, line R2B RWA.
The sizes of various RNA species (in kb) detected only with d)NAS. are
marked at the right; the sizes of the namal species of RAV-2 nRNA are
marked at the left. The RNMA on the DBM-cellulcse filter was sequen-

tially annealed to each probe as described in Experimental Procedures.
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Legend to Figure 9.
Pcssible mechanisms for generating transcripts of host cell DNA from a
viral pramoter.

In the first model, transcription initiates in the richt LTR ard
proceeds directly into flanking cell DNA. The secand madel postulates
that transcription originates in the left LTR and reads through possi-
ble terminatin signals in the right ITR. The final transcript is
formed by a processing event which removes most of the viral sequences.
The lower diagram shows the structure of the provirus in tumor LL 1
from which the left LTR has been deleted. The probable origin of the

RNA which annealed only to cDNAS. is drawn belaw the prowvirus.
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Legerd to Fiqure 10.
Detailed restriction enzyme analyses of altered proviruses in four
tumars.

Each panel represents analyses of DNA from one tumor (A=1L 1; B
=1L 2; C=LL 3; D= LL 4). The restrictian enzymes and probes used
in each experiment are indiated. Each number refers to a pair of
lanes; the left hand lanes contain a digest of tumor DNA, while the
ricght hand lanes contain a digest of DNA from wninfected tissue. The

sizes (in kbp) of tumar-specific fragments are shown.
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EXPERIMENTAL PROCEIURES

Saurce of tumors.

Eichty SPAFAS line 11 and thirty-fiwe RPRL 1515x72 day-old chicks
were hatched and placed in plastic canopy isalators. Both lines of
chickens are maintained under specific pathogen-free conditins and are
free of caman avian pathogens, particularly lymphoid leukosis viruses.
At one week of age, heparinized blood was collected and packed cells
x7

52
chickens were inoculated at one week of age with 105 infectious units

were frozen for DNA amalysis. Forty SPAFAS and thirty-fivwe 1571

of a stock of Rous associated virus-2 (RAV-2) propagated fram plaque
purified material ohtained from P.K. Vogt. The SPAFAS line 11 birds
were maintained in isolatars to 281 days of age. The inoculated birds
were palpated for bursal tumors at least weekly fram 140 to 240 days of
age. When hursal enlargement was noticed by palpatim, the birds were
bled and killed. Portions of the bursa and any gross tumors were
quick-frozen in liquid nitrogen. Pations of the brain, pancreas, mus-
cle, and bland were also saved. Portins of each tissue, except bloxd,
were saved far DNA analysis and were also fixed in famalin and exam-
ined for histopatholagical evidence of tumor cells. Sex and age
matched non-inoculated contral birds were killed and carresponding
material was taken for extraction of DNA and RNA. The incidence of
leukcosis in the infected SPAFAS chickens was 34% (11 of 34 survivors).
The incidence of leukosis in the 15I.x7

572

swvivors). Three 1515x72 tumor bearing birds were also killed for

analysis. The presence of subgroup B virus in the bursa was determined

chickens was 48.5% (16 of 34

as in Crittenden et al. (1979). Bursal tumors, spleen, and muscle were

also prepared from an additional group of 1515x72 chickens inoculated
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with RAV-1 (obtained from P.K. Vogt) one day after hatching.

Tumor cell lines.

Three tumor cell lines derived from lymphomas induced by subgroup
A ALV were kindly provided by Dr. H. Hihara. The isalation and mainte-
nance of these lines has been described (Hihara et al., 1977).

Briefly, 1104B-1 and BK 4484A were passaged by 1:10 dilution every 2-3
days into RPMI 1640 containing 10% fetal calf serum (F(GS) (Gibco), 10%
tryptose-phosphate broth (TPB), and 5 pg/ml gentamycin. 1104X-5 was
passaged in the same manner except that trypsin was used to harvest the
cells.

The RAV-2 infected transplantable tumor line (LSCT-RP6) was gen-
erously provided by Dr. W. Okazaki (Okazaki et al., 1980). The tumor
line was maintained by inoculation of 10%-107 cells into the pectoral
muscle of ane day old 1515::71 chicks. A single cell suspension was
made fram one such tumax by teasing it apart with needles; the cells
were grown in RPMI 1640 supplemented with 10% FCS, 108 TPB and 5 pg/ml
gentamycin. This cell line was designated R2B. The 10th in vitro pas-
sage of these cells was tumorigenic when inoculated onto the pectoral
muscle of one day ald chicks (unpublished results of S.A.C.). All of
the cell lines were grown in an atmosphere of 10% CO2 and 7% 02 in
nitrogen.

Preparation and cloning of viral INA.

RAV-2 viral DNA was obtained fram chick embryo fibroblasts 48
hours after infection with RAV-2 at a high multiplicity (moi =1
IU/cell) . Unintegrated viral INA was prepared by Hirt fracti cnation
(Hirt, 1967) as described previcusly (DeLorbe et al., 1980). Super-

coiled viral DNA was isalated from Hirt supernatant fractions by acid
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phenol exraction (Zasloff et al., 1978). Supercoiled RAV-2 INA was
digested with Sac T amd clmed into bacteriomage\gtWES')\B as
described by DeLorbe et al. (1980).

Preparation of high molecular weight INA from chicken tissue

Frozen tisswue (approx. 1 gm.) was minced with a razar blade and
added to 10 mls of buffer containing 10 mM Tris-HCl pH 8.1, 250 mM
Na;EDIA and 25% v/v glycerol. The tissue was dispersed by homogeniza-
tion (one stroke) using a motoar-driven (Talboys Eng., Inc.) Dounce
homogenizer. Protease K (Merck) _(200 pg/ml) and SIS (1%) were added,
and the solution was incubated at 50°C for 3 hrs then extracted with
phenol"chlorof am (1:1) until the aqueous rhase cleared. The salution
was then extracted one time with chloroform and the nucleic acid pre-
cipitated with two volumes of ethanol. Precipitated DNA was removed by
spooling the fibers around a glass rad, drained, and resusperded in TE
(10 mM Tris-HCL pH 8.1, 1mM Na, EDIR).

Preparation of high molecular weight INA fram cell lines.

Cells were pelleted and washed twice with Tris-glucase (0.14 M
NaCl, 5 mM KC1, S mM glucose, 25 mM Tris-HCl pH 7.4). The cells were
resuspended in TE buffer at a final concentration of approximately
107 /ml. The cells were lysed by adding Protease K (200 ug/ml) and 1%
SD8 and incubating as described above. The salutim was extracted with
phenol:chl oroform, precipitated, and resusperded as described above.

Preparation of RNA fram chicken tissue.

Whale cell RNA was prepared using a modification of the guanidi-
nium thiocyanate procedure developed by Chirgwin (Ullrich et al., 1977)
and described by Robertsan and Varmus, 1979.

-Preparation of RNA fram tissue culture cells.
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We extracted RNA from whole cells as described previously (Weiss
et al., 1977).

Analysis of cellular INA and viral INA with restriction endonucleases.

DNA prepared as described above was cleaved with restrictio
endonucleases and fractionated by electrophoresis throumgh agarose gels.
The fracti cnated INA was transferred to nitrocellulcse membranes for
subsequent amlysis with radicactive cDNAs (Southern, 1975). We have
described the details of these procedures elsewhere (Shank et al.,
1978).

Analysis of viral RNAs

RMAs were fractionated through 1.2 § agarose gels containing
methyl mercury hydroxide, transferred to diazobenzyloxymethyl cellul ose
paper (Alwine et al., 1979), and hybridized secquentially to multiple
radicactive cDNAs as described by Quintrell et al. (1980).

Molecular hybridization in solution

RNA was hybridized with radiocactive ciNAs in solution as described
previously (Leong et al., 1972). The percent hybridization was normal-
ized to the maximum hybridizati on achieved using RNA from ALV-infected
bursal lymphocytes derived from a bursal lymphoma (Line BK 4484A, see
abowe). The data was expressed as a function of Crt (mole/sec/l)
corrected to stardard conditions. The number of copies of RNA per cell
was calculated as described in Spector et al. (1978b).

Preparation of molecular hybridization prcbes.

We have described previously the preparation and characterizatio
of dNAmp (Shank et al., 1978) and cDNA3. (Tal et al., 1977). The Bam
C probe and, in same cases, cDNA rep were prepared using restriction

fragments derived fram SR-A RSV cloned in bacteriophage and subcloned
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into pBR 322 (DeLorbe et al., 1980). The appropriate restriction frag-
ments were purified fran pBR 322 either by centrifugatim through a
sucrose gradient (DeLorbe et al., 1980) or by electrophoresis through
low melting (Sea-plaque) agarcse gels. The restriction fragments were
localized in the gel by transillumimation with ultraviolet licht and
the appropriate region of the gel removed and resusperded in a large
volume, usually 20 mls, of STE (0.3M N&C1, TE) plus 0.5% SI6 and incu-
bated at 68°C for 30 minutes. The solution was extracted with cne
valume of phenol, and the phenal rhase was re-extracted with STE. This
solution was extracted three times with butanol:isopropyl alcohol (7:3)
and the INA was precipitated with two vaolumes of ethanol.

Probes were synthesized using these restriction fragments as tem-
plates as described by Shank et al. (1978), with the follawing changes:
a denatured INA restrictin fragment was substituted fa the RNA tem-
plate, and a ratio of 50 ug of calf thymus primers to 1 ug of restric-
tion fragment was employed.

d)NAS, was prepared by incubating 9 ug of 70S viral RMA in a 300
ul reaction mix, similar to that used in the preparation of dllA3.,
except that oligo dT was amitted, the caoncentrati on of the unlabelled
nuclectides was 25 M, and 0 uCi of a S2P-ACTP (2000-3000 Ci/mmole,
Amersham or NEN) was used. The reactian product was separated fram
unincorporated nuclectides by gel filtration with Serharose G-50 and
loaded on an 8% sequencing gel (Maxam and Gilbert, 1977). Bands
representing cDbms, (100) and cDNAS. (70) (Friedrich et al., 1977) were
located by autoradiography and eluted fram gel slices accarding to the

procedure of Maxam and Gilbert (1977). cDNA was used for

5' (100)
amlysis of cellular DNA and cDNAS. (70) for analysis of RNA.
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ABSTRACT

Proviruses of avian le:i~sis virus (ALV) are located in the vicin-
ity of a putative cellular oncogene (c-mx) in ALV-induced bursal lym-
rthomas. Enhanced expression of c-mr occurs in association with pro-
viruses found in any of three configurations: (i) on the 5' side
("upstream") of c-mxc in the same transcriptional orientatian; (ii) on
the 3' side ("downstream") of c-mc in the same orientation; and (iii)
upstream, in the transcripticnal orientation opposite to that of c-mr.

Thus activation of adjacent cellular genes by retroviral DNA can

involwe mechanisms other than provision of a transcriptional pramoter.
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Avian leukosis viruses (ALVs) are replication-competent retro-
viruses which lack transfaming genes but cause tumars, most cammonly
bursal (B-lymphocyte) lymphomas, after a lengthy latent periodl'z.
Three recently reparted observations indicate that tumar induction by
ALVs may depend upon activation of cellular genes by proviral DNA,
rather than upm expression of viral genes. (i) All bursal lymphamas
are clomal populations of tumor cells containing at least one ALV

3-6

provirus™ ~, but solitary proviruses are often defective and many

tumors are devoid of normal virus-specific mRNAs4'5. (ii) In most
AlV-induced hursal lymphamas, proviral INA is found in the same region

of the host gencme4'5

; Hayward et al have identified this locus as c-myc
___7, the cellular homologue of the putative transforming gene (v-myc)
of myelocytomatosis virus-29 (M-29)%7%.  (iii) Many tumors contain
unusual species of polyadenylated RNA which anneal with cDNA specific
for the U5 damain of the long terminal repeat (ILTR) in proviral DNA
(cDNAs., see Fig.l1C), but not with other viral probes4'5. These novel
RNA's, presumed to be initiated in proviral ITRs arnd extended into
flanking cellular DNA, appear to contain c-myxc sequences and are many-
fold more abundant than the usual transcriptional product of the c-mye
1@37.

Hayward gt:___a_a_f. reported that 31 of 37 lymphomas contained pro-
viral DMA linked to c-myc, and the structures of proviral DNA and RNA
in many of these tumors were consistent with a madel in which the abun-
dant c-myec transa'ipts were initiated within a proviral LTR positioned
upstream from c-myc in the same transcriptional orientation. Six tumors

did not show enhanced expression of c-myc. On the hasis of these find-

ings, it was propcsed that a "pramoter inser tion" mechanism operates to
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enhance expression of cellular ancogenes such as c-mvc during ALV
tumarigenesis.

In our previaus study of faur defectiwe ALV proviruses in bursal
lym;hcxnas4, all four appeared to be lacated in the same region of the
host gename, but two (fram tumars IL1 and LI4) were in one arientation
with respect to flanking DNA and two (from tumors ILL2 and IL3) were in
the opposite arientation. Further analysis of the tumor DNA's with
probes for c-myc has shown that all foaur proviruses are located in or
near the c-myx lacus, upstream from sequences homologous to v-myc.  The
two proviruses (in LL1 and LI4) which confam to the "pramoter inser-
tion" model were associated, as predicted, with RNA species detectable
with cDNAS., but similar species were not observed in IL2 or LL3 in
which the proviruses and c-myc had opposite transcription orientatians.

The findings with LL2 and LL3 were thus inconsistent with a "pro-
moter insertion" mechanism and suggested that other kinds of regqulatory
events might occur in the apparent oncogenic collaboration between pro-
viral DNA and c-myxc. We have therefore surveyed additiconal ALV-induced
lympghomas for the disposition of proviral DNA with respect to c-myc and
for the composition of ALV and c-myc-related RNA. Our results demon-
strate that at least three arrangements of proviral DNA in the c-myx
lacus are associated with enhanced levels of c-mxc RA: cne of these
arrangements is consonant with a "pramoter insertion" mechanism, but
the other two—-viral DNA downstream from c-myc in the same orientation
arnd viral DNA upstream from c-myc in the opposite orientation—-imply
that hypotheses other than "pramoter insertion" are required to account
for the enhancement phenamenma.

Strategies for studying c-myc activation.
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We have used the restriction mapping procedures described in our
previaus report:4 (cf. Fig.1l1C) to characterize the structure of ALV
proviruses and their integration sites in a total of 12 chicken bursal
lymphomas and 4 lymphoid cell lines. In the present studies, cloed
restriction fragments from the v-myx region of MC-29 viral DNA (see
Fig.l1B) served as additional hybridizatim reagents to determine the
location amd transcriptional orientation of ALV proviruses with respect
to at least part of the coding domain of c-mx. 1In every case exam—
ined, an ALV provirus was situated at the
c-mx locus. Fhysical maps of the interrupted c-myc loci fraom lymphoma
DNA were compared to a map of the normal c-myc locus generated fram
restricti n endonuclease digests of chicken INA and fram digests of a
clmed fragment of chicken DNA containing most or all of the c-myc
locus (Fig.l1l1lA). With these methads, we have identified 7 tumors amd 1
cell line with proviruses positioned on the 5' side of c-myx in the
same transcriptional arientation (configuration I); one tumor with a
provirus on the 3' side of c-mx in the same orientation (configuration
II); and 4 tumors with proviruses on the 5' side of c-myx but in the
opposite transcriptional arientation (configuration III). We are
unsure of the proviral orientation in the remaining three cell lines,
each with multiple proviruses, although there is a provirus upstream
from c-myec in very case.

We have explared the functional consequences of these arrangements
of proviral ad c-myxc INA by identifying species of polyadenylated RNA
from representative tumors with hybridization probes for myc and for
ALV sequences (particularly U3 and U5, see Fig.l1C). In same cases we

also determined whether multiple hybridization reagents were annealing
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with separate comigrating RNA species or with a single species. 1In the
ensuing sections, we present analyses of tumor DNA and RNA from samples
illustrating the three arrangements of viral and c-myxc seaquences.

Configuration I: "Pramoter Insertion”.

Bco RI digestion of DNA fram uninfected chicken cells produces a
14 kbp fragment detected by the Pst I fragment of clmed MC-29 INA
vhich served as our v-myc probe (referred to hereafter as myc probe,
cf. Fig.11B; Fig.12B, lane 2). myc probe anneals with two fragments
from Bco RI digests of DNA from tumor IL4 - a new fragment of 3.1 kbp,
as well as the namal 14 kbp fragment (Fig.12B, lane 1). The 3.1 kbp
fragment was apparently generated by an Bco RI site in an ALV LTR adja-
cent to c-myc, since coincident bands were produced by hybridization to
either CDNA3, or cDNAS, (Fig.12B, lanes 3 ard 5). (Fragments of other
sizes observed after hybridization of d)NAS. amd cDNA3. to parallel
digests of control INA [lanes 4 and 6] contain sequences from ALV-

10,11

related endogenous provirus .) The Eco RI site in the ALV LTR is

knomn to be in the U3 danain4'12; if the same Eco RI restriction frag-
ment amneals to probes for mwc, U3, and U5, the provirus must be
oriented so that it is transcribed in the same direction as c-mxc. We
have previously shown that the single ALV provirus in LI4 is highly
defective, composed mostly, if not entirely, of a single LTR; hence
only two new ALV-related BEco RI fragments were detected with cDNA3. and
only one with CDNA (Fig.12B lanes 3-6). Tests with several addi-
tiomal emdonucleases have confirmed the conclusions drawn fram the Eco
RI data and have lccated the integration site of the defective provirus
in IL4 approximately 0.5 kbp to the left of a Sac I site near the 5'

erd of the c-mxr sequences detectable with cur myc probe (data not
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shown). A diagram illustrating the arrangement of this provirus with
respect to c-myc is provided in Fiqure 12A.

The configuration of the ALV provirus in LI4 suggests that tran-
scription originating in the proviral LTR could proceed into c-myc, in
the mamner proposed by the "pramoter insertion" model 4'5'7. The data
presented in Fig. 12C substantiate this prediction. A single polyA+
RNA species of
2.5 kb was detected with cDNAS. (Fig.12C, lane 7). No other species of
RNA were observed with probes far other regions of the viral gename,
including U3 (Fig.l2C lane 8), a result compatible with the truncated
structure of the ILL4 provirus. The myc probe also anneals to a 2.5 kb
species of RNA from LI4 (Fig.12C lane 9), suggesting that the tran-
scripts observed with d)ms. also carry myc sequences. Uninfected
chick embryo fibroblasts also contain 2.5 kb transcripts which anneal
with myc probe and presumably represent the normal transcription pro-
ducts of c-gy_:n (Fig.12C lane 10);
c-me RA of the same size and abundance is present in normal bursal
tissue (D. Sheiness and T. Ganda, perscnal camunication). The caoncen-
tration of
c-mc RA in L4 was approximately 70-fold greater than in normal tis-
sues as determined by densitametry, with adjustments fa the amounts of
RNA and the autoradiographic exposure times for lanes 9 and 10 (see
legend to Fig.12). Although the transcripts revealed in lanes 9 and 10
are similar in size, we do not knaw the precise camposition of the
stable species. It is likely that the transcripts in tumar LL4 have
been initiated at a novel pramoter provided by the ALV LTR, elmgated

through the c-myxc locus, and processed to remove at least some inter-
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vening sequences.

Configuration 2: Proviral insertion downstream from c-myc.

Bco RI digests of DNA from tumor LL6 do not contain a novel c-myc
fragment (Fig.13B lanes 1, 2). Hybridization with cDNA3. (Fig.13B
lanes 3, 4) confirmed that c-mxc and ALV proviral sequences are not
present in the same Bco RI restriction fragment. However, Kon I diges-
tion of tumor DNA produced a new mvc-specific fragment of approximately
19 kbp, in addition to the normal c-mx fragment of 13 kbp (Fig.13B,
lanes 5, 6). The relative intensity of the bands representing the two
Ron I fragments implies that the abundance of the uninterrupted c-myc
allele is reduced canpared to that of the namal locus. This findimg
has been confirmed with other enzymes (cf. the analysis with Hind III
in lare 11) and observed with several other tumors in our collection;
we presume that the tumor cells in these cases are aneuplaid for the
chromosame bearing c-myc. The annealing of cDNA3. to the Ron I frag-
ment of 19 kip (Fig.13B lare 7) provides evidence for an ALV provirus
between the Bco RI site at the 3' end of c-myxc and a Ron I site posi-
tioned further to the right. Confimatay data for an insertion on the
3' side of c-myc were derived from Bam HI, Byl I, and Hind III digests
(not shown). Further support was obtained using Sal I-Pst I fragments
of v~mxr as probes to distinguish between the 5' and 3' exons of c-myc.
When uninfected chicken DNA is digested with an enzyme (e.g., Hind III)
which cleaves within the only identified c-mc intron (B. Vemnstrom et
al. manuscript in preparation), the Sal A probe (fram the 3' end of
fIyc) detects a 1.8 kbp Hind III fragment in digests of normal chicken
DNA, whereas the Sal B probe (from the 5' end of v-mx) detects a 10
kbp Hind III fragment (Fig.13B lanes 9, 10). Using the Sal A probe to
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anmalyze digests of LL6 INA, we identified a new Hind ITI fragment (6.6
kb) that also contains ALV sequences (Fig.13B lanes 11-14), confirming
the position of the ALV provirus near the 3' erd of c-myc. Data not
presented here show that the ALV provirus in LL6 has incurred a large
deletion, leaving only the 3' LTR ard ca. 0.7 kb of adjacent viral DNA.
Furthermore, a large deleti on spanning at least 15 kb of cellular DNA
on the 3' side of c-mx has occurred in this tumor, removing the Hind
III, Ron I, amd Sac I sites normally proximal to the 3' exon of c-mxc
(cf. Fig.1lA). (This deletim explains why the apparent increments in
size of Kpn I amd Hind III fragments in LL6 greatly exceed the size of
the proviral insert.) Additional mapping results, also not shown,
place the defective provirus within 500 bp of the Bco RI site on the 3'
side of the v-mrc-related sequences in the same transcriptional orien-
tation, as diagrammed in Fig.13A.

LL6 contains polyadenylated RNA of 3.7 kb which anneals to myc
probe and cDNA3., but nct to cDNAS. (Fig.13B lanes 15-17). The
increase in transcript size over the size of normal c-mx transcripts
may be attributed in part to ALV sequences; a probe hamalogous to the
3" emd of env also hybridizes to the 3.7 kb transcripts (not shown).
The concentration of this RNA was estimated to be 20 times greater than
the concentration of c-myc RA in normal bursa or fibroblasts. The
arrangement of the template and the size and content of the RNA suggest
that transcription of c-mx in LL6 may originate upstream from c-mec,
perhaps at the namal initiation site, and proceed into the ALV pro-
virus, with termimation or polyadenylatian occuring in or near the emnd
of U3 (see diagram, Fig.13A). The ALV provirus has therefoare altered

the normal biogernesis of c-mc R®A, most likely by replacing the c-mx
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sequences normally recognized as sigmals for transcript terminmation or
polyadenylatim. -

Configuration 3: Proviral insertion vpstream from c-mvc in the "apo-

site" orientation.

Hybridization of Eco RI digested LL3 DNA with myc probe reveals a
2.9 kb fragment in additin to the normal 14 kbp fragment (Fig.l4,
lanes 1 & 2). Unlike the new Eco RI fragment seen in Qigests of LL4
INA (see Fig.12B), the 2.9 kbp fragment from LL3 DNA anneals with
d)NA3, but not cDNAS. (Fig.14B lanes 3-6). The most likely interpreta-
tion of this data (Fig.14A) is that the LTR adjacent to c-mx has
assumed a transcriptional orientation opposite that of c-mygc. Diges-
tion of LL3 tumor DNA with Kon I and Hind III follawed by sequential
amnealings with Bam C probe and myc probe cmfirmed the proposed orien-
tation (data not shown). In addition, our canclusion is supparted by
previously reported evidence that the ALV proviruses in ILL3 and LL4 are
in opposite orientations within the same chromosamal omtextd.

We have constructed a recanbinant DNA library of LL3 DNA by
inserting tumor DNA partially digested with Sau 3A into the bac-
teriophage )\ vectar 1059 (ref. 14). Three recambinant rhage contain-
ing the ALV provirus and flanking cell sequences were isolated fram the
library. Fig. 14B shows a photograph of ethidium bromide-stained, Eco
RI-digested INA fram ane of our isalates (lare 7) and the results after
Sauthern transfer and hybridization with myc probe, cDNA3. ard cDNAS.
(lanes 8-10). The 2.9 kbp fragment derived fraom the clmed DNA anneals
to cDm3. and myc probe but not CDNA¢,. These data and a more detailed
analyses of our three isalates (not shown) are in canplete agreement

with the results ohtained using tumor DNA.
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Three other hursal tumors (LL2 [ref. 4], IL5, and IL7) have an
arrangement of ALV ITNA and c-myc similar to that described for LL3. We
previously reparted that LI.2 and LL3 lack polyalenvliated RNA detectahle
with c:DNZJxrep or cDNAS.. These results, in concert with the conclusions
from restriction mapping, imply that if the c-mx lacus is activated by
the adjacent ALV INA in these tumars, a viral pramoter is not directly
responsible. To address this issue with reagents specific for c-mxc as
well as ALV sequences, we examined RNA fram primary tumor and a large
hepatic metastasis of LL7. myc probe reveals a species of RNA in the
LL7 hursal tumor migrating at 2.5 kb (Fig.1l5 lare 1). Surprisingly,
this RNA also appeared to react with d)ms, (Fig.15 lare 2) but not
with probes for other regians of the gename, including cDNA3. (Fig.l5
lane 3). Since our cDbIAS. probe is strand specific (it only detects
RNA with the same palarity as the viral RNA gename), the arientation of
the ALV provirus and c-myc in tumor LL7 precludes the possibility that
ALV US sequences fram this provirus are phvsically joined to a tran-
script of the c-mx coding strand (see figure 14A). This type of tran-
script might be produced by a subset of cells in LL7 containing a pro-
virus upstream from c-mx in the same orientation. These cells could
produce hich levels of transcripts with U5 sequences joined to c-myx
sequences and remain undetected in our INA analyses if they represented
less than 10% of the total tumor cell population.

In an attempt to isalate a hamogeneous population of tumar cells
we examined a liver metastasis from the IL7 tumor. Metastases are
often clmal expansions of singl.e tumor ce11515'4; restriction enzyme

analyses of the metastasis INA (not shown) indicated that the arrange-

ment of ALV amd
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c-mx INA in the IL7 metastasis was identical to that in the predom-
inant cell population in the primary tumar. However, the majar 2.5 kb
species of RA from the metastasis which annealel to the myc probe did
nct react with cmms. (Fig.1l5 lane S5) or to probes for other regions of
the ALV gename (data not shown). Thus the metastatic process appeared
to isolate a population of tumor cells with an ALV provirus upstream
from c-mvc in the opposite orientation and enhanced expressian of c-myc
in the absence of a fused transcript. The analyses of metastasis RNA
in Figqure 15 revealed minor transcripts (3.7 and 3.2 kb in lane 4 and
8.4 and 3.2 kb in lare 5) which were apparently absent from the primary
tumor. However, 1ong autoradiographic exposures of the filters carry-
ing primary tumor RNA revealed faint bands carresponding to these
species (nct shown). The 8.4 and 3.2 kb transcripts revealed by cDNA. ,
represent normal ALV nRNAs and imply the presence of a few cells which
harbar nonrdefective ALV proviruses, either superinfected metastatic
lymphocytes or infected normal liver cells. The coincidence of the 3.2
kb transcript detected by the probes in Figure 15 lanes 4 ard 5 can be
attributed to comigrating transcripts (see below).

myc and ALV sequences are covalently joined in RNA from tumors with

configurations I and IT but not ITI.

To assess whether ALV U5 sequences were physically linked to myc
sequences in tumar transcripts, we employed the "sandwich blot" pro-
cedure of Dunn and Hassell® (Fig.16). Bam HI-Bgl T double digests of
cloed chicken c-myc INA were electrophoresed (Fig.16A lane 1) ard
transferred to nitrocellulcse. Unlabelled tumnor RNA was annealed to
the filter-bound DNA, the filters were washed, and RNA containing ALV

US or U3 seaquences was detected by hybridization to labelled cDNAS, or
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cDNA3.. An autoradiographic signal in a position corresponding to one
of the Bam HI-Bgl I restriction fragments indicates rhysical linkage in
RNA of sequences hamologous to both the restricti an fragment and the
ALV ITR. When we used RNA from a tumor cell line (BK 4484A) containing
an ALV provirus upstream from c-mwc in a parallel orientation (Confi-
guration I), we observed bands carrespaxing to fragments A and C hut
not B when cDNAS. was used as a radicactive probe (Fig.l6A lane 2).
This result proves that these cells contain transcripts consisting of
ALV US sequences rhysically linked to the c-myxc sequences in fragments
C and A. This conclusio is diagrammed in configuration I in Figure
16B and conforms to the "promoter insertion"™ model.

Figure 16A, lane 3 demonstrates that ALV U3 sequences arnd myc
sequences are physically linked in RNA from tumar LI6. The signal
observed with d)NA3. at the pcsition of fragment B lacates the 5' end
of these transcripts at least 1 kb upstream from the Sac I site that
marks the 5' end of the
c-mrc sequences detected by our probe (see Fiqure 11A and 16B). If
these transcripts originate at the normal c-myc promoter, then these
data place that pramoter to the left of the Byl I site which defines
the right erd of fragment B (see configuration II in Figure 16B). We
have determined the position of proviruses relative to this Byl I site
in three tumars (LI4, LLS, and LL7) and one cell line (BK 4484A). Each
provirus is integrated to the richt of this site. Thus proviruses
integrated 5' to c-myc in configurations I and III (see belaw) would be
positicned between the normal pramoter and the myc sequences that we
have detected at increased concentrations in tumor RNA; this could mean

that a secondary initiation site is used for myc RNA in these cases.
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We cannot, however, exclude other possibilities; for example, the tran-
scripts in tumoar LL6 may be initiated aberrantly, thus obso.:ring the
location of the true c-myx pramoter, or viral sequences could be tran-
scribed in Configuration III and removed from RNA by splicing.

RNA from the IL7 metastasis contains transcripts with U5 joined to
sequences in fragments C and B hut not A (Fig. 16A lare 4). Since res-
triction mapping data (not shown) place the ALV provirus in LL7 5' to
the c-mr sequences detected by our probe, the "sandwich blat" indi-
cates that transcriptio probably originates in the proviral ITR and
proceeds throwgh the region represented in fragment C and into that
contained in fragnent B, It also canfirms that ALV US sequences are
not joined to the identified c-mx coding sequences in transcripts
(Figure 15). Thus the 3.2 kb RNA species revealed in Figure 15 lanes 4
and 5 most likely represents comigration of env mRNA amd a minor c-myec
transcript containing no ALV sequences.

The ALV provirus can act as an insertional mutagen.

We have assessed the relative configurations of ALV proviruses and
c-me in a total of 12 ALV-induced bursal lymphomas and 4 cell lines
derived from tumars caused by ALV. Each tumor or cell line harbored an
ALV provirus situated in the region of c-mvc, and, in every case exam-
ined (five tumors and four cell lines), this insertim was associated
with levels of myc-containing transcripts elevated 20-100 fold owver
levels of c-me transcripts in uninfected bursa. These data further
support the p::opcsal7 that ALV exerts its oncogenic effects by increas-
ing the expression of c-my.

Based upon the structures of c-myc INA and RNA in their tumors,

Hayward et _a_1.7 have arqued that the increased level of c-mr tran-
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scription is wniformly due to the insertion of an ALV pramoter upstream
from the gene, thus subverting the expression of c-mx by supplying a
pranoter more efficient than its own. In contrast, we have shown that
ALV proviruses can assume three different configurations with respect
to c-mxc, and each confiquration is associated with increased tran-
scription of c-mec. We have been unable to identify a significant
divergence in experimental protocol that might explain the differences
between our results and those of Hayward

et al. In view of cur results, we propose that the ALV provirus
(specifically the ITR) can act as an inser ti onal mutagen capable of
enhancing the exoression of acellular gene, c-mx, by presently unk-
nown mechanisms, one aspect of which may be reflected in “"pramoter
insertian".

The belief that these phenamera are instrumental in lym-
phanmagenesis is fourded primarily upon the extraardinary frequency with
which proviral insertions in the c-mx locus and hich levels of c-mec
RNA are encountered in AIV-induced hursal tumors. However, the tech-
niques employed thus far have not identified the stage of tumor imduc-
tion at which c-mxc is affected, nor have they fully assessed the pos-
sibility that sequential rearrangements have occurred at the proviral
integration sites within the
c-me lacus. (In faot, deletions affecting proviral or flanking cellu-
lar sequences havwe been encountered at a much greater frequency in this

4-6

experimental ocontext than in others [cf. ref. 19].) 1In addition,

transf amati on exper iments with DNA fraon bursal lymphamas indicate that
oncogenic laci devoid of viral jor c-mr sequences may also be activated

during the neoplastic processl7'18.
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The transcriptianal enhancement exerted by the ALV provirus during
leukemogenesis constitutes one of two possible mutagenic effects an the
host gename consequent to retroviral DNA insertion: proviruses can also
imactivate host genes. The abolitin of v-src expression due to the

inser ti on of Malaey murine leukemia virus (Mo-MLV) DNA into a Rous

sarcoma virus provirus has recently been obserwved in culturelg. Also,

the mause genctye dilute may be due to an emlogencus MLV provirus

20

inserted at a coat colar-determining locus. The mutagenic properties

of retroviral proviruses, as well as structural f aturesn, are shared
with transpasable elements found in bacteria and yeast. Although tran-

sposable elements have usually been reported to imactivate genes when

22

they induce mutations™, this most likely reflects the genetic selec-

tion employed; 1IS2 in bacteria23 2,25

and Ty 1 in yeast have also been
shown to alter the expression of adjacent genes in a positive manner by
mechanisms still incompletely defined.

The mechanism of transcriptional enhancement.

The mechanism of ALV-induced enhancement of c-mx expression also
remains obscure. Howewver, two gereral, nanrexclusive propasals can be
considered. First, the increase of c-mx expressin in each of the
three observed confiqurations may reflect properties of c-mec. c-mec
could be under control of cis-acting regulatory elements either 5' or
3' to the gene. Integration of ALV DNA into these sequences could then
release c-myc from their influence. Experiments of Cooper et al. 26
swggest that cis-acting sequences may requlate expression of emogenaus
chicken proviruses, and cis-acting requlators on the 3' side of a gene

27

have been reported for the mating type lacus in yeast™ and the fetal

gldhin geres in humanszs. A secad, more likely proposal postul ates
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that enhancement may reflect a distinctiwe property of the provirus
rather than a property of c-mrc. For example, the provirus could
increase the accessibility of c-mx to the host cell's transcripticnal
machinery by altering the nuclecsame positions in the region of c-m.
This could account for increased c-myc expression in each configura-
tin. Alternatively, the mechanism of enrhancement could be unique foar
exch configquration. The proviral LTR could act as a c-myx promoter if
inserted in the correct orientation upstream from c-mec. If inserted
in the proper orientaticn downstream from c-mxc, the provirus could act
to stabilize the c-mx transcripts. If inserted upstream from
c-me but in an opposite orientation, it could affect chromatin struc-
ture a bind accessay transcriptional factors in ways which might
increase transcription in both directians.

The hypothesis that a retroviral ITR can enhance the expression of
a linked gere may find support in experiments which introduce select-
able genes into cultured cells either as a calcium phosphate precipi-
tate or by micoinjection. The Molmey murine sarcoma virus LTR
markedly augments the frequency of maphological transformation of
NIH-3T3 cells by a restriction fragment containing the putative
transfaming gene of murine sarcama virus
(v-ms) . This augmentation occurs when the LTR is positioned either on
the 5' or 3' side of the viral cnoogenezg. When the LTR has been posi-
tioned downstream from v-mos with the same transcriptimal polarity,
transcripts which proceed through v-mos and terminate in the U3 region
are observed in the transfoarmed cells (T. Wood and G. Vande Woude, per-
sonal comwunicatian). This situation is amalogous to the transcrip-

tinal pattern found in tumor LL6. Placement of the Rous sarcama virus
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LTR at either the 5' or 3' end of a complete Herpes simplex virus thy-
midine kinase (HSV-tk) gere incluling the true HSV-tk pramoter enhances
the number of HSV-tk positive colmies after microinjectien into tk
mouse L cells (P. Luciw & M. Capecchi, persanal communication). It is
not yet clear whether the effect of the retroviral LTR in these cell
culture exeriments is to increase transcription of the adjacent ceres.
In caonclusion, we have propcsed that the ALV provirus contains a
previously unknown ability, independent of its configuration, to affect
the transcriptional activity of adjacent cellular DINA. The transcrip-
timnal enhancement provided by the ALV provirus suggests that nowel

mechanisms may cantrol the expression of eukaryotic genes.
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Legerd to Figqure 11.

A. Map of restriction emdonuclease sites in the region of the chicken
gename containing c-mrc. The physical map of c-mx was generated using
restriction endonuclease digests of chicken INA. An identical map has
been obtained from a clmed DNA fragment isolated fram a recambinant
phage library of chicken INA (B. Vennstram, manuscript in preparatim).
The damains hamolagous to v-myc are shown as shaded boxes and were
determined using as probe a Pst I fragment of clmed MC-29 viral DNA30,
which was subclaed in pBR322. This Pst I fragment, as diagrammed in
panel B, is 1.5 kilobase pairs (kbp) in length and contains, in addi-
tion to v-mx sequences, a short (<0.3 kbp) sequence fram the env
regions of MC-29. As a result, the v-mx probe anneals weakly to res-
triction fragments of ALV-related proviral DNA containing env
sequences, hut the signal is too weak to interfere with our analyses
(see Figs.12B,13B,14B). The Pst I site which marks the 5' end of the
fIyc fragment cleaves within the v-mxr sequences (cf. Fig.11B); thus a
small segment (probably less than 200 bp) of w-my specific nuclectides
are not represented in the probe, and the shaded boxes do not represent
the entirety of c-mxc coding sequences. The v-myxc sequences in MC-29
are joined to gag sequences encoding viral structure protein31 generat-
ing, upon translation, a fusion protein, p]logé-g-_m (ref. 32). Thus
the structure of the c-mx lacus is still incompletely defined, and the
map does not indicate transcriptional ar translational boundaries for
the cellular gene. The direction of transcription of c-mye is imdicated
by the arrow-like shape of the righthand exon and was determined by
preparing restriction fragments fram a Sal I digest of the Pst I

v-mec fragment as probes specific for the 5' and 3' domains of w»mc.
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The length of the intervening sequence was determined by heteroduplex
amalysis of the clmed c-mc INA fragment and MC-29 viral DNA (B.
Vernstrom et al. in preparation). (This amalysis also confirmed the
transcriptiacnal polarity of c-mx.)

R: Fco RI; B: Bam HI; S: Sac I; K: Kpn I; H: Hind III; Bg: Bgl I

B. A diagram of cloned MC-29 viral INA., The MC-29 DNA was claned by
lirearizing circular MC-29 viral DNA with Eco RI amd inserting the DNA
into \thES'XB (ref. 35). The Pst I sites (P) am Sal site (Sa) used
to gererate v-mx specific probes are shown. The v-mc region is shown
as a shaled box.

C. Maps of restriction emdonuclease sites in RAV-2 INA. This map was
gererated as described in Payre et a_1.4. The 1ang termimal repeats
(ITR) , approximately 330 bp, are drawn as boxes at the ends of the DNA.
The open box represents seaquences specific to the 3' emd of the viral
RNA (U3); the shaled boxes represent sequences specific to the 5' end
of viral RMA (U5). The approximate lacation of viral genes are indi-
cated on the diagram of viral RNA. "Signature fragments", which dis-
tinguish RAV-2 IMNA from proviruses emdogencus to the chickens used in
this study, are marked by lines conecting the two restriction sites.
Same of the probes used in cur studies represent regions delineated by
the labeled lines between the diagrams of viral RNA and INA. Descrip-

tions of each probe are included in the text and in Payne et a_l_.4.



—



119

b
HK S B N
1 |

—PROBE—
i P sg PR
1kb
23kb— ——18kb—y e Mkbs
| ss B"H B K B
|_‘_|'|,& i A N S {{.' DNA
<DNA5* BAMC DNAZ’ .

l gag pOl env G R NA



120

Legerd to Fiqure 12. Confiquration I: ALV and c-myc DMA and RNA in
tumor LL4.

A. Diagram of the structure of the single ALV provirus in tumor LL44
and its position and transcriptiocnal orientation relative to c-my.
The symbols for the proviral LTR ard c-myc INA are as described in the
legend to Fig.ll. Cell INA is represented as a single line. The pro-
viral Eco RI site respmnsible for the 3.1 kbp fragment detected in
Fig.12B is enclased in a bax. The sequences detected by the probes
uwsed in Fig.12B ard Fig.12C are delineated under the diagram of the
INA. The virus-specific RNA in this tumor is diagrammed below the
mrobes. (Since these transcripts are equivalent in size to nomal c-myc
____ transcripts, we presume the hvbrid RNA is processed hut we are
unsure of its precise composition.)

B. 5 micrograms (ng) each of LL4 tumor DNA (odd numbered lanes) and
INA fran uninfected tissue (even numbered lanes) from the same bird
were digested with BEco RI, electrorhoresed through 0.8% agarose,
transfered to nitrocellul cse and annealed sequentially to the probe
indicated beneath the 1anes4. Sizes in kildhases are shown beside the
lanes.

C. Lanes 7-9: Paly-A' RWA was prepared from the tumor as described by
Varmus et _a_]._.19 except that frozen tissue was homogenized using a tis-
sumizer (Tekmar Industries, Cincinnati, Ohio), and 20 pg samples were
el ectrophoresed throuch 1.2% methyl-mercury agarcse, transfered to

di azobenzl anethoxy-cellul cse pa;:ver33 and annealal sequentially to the
designated probes®. Lane 10: 50 pg poly A* RMA from wminfected chick
embryo fibrohlasts was prepared and analyzed as described above. The

autoradiogram of lane 10 was exposed 8.7 times as 1ong as the autora-
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Legerd for Fiqure 13. Confiquration II: ALV and c-myc DNA and RNA in
tumor LI6.

A. Diagram of the provirus and c-myc and the resulting transcripts in
LL6 as revealed using the indicated probes in analyses shown in panels
B & C. The symbols and the preparation of the Sal A and Sal B probes
are described in the legend to Fig.ll. Proviral INA is represented as
2 parallel lines, cell DNA as 1 line. The Fco RI site introduced by
the provirus is boxed. As explained in the text, a large deletion of
cellular DNA has occurred on the 3' side of c-myc but the precise posi-

tion amd size of the deleted DNA is not certain. The Hind III, Fon I,

and Fco RI sites on the richt hand side of the provirus lie beyond the
region depicted and hawe been cmitted here.

B. Lanes 1-8, 11-14: Tumor DNA (odd numbered lanes) and uninfected
DNA (even numbered lanes) were analyzed with Bco RI, Fon I and Hind III
using methads described in the legend to Fig.12B. Lanes 9, 10: unin-
fected chicken embryo DNA amalyzed as in Fig.12B.

C. Tumor RNA was analyzed as in Fig.12C.
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Legerd to Fiqure 14. Configquration III: ALV and c-myc DNA in tumor LL3.
A. Diagram of the ALV provirus and c-myc in tumor LL3; the triangles
represent deletians. The provirus in the primary tumor LL7 and its
liver metastasis has a similar confiquration to that in LL3 except
there is no deletion in the cell INA and the deletim within the AlV
provirus is smaller.

B. Lanes 1-6 represent amalysis of Eco RI digests of tumor DNA (odd
numbered lanes) and uninfected tissue INA (even numbered lanes) using
probes for myc, U3, and U5 as described in the legends to previaus fig-
ures. Lanes 7-10 contain INA fram LL3E, a recanbinant bacteriorhage
carrying c-myc and part of the ALV provirus from LL3 tumor DNA. Lane
7, a photograph of the ethidium bromide-stained Bco RI digest of A\LL3E
INA visualized by transillumination with ultravialet light; lanes 8-10,
autoradiograms of the results of sequential hybridizations with myc
probe, cDNA3., and cDNAS. to clmed DNA transferred to nitrocellul cse.
IL3E and two others containing different DNA fragments from the c-myc
region of LL3 tumor INA were isolated fram a recanbinant DNA library of
partial products of Sau 3A digestion of tumor DNA clmed in the bac-
teriophage \ vector 10594, Size-fractionated DNA, approximately 20
kb 1ag, was selected by preparativwe electrophoresis of 200 pg of dig-
ested DNA throgh low-melting agarose (Seap1.aq.:e)4. After recambinant
molecul es were packaged in __v_i_Er_o35 ard used to infect E. coli Q3S9l4,

recanhinant phage carrying the ALV provirus were detected using
36

CDNA3..
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Legerd to Figqure 15. Canfiquration ITI; ALV and c-myc RNA in tumor LL7
and its metastasis.

Lanes 1-3; amlysis of virus—-specific RMA from bursal tumor IL7 was
perfamed as in Fig.12C. Lanes 4-5 represent an analvsis of RNA fram a
liver metastasis from tumor IL7. 5 pg of poly-A+ RNA was electro-
phoresed through 1.2% famaldehyde agarcse and transfered to nitrocel-
1u1cse37. The sequential hybridizations using the indicated probes

were perfamed as with the MBM-filter bound RNA.
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Legerd to Figure 16. Tests for 1inkage of ALV amd myc sequences on
tunor RNAs,

"Sandwich bl " procedure of Dunn and Hassellls, modified as described
below, was used to assess physical linkage of ALV sequences and mvc
sequences in RNA prepared fram BK 4484A cell line RNA (lare 3), LL3 RNA
(Lane 6) and LL7 liver metastasis RMA (lane 4). The 10 kbp Bam HI
fragment containing c-mx (see Fig.11A), obtained from a digest of the
recanbinant INA described in the legend to Fig.llA, was subcloned into
pBR322 (D. Sheiness, unpublished). 1 pg of this plasmid, pCMC-2, was
digested with Bam HI and Byl T and electrophoresed through 1.2%
agarcse. The MNA was detected as in the legend to Fig.1l4, then
transfered to nitrocellulcse. 5 pg of poly—A+ RNA was resusperded in
200 microliters of an annealing mix consisting of 50% famamide, 0.5 M
N1, 20 mM Pipes 6.8, 5 mM Na2 EDrA, 0.4%S05, 250 pg/ml poly A, 2 x

Denhardt's soluticn38

, 200 pg/ml carrier veast RMA. This solution was
applied to the filter-bound DNA ard incubated for 24 hrs at 41°%C. The
filter was washed twice at 53°C for 15 minutes each with 0.1 X SSC.
0.1% SI6. The filter was hlctted dry and amealel to cDNAS. or cDNA3.
as described by Quintrell et 9._1.34. This filter was washed twice for 1
hr each time at 37°C with 0.1 X SSC, 0.1% S5, dried and autora-
dioraphed. Lane 1. Photograph of ethidium bromide stained Byl I, Bam
HI digest of pCMC-2 INA. The bands labeled A, B, and C result from the
c-me insert and are diagrammed in Fig.16B. The other bands consist of
PBR322 INA sequences. Lane 2 and 4: Filters annealdal to cDNAS,. Lane
3: Filter amnealead to cDNA3..

B. Diagrams of transcriptimal patterns in confiqurations I, II, amd

ITII based on "Sandwich blots" shown in Fig.16A and analvses of tumar
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RA from BK 1l line (not shown), IL6 (Fig.13C) and LL7 (Fig.l5, lanes
4 ard S5). The restriction sites are labelled as in Fig.1l1A and the
fragments designated A, B ard C in Fiqg.1l6A are shown. The arrowhead
marks the position of the ALV provirus and indicates its transcrip-
tional orientation. The transcriptional pattern of each configuration
is shown as an arrow below the diagram. The inclined tail of an arrow
mar ked with a serrated lire indicates ALV US sequences detected with
thms. in confiqurations I and III, and ALV U3 sequences detected with

cDNA3, in confiquration II.
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APPENDIX 2

The Oncogenic Spectra of Molecularly Claed Avian Leukosis Viruses
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Introduction

ALV infection of chickens results predominantly in lymphoid leu-
kosis arising in the bursa of Fabricius. However, ALV can imduce a
variety of other reoplasms including erythroblastcsis, nephroblastamas
and erdotheliamas (hemangiamas) (Purchase et al.,1977; Critten-
den,1980). 1In general the propa tion of tumors which are not LL
resulting from ALV infectian can be influenced by the age, physiologi-
cal status, and genetic backgrourd of the chicken, the route of virus
infectian and the dose of virus (Critterden,1980). Two opposing
hypotheses have been cansidered to account foar the mul ti-aoncogenic
potential of ALV: either the infecting virus stock contains a mixture
of genetically different viruses, each of which projuces ae type o
neoplasm, or ane genetimlly homogeneous virus stock can imduce the
entire spectrum of reoplasms.

Many early reports of multiple tumor types associated with virus
stocks were due to copropagati on of non—defective and defective
leukemia viruses. For instance, RPL-12, an ALV which caused both a
long latency leukosis and an early anset erythroblastcsis, was
apparently a mixture of ALV ad the defective avian erythrohl astosis
virus (AEV) (Crittemen,1980). Also, nardefective leukosis viruses,
mvelohl astosis- virus associated viruses (MAVs), isolated from the
BAI-A canplex of avian myeloblastcsis viruses consistently induce pri-
marily either LL (MAV-1), nephrohl astomas (MAV-2(N)) or osteopetrosis
(MAV-2 (0)) (Smith and Mcsoovici ,1969; Watts and Smith,1980). On the
other hand, in spite of the different stable ancogenic propensities of
these isolates, a low level of other tumar types arise after infectiom.

Similarly, Raus-associated virus-1 (RAV-1l) clmed by endpoint dilution
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and RAV-2 clmed by plaque- purification caused a variety of tumors in
additin to LL (see tahle 2).

We have molecul arly clamed RAV-1 and RAV-2 INA ard harvested virus
produced upan introducti on of the claned MNA into chick embryo fibrob-
lasts. Each stock thus results from transcription, packaging and pro-
pagati on of RNA templated fram a hamogeneous population of cloned DNA
molecules. This procedure should generate pure virus stocks (refered
to hereafter as "cloned"” virus) free fram any associated viruses
present in the parental virus stocks. The "clmed" RAV-1 and RAV-2
stacks were injected into chicks and the pathogenic consequences were
campared to those ohserved in a cohort of chicks infected with the

parental stocks.

ResuTts

Eicht indeperdent plaques of bacteriorhage \gtms:)\B carrying
inserts of either RAV-1 or RAV-2 INA were isalated and amplified as
described in chapter 2. The inserted ALV INA was murified by sucrose
gradient sedimentation following Sac I digestion. Purified DNA, per-
muted with respect to the normal viral linear DNA, was ligated in order
to reconstitute the 5' end of the gename and the mul timeric DNA was
introduced into chick embryo fibrohlasts by calcium phosthate coprecip-
itation (Graham ard Van der |,1973; Stowe and Wilkie,1976). The media
was then assayed for viral reverse transcriptase activity at variaus
cell passages (Tereba and Murti,1977). Each isolate proved infectious
by this assay (data not shown). Both "clmed" and parental stocks of
RAV-2 were cytopathic to chick embryo fibrobhlasts in tissue culture
while both RAV-1 stocks were inmnocuous (data not shown). Media was

harvested from one RAV-1 and ocne RAV-2 producing culture. These
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harvests were used for ancogenicity tests. The yolk sacs of six day
old 15Exev-0 emhrycs were injected with 10? infecticus wnits of virus
fran each of the "clmed and parental stocks. As can be seen in tahle
2 the "clmed" virus generated neopl asms other than LL at frequencies
identical to the parental stacks. There also appear to be strain
related differences between the parental. stocks of RAV-1 and RAV-2
which are reproduced in the "cloned"” stacks. A large percentage of
non-LL tumors induced by both stocks of RAV-1l is erythrohlastosis

whereas the RAV-2 stacks caused hemangiamas and no erythroblastacsis.

Discussion

We have thus shown that isolation of a single DNA copy of viral
RNA by malecular clming and subsequent propagation of virus using this
INA as template generates a virus stock with ancogenic properties
identical to the parental virus stack.

Our results argue strongly that the array of neoplasms induced by
a non-defective ALV is an inherent property of the virus and not due to
heterogereity in the virus stock. We can exclude as extremely unlikely
the possibility that rescue of a cellular oncogere by ALV gernerates a
virus responsible for the non-IL tumors since these transduction events
are probably very rare and the "clmed" virus was harvested after only
5-7 cell passages. It also seems unlikely that such a recambhinant
virus would reach a titre in the "cloed" stack which would result in
non-1L neoplasms at frequencies identical to those observed using the
parental stocks. In contrast to the frequency of oncogene transduc-
tion, retrovirus genames display rapid genetic variation during propa-
gation (Coffin et al.,1980). The virus propagated from cells harboring

cloned INA undoubtedly experienced this sort of variation possibly
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accounting for viruses capable of imducing non-LL tumors. The charac-
teristic onocogenic spectra of the two different strains would argue
against this possibility since the major tumors (LL) induced by the two
strains are identical.

Our data also imMlicates that different strains of virus stably
express different onoogenic termdencies as a result of genetic variation
between the strains. Presently, the viral determinmant that targets
specific cells (i.e., lymphocytes or erythroblasts) fa transformation
is obscure. Integration of RAV-1 near c-erb (the cellular hamologue of
the transfaming gene carried by AEV) has recently been observed in
RAV-1 imduced erythroblastosis (T. Fung personal comm.). This result,
observed in tumors fram chickens with erythroblastcsis induced by
either "clmed" or parental virus stocks, sujgests that similar inser-
ti anal mechanisms may be employed by ALVs during induction of different
tumors. If similar strategies are deplored by ALVs imducing nephrob-
lastanas and hemangianas then the genetic variati ons respansible fa
the oncogenic differences between ALV strains may provide important

clues to the viral determinant of target cell specificity.
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Table 2. Induction of Neoplasms after inoculation with cloned virus.
1 Number of Percentage
Viremic™ at: Neoplasms Neoplasms
Embryos 2 3 4 5

Inoculcum Inoculated 5 wks. 10 wks. LL® ERY” ON™ MD LL ERY and ON
RAV-1

parental 33 8/10 7/7 19 3 4 1 58 21
RAV-1 ]

cloned 32 10/10 10/10 18 6 2 1 56 25
RAV-2

parental 39 10/10 10/10 22 0 5 0 56 13
RAV-2

cloned 32 10/10 10/10 19 0 3 0 59 9
None 38 0/9% 0/10 2 1 0 0 5 3

1 Virus assayed as described in Crittenden et al. 1977. Virology 76,90.

2 Lymphoid Leukosis

3 Erythroblastosis

4 Other Neoplasms

5 Marek's Disease

6 Exogenous virus assayed
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APPENDIX 3

Sarcamas imluced by Raus sarcoma virus are not clmal
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Introduction

Raus sarcoma virus has transduced a cellular gere (c-src) which,
in the context of the viral gename, is necessary fa the initiation amd
maintemance of the transformed phenctype of infected chick embryo
fibroblasts (Martin,1970). The incidence of transformed cells in vivo
and in vitro is linearly proportional to the dose of infecticus virus
swagesting that infectim by ane infectious virus particle is suffi-
cient for transformation (Temin and Rubin,1958) . These properties of
RSV predict that sarcamas arising in infected chickens will be
canprised of a large number of indeperndently transformed fibroblasts
and thus will not be clanal. We have werified this predictia by per-
foming restriction enrdonuclease analyses of the RSV proviruses present

in tumar cell populati ons.

Results and Discussion

Twelve 1515x7l two day old chicks were injected in the wing-web
with the Schmidt-Ruppin D strain of RSV. The chicks received either
300, 30, or 3 focus-forming units of virus. Wing-web sarcomas appeared
in all the birds by three weeks after infection. INA was prepared fram
five tumors, one metastasis and uninfected control tissue, digested
with either Bco Rl or Bam Hl, electrophoresed throuwgh agarose,
transferred to nitrocellulcse paper and annealled to a cINA probe
representative of the entire RSV gename (see chapter 2 for methods).
Digestion of the RSV provirus with Eco Rl produces two internal frag-
ments, 2.3kb amd 3.0kb in length, which are unigque to the exogemous
orovirus, in addition to a 4.0 kb internal fragment which comigrates
with a fragnent of similar size from the endogenous proviruses present

in these chickens (Fig.l7A, lanes9,10). The proviral seaquences which
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remain joined to flanking host DNA are too few to detect with the cDNA
probe. The detection of the unique internal DNA fragments indicates the
presence of SR-D proviruses; the intensities of the autoradiographic
signals produced by the probe annealled to these fragments relative to
the intensities resulting from detection of emdogenaus provirus frag-
ments gives an estimate of the number of SR-D proviruses per cell. Fig-
ure 17A presents resul.ts ohtained with Eco Rl digested DNA from five
primary tumars, cne liver metastasis and uninfected contral tissue.

All the tumors contain at least one SR-D provirus per cell.

Bam Hl digestion of the SR-D provirus produces internal fragments
which comigrate with similar fragments from the endogenous proviruses.
However, two proviral-host junction fragments are generated, one con—~
taining approximately 6kbp from the 3' end of the provirus and one con-
taining 600 bp from the 5' erd (Huhes et al.,1978). The size of these
junction fragments depends on the lacation of the Bam Hl sites in the
flanking host INA nearest the provirus. If the tumors are semi-claal
a claal then tumor- specific junction fragments will be obserwed
since most cells carry SR-D proviruses at the same locatiam. If the
tumors are not claal then the large number of junction fragments
resulting from indeperdent integratim events in each tumor cell will
not resolve and no tumor-specific fragments will be observed. Fiqure
17B shows that in all cases excepting the liver metastasis, the tumar
INAs lack specific junction fragments ard thus are not claal. The
liver metastasis does contain specific fragments (Fig.l7B, larel2),
although they appear to be present in lawer quantities than fragments
from the endogenous proviruses. Thus, the metastasis appears to he

canposed of cells which are the progeny of only a few parental tumor
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cells. This olservation is consistent with previous experiments (Poste
and Fidler,1980) demonstrating that metastatic cells evalve as a sub-
population from the primary tumor cells. The sub-molar ratio of
tumor-speci fic fragments to endogenous proviral fragments indicates
that more than one progenitor tumor cell participated in metastasis
fomation or a number of independently transformed cells have been
recruited into the metastatic lesion or a number of infected, non-
transfamed cells were present in the tumar specimen. The analysis of
DNA from the liver metastasis proves that our procedure is capable of
detecting proviruses present in claal populati ons and further
strengthens the conclusion that the primary sarcomas are not claal.
It is interesting to note that even chicks receiving only 3 focus-
foming units of virus did not exhibit semi-clamal tumors (Fig.17B,lane
4) presumably because of virus spread and efficient transformation of
many cells during tumor formation. Thus, the potential growth advan-
tage of particular tunar cells and other unknown variables in tumar
progression do nat distort the tumor cell population enagh to allaw

the progeny of a few tunar cells to predominate.
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Leger to Fiqure 17.
(A) 5 micrograms of DNA from sarcomas anmd uninfected control tissue was
cleaved with Bco Rl, electrorhoresed throwgh 0.8% agarose, transfered

to nitrocellulcse ard hybridized to CDNAre as described in chapter 2.

p
(lanes 1,3,5,7) uminfected caontrol. tissue INA. (lares 2,4,6,8) wing-
web sarcoma DNA. (lanes 1,2) DNA from bird injected with 30 focus-
faming units (FFU) of the Schmidt-Ruppin D strain of RSV. (lanes 3,4)
bird injected with 3 FFU. (lanes 5,6) bird injected with 300 FFU.
(lanes 7,8) bird injected with 300 FFU. (lanes 11-14) bird injected
with 30 FFU. (lare 11) uninfected liver DNA; (lane 12) liver tumor
MNA; (lare 13) wing-web sarcama INA; (lare 14) infected non-tumorous
spleen DNA. (lanes 9,10) A from SR-A transformed chick emhryo
fibroblasts cleaved with Bco Rl. The sizes in kbp of RSV internal Eco
Rl fragments are imdicated. (B) Lanes as in (A) but samples digested
with Bam Hl except DNA in lanes 9 and 10 were cleaved with Bco Rl.
sizes in kbp of liver tumor-specific fragments in lare 12 are indi-

cated.
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APPENDIX 4

Malecular cloning of the ALV provirus and activated c-myc from tumor LL6
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Amalyses of viral-specific RNA and DNA from tumor IL6 inmdicated
that the single ALV provirus was situated downstream from c-myc in the
same transcriptinal arientation (see chapter 3). In order to confirm
this interpretaticn I have clmed a %bp Bam Hl restriction fragment
containing the c-myc lacus and nearby ALV provirus.

200 micrograms of LL6 INA were digested with Bam Hl and frac-
ti cnated by electrophoresis through 0.8% low-melting (Seaplaque)
agarose. The gel was sliced into 4mn sections and the DNA isolated by
phenal extractian as described in chapter 3. 5% of each INA fraction
was electrorhoresed, transfered to nitrocellulcse and amneallel to myc
probe (see chapter 3). 10% of the fraction containing the %b ALV-c-
myc fragment was ligated to 2 micrograms of bacteriophage Charon 30,
the recombimant molecules were then packaged in vitro (Hdn,1979) and
used to infect E. coli DP 50. Rec&nbimnt rhage carrying c-nyc were
detected (Benton and Davis,1977) using myc probe. The ALV-c-myc frag-
ment was subcloned into pBR 322 and then subjected to digestim by a
variety of restriction emdonucleases and hybridized to myc probe,
cDNA3,, cDNAS. ard cDNArep. This analysis was employed to gererate the
restricti m endonuclease map presented in Fig.18. This map is com-
pared to maps of DNA fragments subclmed into pBR322 from XL.LBE (gen-
eration of >\LL3E described in Chapter 3) and a recanbinant bac-
teriorhage carrying an uninterrupted c-myc lacus. The plasmid contain-
ing IL3E INA was constructed by isolating the 7.5kbp Byl II restriction
erdonucl ease fragment from LL3E extending from the 5' most Bgl II site
in ALV to the Byl II site 2kbp from the 3' endl of the second identified
c-myc exon and ligating this fragment to the Bam Hl site in pBR322,

The c-myc locus from a tumor-free bird was isolated by B. Vernstom (see






153

chapter 3) amd the 10kbp Bam Hl fragment subclmed into pBR322 was
kindly provided by D. Sheiness.

The comparisan of the three restriction maps presented in Fig.l8
confirms the relative configquratins of ALV proviruses amd c-mwvc

deduced fram analyses of tumor INA.
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Legend to Fiqure 18.
Restriction emdonucl ease maps of DNA segments inserted into pBR322 to
gererate pCMC-B (c-myc), pLL3E (IL3) and pLL6 (LL6). B:Bam Hl; P:Pvu

II; Pt:Pst I; Bg:Bgl I; Ss: Sst I (Sac I); H:Hind ITI; R:Fco Rl.
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APPENDIX 5

Expression of claned DNA fragments carrying ALV proviruses adjacent

to cmyc in mouse I, fibroblasts
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In an attempt to reconstitute erhanced expression in tissue cul-
ture, I have introduced plasmids carrving the DNA fragments described
in Apperdix 4 into mouse LTK fibroblasts by calcium phosthate copre-
cipitation (This technique is hereafter refered to as transfectim)
(Graham and Van der Eb,1973; Stowe and Wilkie,1976). Plasmids plL6,
pPLL3E, pOMC-B contain the fragments shown in Fig.18 inserted into the
PBR322 Bam Hl site. These plasmids and a recambinant bacteriorhage
containing an unaltered c-myc lacus (see Chapter 3) were each mixed at
a 5:1 mass ratio with 140 nanograms of a plasmid carrying the Herpes
simplex virus thymidine kinase gene (HSV-TK) (kindly provided by P.
Luciw). The mixtures were coprecipitated with calciun phosrhate in the
presence of ten micrograms of salmon sperm carrier DNA ard the precipi-

b ok fibroblasts on a 100mm dish

tate applied to approximately 3X10
Wigler et al.,1979). TK" colmies were selected in HAT medium (see
Wigler et al., 1979) and mass cultures obtained by propagating ten to
forty TK' colmies from each experiment.

DNA and RNA were prepared fran each culture as described in
chapter 3. The relative amaunts of incorporated chicken c-myc DNA in
each culture was assessed by digesting INA with a restriction endonu-
clease that cleaves the bacteriophage or plasmid DNA more than once.
Eco Rl cleavage of pIL3E gererates a 2.%bp fragment encompassing the
c-mvc exons (see Fig.18). Sac I digestion of pCMCB amd )\cm-z pro-
duces in each case a 3.0kbp fragment which hybridizes to myc probe (see
Fig.18). Fig.l9A shows that digestion of DINA fram each culture reveals
the predicted fragments after annealing to myc probe. Camparison of
the relative intensities of the bands suggests that cells receiving

pLL3E (Fig.193,1ane 1) and pICMC-B (Fig.19A,1ane 2) contain equivalent
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amounts of introduced DNA whereas cells receiving \CMC-Z DNA
(Fig.19A,1ane3) exhibit several fold more chicken c-myc DNA. We do not
urderstand the basis far the this difference since the L cells were
actually exposed to more plasmid molecules than phage molecules.
Expression of the exogenous DNA was determined by electrophoresing
S micrograms of poly A+ from each of the cultures through 1.2%
famaldehwle-agarcse, transfering the RNA to nitrocellulcse and hybri-
dizing the filter- bound RMA to myc prohe. The results of this
analysis are presented in Fig.19B. Transcripts of discreet size are
apparent in cultures transfected with pLL3E, pCMC-2 ard \CNC—Z
(Fig.19B,lanes 2-4). Both pOMC-B and X(MC-2 produce 2.5kb transcripts
which comigrate with the prominent 2.5kb c-myc RNA observed in RNA fram
chick embrvo fibrohlasts (campare Fig.19B,lanes 1-3). This result sug-
gests that the signals required for generating the c-myc transcripts
are present within the 10kbp Bam Hl fragment. Further definition of
the c-myc transcriptional unit could be obtained by deleting regians of
this fragnent and monitaring transcription after introducing the DNA
into L cells. The relative intensities of the bands representing c-myc
transcripts fran pCOMC-B and)\CMG-z presumably reflect the relative
amomnts of templ ates in the cells. The transcript from plL3E is
slichtly smaller than the authentic c-myc transcript (compare Fig.19B,
lanes 1 amd 4). Although we were unahle to assess the transcripti mal
pattern in the original tumor IL3, RA of similar size was observed in
tumor LL7 which harbored an ALV provirus in a similar confiquration
with respect to c-myc. We presume hut cannot prove that the transcript
gererated fram pLI3E mimicks the transcripti anal pattern in the origi-

nal tumor. The amount of c-myc RNA produced from olL3E is only
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slidhtly elevated (3-5 fold) over the levels of c-myc RNA faund in
cells harbaring pOMC-B although the number of templates in each culture
is similar. Several explamtiaons could account for this meagre
enhancement: 1) the ariginal tumor may have exhibhited only a limited
elevation of c-myc transcription; 2) the suhclmed Byl I1 fragment may
lack viral and/or cellular sequences which would further augment the
transcriptional activity of c-myc; 3) the erhancing ability of the ALV
provirus may be diminished in the heteralogous mouse fibroblasts.

These possibilities may be distinguished bv investigating the tran-
scriptional activity of INA cloned fram tumors where the level and com-
position of c-myc transcripts is known, such as dlL6. However,
analysis of RNA transcribed fram pLI6 in L cells vielded equivccal
results. vlL6 INA apparently produces a populatian of heterogereous
transcripts concentrated arourd 2.5kb (Fig.19B,lare 5). In contrast,
the transcript observed in the origimal tumor was 3.7kb (see Chapter
3). This discrepancy remains a mystery but may reflect an absence of
either transcription initiation or terminmation signals in the clmed
DNA fragment. D. Westaway (personal camunication) has claned the ALV
movirus and adjacent c-myc from tumor LL4 and this DNA could prove

useful in addressing the problems described above.
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Legerd to Fiqure 19.

(A) Amalysis of HAT resistant mouse L fibroblasts transfected with
pLL3E, PCMCB o )\CMC-Z (see text for details). (lane 1) 5 micrograms
of DNA from cells transfected with pLL3E cleaved with EcoRl. (lane 2) 5
micrograms of DNA from cells receiving pCMC-B digested with Sac I.
(lare 3) 5 micrograms of DNA fram cells transfected with )\CMC-Z dig-
ested with Sac I. The samples were run on the same gel, transfered to
nitrocellulcse and annealed to myc probe. The numbers represent the
size in kbp of the myc-containing DNA fragments. (B) RNA from HAT
resistant L cells was prepared and analvzed as described in chapter 3.
Each lane contains 5 micrograms of poly A+ RNA from (lane 1) uninfected
chick embryo fibrohlasts; or L cells transfected with (lane 2) pOMC-B;
(lane 3) CMC-2; (lane 4) pLL3E; (lane 5) pll6; (lane 6) salmon sperm

carrier INA aloe.
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Detailed discussion of the experiments presented in chapters 2 and
3 and the appendices are included therein. This chapter will be
devoted to a more general overview including: 1) a sumation of the
potential events occaurring during lymphanagenesis and consideration of
questions, dilemas and experimental inconsistencies pervading the pro-
pcsed sequence of malecular and cellular changes leading to the forma-
tion of a tumor; 2) a survey of neoplastic disease in other organisms
that might invalve erhanced expression of host genes; 3) a discussion
of possible mechanisms by which ALV micht erhance transcription of c-

myc; 4) an speculation on the role of myc gene products in tumori-

geresis.

I. Lymphomagenesis by ALV

A model of lymphomagenesis should consider a number of experimen-
tal observations in additi m to malecular paradigms that govern our
view of the retroviral life cycle.

An analysis of bhursal INA taken fran birds soon after infectim
revealel that most cells were infected and integratian occurred at many
sites in the host gename (Fung et al.,1981,1982). The results of this
study are in accordance with a large number of studies showing that
retroviruses display little or no preference in their choice of
integrati on sites (reviewed in Varmus,1982). It also is apparent that
retroviral DNA integrates efficiently amd specifically by joining
sequences at the erds of ITRs to host INA.

ALV INA integration is follawed by the appearance of cl mal tumors
after a lengthy latent periad. The vast majarity of these tumors harbar
ALV proviruses adjacent to c-myc in association with levels of stable

c-myc transcripts which are much hicher than levels famd in normal
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bursa (chapter 3; Neel et al.,1981; Fung et al.,1981, Hayward et
al.,1981). All of the extensively characterized proviruses in the
vicinity of c-myc have incurred deleticns which reduce or aholish tran—
scription of the provirus. A large subset of the tumors which carry
deleted proviruses fail to express viral RNA amd consequently don't
produce virus (chapters2,3; Neel et al.,1981; Hayward et al.,1981).
However , there exist tumors that contain apparently nomal viral tran-
scripts and produce virus (chanter2; Neel et al.,198l). Finally, the
little data which shed light on the stability of retrovirus proviruses
in vertebrate cells suygests that deletions should occur at approximate

> to 10"6 per cell-gereration (Varmus et al.,198l1).

frequencies of 10~

These obser vati cns suggest the fallowing sequence of events durirg
ALV-induced lymphomagenesis. ALV infects most of the bursal lympho-
cytes (probably ].06 to. 107 cells during the first few days after hatch-
ing). The viral DNA integrates at a large number of sites and inserts
next to c-myc in only a few cells, activating c-myc and initiating
transfamati m. These cells are now continuously dividing and at same
point one or a few cells within this expanded semi-claal or claal
popul ati m will experience deleti ons within the provirus. The new
cell(s) acquires a growth advantage bv virtue of the deletian ard
progresses to fam the tumax. The growth stimulus provided by the ini-
tial transformation would be required to ohserve deleticns at the
expected frequencies. (If the dividing time of these cells is 24hrs
then 20 days of growth will vield approximately 10° cells.)

This warking model raises a number of dilemmas amd questions. The
first question addresses the nature and number of cells targeted for

transfomatin in the hursa. I have assumed that most, if not all,
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bursal lymrhocytes are potential targets. This arhitrary assumption
(see chapter 1) applies to the following disocourse, especially when a
proposal requires a large number of infected cells (see the madel
described abowe). Howewver, where propasals postulate non-random or
hich frequency events (i.e. site-specific integration), the lymrhocytes
targeted far transfamation ocould represent a small subset of the bur-
sal lymphocyte population.

My madel proposes that proviruses with intact LTRs can activate
c-myc. However, deletions encompassing LTRs are prevalent in the
relevant proviruses. Under conditions selecting for lass of v-src
exressicn Varmus et al. (1981) obtained deletians in a single RSV pro-
virus in transfamed rat fibrohlasts at low frequencies (approximately
10-5 per cell-generatian). Therefore, proviruses are probahly not
inherently unstahle. This suggests that the deleti ons affecting the
ALV proviruses confer a growth advantage on the nascent tumor cells.
We have postulated (see chapter 2) that deletions which abolish viral
gere expression reduce the probability that the tumor cells will be
recognized and eliminated by the immune system. Howewver, this cannot
be the entire explamation since tumors expressing apparently normal
viral RNA have been observed. Perhaps the use of the 3' ITR as a pro-
moter requires the imactivity of the 5' LTR. The erhancing activity of
proviruses in other canfigurati ons might also rely on the silence of 5'
LTR promoter activity. This hypothesis is inconsistent with the madel's
swggestion that an intact provirus initiates c-myc activation and con-
sequent transfamation. The model would thus require modification to
resolve this inconsistency. Perhaps integratian in B-lymphocytes is

imprecise with respect to viral sequences generating aberrant proviral
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structures. This seems unlikely since many proviruses have properly
aligned ITRs as judged bv restricti cm endmnuclease analysis. Sequence
amlysis of LTR-host DNA junctions will address the issuve of integra-
tion precisim.

Ancther possibility arises here: c-myc activation is not the ini-
tiating event in transfamation. This concept gains suppart from my
interpretation that the provirus in LL6 (see chapter 3) initially
integrated fa downstream from c-myc (at least 17kbp) ard c-myc activa-
tin by the ALV provirus at such a distance seems improbable.

If transcriptional enhancement of c-myc is nct an initiating event
then it must be presumed that integration of ALV INA near c-myc permits
initiation by same other means and c-myc activation may participate in
tumor maintenance. One approach towards determining the impatance of
activated c-myc in tumorigeresis consists of introducing clmed exam-
ples of each ALV-c-myc confiquration into hursal cell suspensions ard
injection of these cells into syngeneic hosts. In additio, the level
of c-myc in the 50-100 transformed fallicles apparent at ahout four
weeks post-infection could be assayed by in situ hybridization. These
follicles may represent an early rhase in tumorigenesis by acting as
precursors to the solo tumor nadules which arise later (see chapter 1).
The presence of high levels of c-myc RNA would arque for a role of
activati n early in the transformmati o process.

If c-myc activation is the initiating event then other assumptions
must be challenged. First, perhaps ALV INA does not randanly associate
with host DNA but prefers the region swrounding c-myc. If integration
of viral DNA occurs at c-myc in ane out of twenty cells the analyses

perfamed so far probably would not detect this degree of specificity.
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Site-specific integratian would provide a large populatian of cells in
which deletion could occur to activate c-nwc. Based on restriction
erdonuclease maps, the integration sites surrounding c-mvc are nat ran-
danly placed hut fall into distinct reqi anal groups; the most cammon
sites lie approximately 400-600 bp upstream from the 5' erd of the
first known exon (data not shown and S. Astrin and H. Robinsa persmal
cam.). This thenanenmn could either reflect integration specificity
or a position recuirement for efficient c-myc activation. Site-specific
integrati m in hursal lymphocytes is testahle by an experiment propased
by H. E. Varmus (which I disregarded). Bursal DNA prepared early after
infection could be fragmentd, selected on filters containing c-myc DNA
and subsequently tested for enrichment of ALV sequences.

Secandly, B-lymphocytes micht disnlay a hich freaquency of dele-
tions. B-lymrhocytes are known (in mamals) (reviewed in Leder et al.
) to undergo INA rearrangements during maturation. If DNA deletion
occurred at hich freqeencies then the probability of proviral altera-
tion and subsequent c-myc activation micht reach levels compatible with
a madel propcsing random integrati on and requiring proviral deletion
for c-myc activation. However, if rearrangement of the provirus next
to c-myc is frequent it seems probable that this region must be nor-
mally targeted for rearrangement since high frequencies of randam
gename alteratians would likely be deleteriocus to the cell. These pos-
sibilities could be approached by extending structural analyses in
search of rearrangements in the region surrounding c-myc in tumor
cells. It would also be relevant to assess passible linkage relation-
ships between c-myc and the immunogl dulin loci (L. Chen in J.M.

Bishop's lab is acurrently attempting to malecularly clone the chicken
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immunogldulin genes.). Regions flanking other knowm genes could also
be examined for rearrangement. The activation of c-erb by ALV pro-
viruses in erythrohlastosis (see ampendix 1) presents a pacssible
dilema here. The DMA regions in transformed erythrobl asts harboring
c-erb and an ALV provirus have incurred rearrangements in many
instances (T. Fung persanal cam.). Are ervthrohlasts also character—~
ized by hich frequencies of DNA rearrangements in the region of c-erb?

A third idea challenges the hvpothesis that an intact provirus is
incapable of c-myc activatiam.

Slicht transcriptinal agmentation of c-myc by an intact provirus
oould act as sufficient mitogenic stimulus to gernerate a cell popula-
tion large enaxgh for deletians to occur in proviruses at expected fre-
quencies. These deleti ons would then produce efficient and caontinuous
transcription of c-myc and gererate the progressing tumor cell. Unfor-
tunately, this maodel cannot be easilv tested unless transcriptioal
enhancement can be recapitulated by introducing molecularly claed sub-
strate INA into cultured cells (see below). For instance, the effects
of various provirus structures on the transcription of an adjacent gene
ocould be assaved using malecules constructed to contain an intact o
deranged provirus adjacent to c-myc or the Herpes simplex virus thymi-
dire kinase gere.

Taking into account the dilemas expressed above, the activatim
of c-myc most likely plays a pivotal role in lymphomagenesis. (Other
madels are cansidered below). This view gained striking suppat when
Noori-Dalaii et al. (1981) discovered that hursal lymrhomas induced by
chicken syncytial virus (CSV), a nardefective leukosis virus unrelated

to ALV, displayed enhanced transcriptio of c-myc in conjunction with
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proviral integration adjacent to c-myc. Bursal lymrhomas produced by
MAV (see chapter 1) also harbor proviruses adjacent to c-myc (D. Westa-
way perscnal camunication).

The participation of c-myc activation in tumorigenesis leaves
several unresalved issues. The host factar (s) which determine the tro-
pism of the virus towards cells targeted for transformation remains
obscure (see appendix 2). The range of cell types infected by ALV is
p.robably nct an important determinmant since ALV is capable of replicat-
ing in most tissues of the chicken (Purchase and Burmester ,1978).
Furthermore, there are precedents which establish that cells supporting
the replication of avian retroviruses can be refractay to transfama-
tion: certain defective leukemia viruses replicate in hematopoietic
cell lineages which do not appear in tumars produced by the viruses
Graf et al.,1980); RSV fails to transform macrorhages although pp60%
SIS s exoressed at hich levels and displays amoarently normal kinase
activity (Durban and Boettiger ,1981;A. Betkowski, pers. camm.). Also,
ALV replicates in the bhursa of line 63 chickens but does nat inmduce
lymphomas in these birds (Fung et al.,1982). Therefore, the cellular
ocontext may be crucial in determining the efficacy of a particular anc
gere product. Applving this view, ALV may integrate adjacent to a
number of different c-oncs during infection hut lymphomas would occur
most frequently because B-lymphocvtes are particularly sensitive to the
oncogenic effects of c-myc. Erythroblastosis would arise less fre-
quently because erythrohlasts‘ might be camnparatively less sensitive to
the effects of c-erb and impervious to the effects of c-myc. Bvidence
contradictay to this suggestion may be found in observati ons that MC-

29 (which carries v-myc) can transform fibroblasts, macrorhages ,
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epithelial cells an? perhaps lymrhoid cells in-vivo (Graf amd
Beuwg,197; W. Hayward, pers. cam.). However, Hayman and his calleagues
(pers. com.) have fand that their strain of MC-29 does naot produce
lymphamas whereas an MC-29 deleti on mutant which apparently recovered
c-nmyc during propagation acquires a propensity for gererating bursal
lymphomas. If v-mvc and c-myc exhibit distinquishable ancogenic pro-
per ties then the contradicti an evaporates.

Cell-srecific properties influencing the frequency and specificity
of viral DNA integration into regimns surrounding c-oncs could deter-
mine target cell tropism. For example, the chramatin canfiguration of
the c-myc lacus in B-lymrhocytes micht be particularly condusive to
viral DNA insertion ar subsequent transcriptional activation. Chrama-
tin structures in other cell types would prevent integration or tran-
scripticnal enhancement. Amlysis of the chromatin conformation of c-
myc in different cell twes and at different times in develcoment would
aldress this possibility. In particular, determining the structure of
c-myc in lire 63 lymphocytes micht be informative.

An issue which confronts all madels far viral oncogeresis has
become important in leukosis research: does a v-onc (or c-onc in leu-
kosis) transfam cells as a resul.t of over-expression or is ancogenic
activity acquired as a result of mutation. Over-expression of c-mos
and c-ras is sufficient for transformation of NIH 3T3 fibrohlasts
(Oskarsson et al.,1980; Blair et al., 1981; DeFeo et al.,1981; Chang et
al.,1982'). These results have not yet been extended to other c-ancs
in spite of intensive efforts and the results of Hayman et al.,
described above, point to oncogenic differences between v-myc and its

cellular homologwe. In the case of leukosis, 20-200 fald transcrip-
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timal erhancement is famd every time an ALV provirus is lacated in
the vicintiy of c-myc hut in at least some cases there are hints that
the over-expressed protein may be abnormal. The first known exon of
c-myc adjacent to the ALV provirus in tumor IL3 is missing a Sac I
site. This Sac I site is present in both homologues in control tissue
from the same bird and is absent both in situ and after molecular cla-
ing. We do not know the extent or functi nal significance of this
alteratian (@although if it is a deletion it is less than 100bp). Addi-
timally, integration of ALV INA may occur in c-myc coding regions.

The structure of c-myc and uncertainties concerning termimal coding
damains havwe been discussed in chapter 3. Two lines of evidence sug-
gest the existence of further exons upstream from those already identi-
fied. Hypridization studies of cellular RNA has revealed minor c-mvc
species which are larger than the predaminant species and are preferen-
tially located in nuclear fractions ( D. Shieness wmnpublished). These
nuclear molecules may represent precursors to the mature c-myc mRNA.
Determinati on of the nucleotide sequences of proviral-host junctions in
lvmrhoma DNA lel Neel. et al. (pers. com.) to propose that ALV INA had
inserted in c-myc exons. Taken together these results indicate that the
N-termimal domain of c-mvc protein may be altered in lymphomas. This
possibility awaits the identifiaation and characterization of the c-mwc
gere product.

The preceding discussian illumimates the hypothetical character of
leukemogenic mechanisms invoking activation of adjacent host genes by
proviral DNA. Two different experimental approaches have provided evi-
dence which mav link lymphanagenesis to mechanisms which are distinct

from c-myc activation by proviral. DNA.
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Cooper and Neiman (1980,1981) introduced bursal. 1ymphoma DNA into
mouse NIH-3T3 fibrohlasts by calciun phosphate ocoprecipitati on and sub-
sequently assayed for transformation by counting either foci or soft-
agar calamies. Lymphana INA evoked the transformed phenotype in the
mouse fibrohlasts at freauencies fa greater than normal. bursa DNA.
The transformmed phenotype and presumably the responsible gene could be
transferred by preparing DNA from the transformed mouse cells and
repeating the experiment. Similar results were obtained with tumar
nodule DNA. Using hybridization probes they discovered that neither
ALV proviral DNA or c-myc from the chicken DNA were present in the
transformed mouse cells even though an ALV provirus was situated near
c-myc in the bursal tumor. A INA seament responsihble for transforma-
ti on has been malecularly claed using a library of recanbinant bac-
teriorhage carrying inserted PDNA from the progeny of an NIH-3T3 cell
transformed by lymphana INA (G. Cooper, pers. cam.). The bac-
teriorthage capable of transformation contained a fragment of DNA with
sequences repeated many times in both the chicken and mouse genames.
By paring away regians of the imserted fragment, a sequence has been
identified that is found as a unique sequence in the chicken gename
althouwgh present in many copies in the mause genane. The nuclectide
sequence of this region displays an open reading-frame capable o
encoding a small peptide. RV hamolagous to the unique copy chicken
MA is found at similar levels in normal bursa and a cell line esta-
blished from an ALV-induced bursal lymrhoma. This perplexing set of
experiments leaves the arigin of the DNA fragment and its role in lym-
phomageresis unclear. Although disocovered using a functimal assay,

DNA maolecules camahle of transforming mouse fibroblasts may be meaning-
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less in B-lymphocyte transformation. On the other hand, the histologi-
cal pathalogy (see chapter 1) and an experiment determining the fre-
quency of death as a functian of time after infectimm suggest that lym-
phomageresis by ALV is a multi-step process (Neiman et al.,1980).
Cooper and Neiman have postulated that their assay might detect altera-
tims in the chicken genane which are secondary (but necessary) steps
in tumar formation (Cooper and Neiman,1981),

McGrath and Weissman (1978a) have proposed a theory of murine
leukemia virus cncogenesis hased o their characterization of the
virus-binding properties of leukemic cells. They famd that leukemic
cells (from thymamas) bind the particular strain of virus used to pro-
duce the tumors with hicher affinity than other MLVs. Also, in a popu-
lation of cells fram a single thymama, the cells which display the
highest affinity for the inducing virus are the most tumorigenic when
injected into syngeneic hosts. (Although the authors failed to demon-
strate the donor origin of the tumors) (McGrath and
Weissman,1978a,h,1979). A madel was propcsed stating that tumori-
geresis was a consequence of ocontinuous autolagous mitogenic stimula-
ti on of T-1lymphocyte clones which carried receptors specific far the
inducing virus. Since the T-lymrhocyte antigen receptor was unidenti-
fiel they began an investigation of an in vivo passaged murire B-
lymphocyte tumor line, BQ~1l. A number of provacative findings emerged
from their research M. McGrath, pers. com.). A retrovirus was pro-
duced by the tuna hut splenic stramal cells, not leukemic cells were
the major virus-producing cells. The BCL-1 tumor cells bound this
virus more efficiently than other MulVs, although the virus failed to

induce tumors after exogencus infectiam of mice. Mnoclamal IgM
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ohtained after fusing BCL-1 tumor cells with mvelama cells bound virus.
The hvbridama cells, grown as ascites tumors, produced IgM which
courified with retroviral (presumably BCL-1 virus) emelope glycopro-
tein further suggesting a specific interaction. Anti-idiotvpic anti-
body raised against BCL-1 IgM blacked bimding of virus to B(L-1 cells.
These results have been cited as further simpart fa the malel which,
when exterded to B-cell tumors suggests that a resting immunocompetent
B-lymphocyte reongnizes the infecting virus through an interaction of
viral anticen and cell-surfae antibody. Claal expansim proceeds ard
the continuces mitogenic stimulus provided by the virus-producing
stromal. cells initiates transformation. MdGrath (perscnal comm.) is
presently attempting to extend th'ese observati ons to ALV-induced lym-
phomas, although the presemce of nan-immunogl. dulin receptors for the
viral envelope glycoprotein may camplicate the analyses. It is already
clear, thouwgh, that same ALV-induced tumors are comprised of cells that
are incapable of producing viral antigens and virus cannot be recovered
from same tumor explants (most likely these explants contained
antigen-presenting cells). This contradictay evidence can be rati anal-
ized by proposing that antigen stimulation is the initiating event of
tumor fomatian but is not required (and may be detrimental to) tumor
progressicn. The lacation of ALV proviruses near c-myc presents
another dilemma far this theay. Very few resting B-lymphocvtes
specific for a given antigen are present before anticen stimulation,
once again raising questi ons about random integrati on and the cammon
presence of proviral deletians in tumors. At present, since all B-
lymphocytes probably express receptors for ALV, viral mitogenesis

(either gereral or idioctwe specific) must still be considered poten-
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tially impmortant during tumor initiation.

II. Tumorigenesis in other systems

Three geretilly distinct viruses-ALV, MAV and CSV- apparently
empl oy c-myc activation to imuce hursal lymrhomas (see above). Addi-
timally, ALV proviruses can be famd adjacent to c-erb in same ALV-
induced erythrohlastcsis. Thus, mounting evidence indicates that hcst
gere activation may play a gereral role in avian neoplasms produced bw
these non-defective retroviruses.

How ubiquitous is the phenanenan of host gene activation, in par-
ticaular c-oncs, in neoplasms affecting other species? Retroviruses
amlagous to ALV, which do nat carry v-onc geres and induce tumors only
after a 1ang latent period fallowing infection can be found in most
mammalian species. Extensive molecular investigatioms have focused on
mouse mammary tumar virus (MMIV), bovine leukemia virus (BoLV) and
murine leukemia viruses (MulV).

MMTV produces mamary carcinamas which har bor exogenaus proviruses
and apparently are claal (Cchen et al.,1979). Restriction endonu-
clease analyses of the sat described in chapter 2 failed to reveal
cama proviral integration sites in different tumors (Cchen et
al.,1979). The presence of many exogenaus proviruses in mcst tumors
and the passibility of structural rearrangements precluded conclusive
results. Recently Rcel Nusse and Harold Varmus commenced a rigorous
approach to the question of caomman integrati cn events by screening a
large number of MMTV-induced carcinamas for a tumor harboring a single
exogenous provirus. Although tedious, this strateqgy proved fruitful.
When a single provirus-omntaining tumor was famd, provirus-host junc-

tian fragments were malecularly cl aoned and the flanking host TNA used
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as a hybridizatian reagent to test for the presence of MMIV proviruses
in this region of the mouse gename in a battery of tumors. In addi-
tim, this prohe was used to isolate molecular clmes representing

regi ons of the mouse gename adjacent to the initial isalate. Using
these clmes, Nusse screered tumors for the presence of proviruses in a
30kb reqgi on encampassing the lacati on of the provirus in the original
tumor. He discovered that 18 of 28 tumors do indeed contain MMTV pro-
viruses within this gename segment. These inserti ans havwe ocaurred at
numerous positians sranning at least 20kbp. This finmding micht reflect
the ability of retrovirus proviruses to effect expression of distal
flanking sequences. Although no consistent observation has been made
of virus-specific transcripts other than gename-length and env mRNA,
Nusse is searching for enhanced levels of transcriots lacking viral
sequences. Further results reported by Lane et al. (1981) provide
insight into the extent of similarity between AIV and MMIV tumor i-
geresis. They have famnd t';hat MMTV-imuced mamary carcinama DNA
transforms NIH-3T3 cells. In analogy to the ALV systemn the sequences
responsible for transformation are unlinked to MMTV proviral DNA.

The B-lymphocyte tumors induced by BdV resemble ALV produced lym-
phomas. BolV causes persistent lymphocytosis which is a nam-cl mal
proliferati on of lymphocytes postulated to be a pre-reoplastic stage of
leukemia (Kettmamn et al.,1980). The induced lymrhomas are claal,
of ten containing only ore provirus and in approximately 25% of the
cases examined the proviruses suffered deletians involving their S°
sequences (Kettmarnn et al.,1980,1982). Viral gene expressio is nat
required for maintenance of the tumar state but no other unusual

virus-specific transcripts are famnd in the tumors. Claing of host
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INA ahutting the single proviruses in two tumors and hybridization of
these sequences to INA and RNA fran a number of tumors failed to reveal
coman integration domains or expression of 3' flanking sequences
(Kettmann et al.,1982). Amalyses extemded to more distal flanking

regi ons will be required to urequivically rule out adjacent gene
activation as a mechanism of leukemia imluction by BolLV.

In spite of intense scrutiny, thymanas produced by MulVs do not
display molecul ar features reminiscent of ALV-imduced tumors. Restric-
ti m endmucl ease exper iments have not identified comman integration
sites (Steffen and Weinberg,1978) and unusual virus-specific or c-onc
speci fic transcripts have not been ohserved. On the contrary, recambi-
nation events in the env gere precede tumor avpearance and have been
postulated to play a key role in tumorigenesis (Hartley et al.,1977).
At present there is no cavincing proof of this postulate and exper i-
ments of the type carried out by Nusse have not been reported.

Recently, a preliminary characterization of feline leukemia virus
(FelV) proviruses present in cat lymphosarcomas has been carried out by
Casey et al. (1981). Each lymphosarcoma expressing FelV antigens was
canprised of cells harbaring exogennus FelV U3 sequences at cammon
sites suggesting that the tumors had claal origins. Rudimentary res—
tricti m endonuclease analyses did not reveal camman integration sites
in different tumors. Lvmphosarcomas lacking viral antigens were free
of exogenous FelV U3 sequences in spite of an epidemiological associa-
tion between FelV-negative lymphosarcomas and exposure to FelV., Data
are too scant to draw further camparisons hetween this system and the
viral- induced tumors in other species described abowve.

The invalvement of gere activation in tumors of nen-viral etiology
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has been even less experimentallv accessible. Aaronson, Gallo and
their colleagues (Eva et al.,1982; Westin et al.,1982) have recently
surveved a large number of himan solid tumors and leukemias far the
exoressian of c-ancs. There is suygestive evidence that transcripts of
c-sis (the cellular counterpart of the simian sarcoma virus putative
transforming gere) are present in elevated amounts in same sarcamna and
gliohl astoma cell lines and elevated amounts of c-myc RNA are faund in
same sarcamna and carcinama cell lines and oe pramyelocytic leukemia
lire. These results are not compelling since particular c-onc activa-
tin is not a universal feature of a given tumar type and appropriate
control tissues were not always amalyzed.

Weinberg, Cooper, Wigler, Barbacid and their calleagues have
searched for geres involved in tumor formation bv introducing DNA from
tumors or cell lines into NIH-3T3 mouse fibrobhlasts and assaying for
focus formation or soft-agar colmies (Shih et al.,1979; Cooper amd
Neiman,1980; Shih et al.,1981; Murray et al.,1981; Lare et al.,1981;
Cooper et al.,1981; Krontiris and Cooper,1981; Perucho et al.,198]1;
Lare et al.,1982; Pulciani et al.,1982; Goldfarb et al.,1982; Parada et
al., 1982; per et al.,1982). DNA from same, but nct all, cell lines
can induce transfommaticn in these assays. The INA sequences respansi-
ble for this effect are different amaung different types of tumor cells
with at least ome exceptimn. By using human repetitive DNA as a
hybridization prohe for human sequences , Perucho et al. (198l) have
shown that the same human sequences are retained fraom a colon carcinama
lire and a 1lung carcinama lire when DNA from nrimary foci of NIH-3T3
cells is used to produce secondary foci. The INA fram a human bladder

carcinama cell line which is resomnsible for transformatian has been
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claed (Pulciani et al.,1982; Galdfarb et al,1982). Remarkably, this
gere appears to he the human homologue (c-ras) of the transférming gere
of the rat Harvey sarcoma virus (Parada et al.,1982; Der et al.,1982).
The gere is mnt transcribed in normal NIH-3T3 cells and is transcribed
in the bladder tumor cells ard NIH-3T3 transformants at hicher lewels
than famnd in Hela cells (Goldfarb et al.,1982). Since DNA from normal
cells warks inefficiently or not at all in this assay, these results
suggest a stahle (although unidentified) alteration of the DNA in the
tumor cells confers the transforming ability.

Gere activation and its hypothetical participation in the forma-
tion of non-viral tumors could result fram chranosane rearrangements
reqularly ohserved in tumor cells. Karvotype amalysis and chromoscome
banding techniques have been used to identifv two types of chrancsame
alteratims correlated with malignancy: homogeneous staining regims
(BSRs) and small amparently acentric chramosame fragments termed double
minutes (IMs) (Levan et al.,1977; Barker and Hsu,197; Kovacs, 1979;
Miller et al.,1979). A number of reports suggest that these abnormali-
ties reflect TNA amplificatin. The selection of methotrexate resis-
tant cells often results in the amplifiation of the dihydrofalate
reductase gere (dhfr) and the amplified INA can be localized to HSRs
(Nunberg et al.,1978; Dolnick et al.,197). 1In addition, the appear-
ance of MMs is also associated with dhfr gere amplification (Kaufman et
al.,19M). Recently DMs famnd in a mouse pituitary cell line have been
fracti cnated and DNA from this fracti on malecularly cloned (Gearge and
Povers,1981). ™A represented in same of the clmes is amplified in
the MM containing cell line canpared to a IM-free cantral. cell lire,

The clmed DNA is also lacalized in HSR's famnd in a related subline of
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the pituitary cell line (George and Powers,1982).

The amplificati n events accanpanving the avpearance of Ms and
HSRs could enhance the expressian of an oncogere producing a neoplastic
phenotyoe in a fashi ocn analogous to the gereration of methotrexate
resistant cells by dhfr gere amplificatian. Varshavsky has proposed a
theay of tumarigenesis invalving gene amplificati s produced by mis-
firings of repliomns encompassing particular geres (Varshavsky,198la).
This ahnormmal replicon activity was postulated to be inducible by
external factors, such as tumor promoters. Tumor promoters are defined
by their abilities to potentiate the activity of carcinogens in an
assay involving application of chemicals to mouse skin (Beren-
blum,1975). In suppat of this notim, he has recently shown that
tumor promoters increase the freauency of methotrexate-resistant
colmies and associated dhfr gene amplification after a single selec-
tion step (Varshavskv,1981b).

Nar-random chromcsame translocations are apparent in many human
hematopoi etic malignancies (reviewed by Rowley,1980). The cells fram
85% of patients with chronic mvelagenaus leukemia carry a reciprocal
translocati m between chrancsanes 9 ard 22. Many other leukemias
display laver incidences of different nan-rardom translacations. Of
particular interest to this discussia is the finding of specific
translacations in B-lymphocytes from patients with Burkitt's lymphoma
o Epstein-Barr virus negative acute lymphocytic leukemia. These
translacations involve the transfer of part of chromosame 8 to chromo-
same 14,2 @ 22 (Rowlev,1980). The genes far the immunoglobulin heavy
chains and kappa and lambda licht chains have been previously mapped to

chromosomes 14,2 and 22 respectively (Croce et al.,197; Ericksmn et
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al.,1981; Malcolm et al.,in press). Also, translccatims of a segment
of chranocsame 15 to the chrancsames carrving the genes fa the immuno-
gldulin laci have also heen observed in mouse plasmacytoma cells
(Klein,1981). These findings hawe raised the passibility that geres
located on chromesame 14 in humans and 15 in mice are activated by
placing them umder the influence of proficient immunoglobulin gene pro-
moters functianing in the lymrhocytes. Camsistent with this theory is
the lacalization of the human heawy chain immunagl dulin geres by in
situ hybridization to the chromosame 14 band defining the break point
in the 8:14 translacation (Kirsch et al.,1982).

Thus there exists provacativwe hut inconclusive data suggesting a
role for gere activation in the formation of a variety of different
reoplasms. Future molecular analyses, especially aldressing the
seaquences present in MMs and at hreak points in translocatians, should

clarify this hypothesis.

TJII. ENHANCEMENT

Chapter 3 describes experiments delineating the relative confi-
qurations of c-myc and ALV proviruses famnd in association with hidh
levels of stable c-myc transcripts. Since ALV proviruses appear to
erhance transcription by inserting 5' to c-myc in either transcrip-
ti nal orientati on or downstream in the same transcripti cnal orienta-
tima as c-myc we proposed that the provirus, in particular the LTR,
could act as a transcripti on modulata (enhancer) relatively indepen-
dent of its positimm or orientatin with respect to the madifiel gere.
(Other pcssible interpretati ons are outlined in chapter 3). In addi-
tion to emowing ALV with a heretofore unknovwn mutagenic activity, the

phenamencn of enhanced transcripti on may reflect a functi anal element
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comman to some eukaryotic promoters.

As eukarvotic genes are cl aned, sequenced and used for transcrip-
tian studies, the elements of eukaryotic promoters are being eluci-
dated. Galdberg and Hogness (Goldberq,1979) noted a conserved nucleo-
tide seaquence lacated approximately 30-35bp 5' to the mRNA cap site in
several genes (*). This "TATA" box was postulated to function in tran-
scription initiation by amalagy to a similar seaquence famnd by Pribnow
(1975) in front of prokaryotic genes. Deletim studies have defined a
qualitative role for the "TATA" box in fixing the transcripticnai ini-
tiation site in vivo (reviewed in Breathnach and Chambon,1981).
Another less camonly conserved sequence located approximately 70-80bo
5' to the mRNA cap site has been implicated in quantitatiwely requlat-
ing transcription in at least three geres (Dierks et al., 1981;
MKnicht et al.,1981; Mellm et al.,1981). The RSV LTR (essentially
identical by hvbridizati on analysis to the ALV ITR) contains both sets
of onserved seauences but their functimal significance has not been
tested. Another cis-requlatay element (not expected by analogy with
prokaryotic promoters) is present upstream from several eukaryotic
genes. Deleti on of sequences between 139 amd 242lp 5' to the start
site of the mRNA for iso-l-cytochrome ¢ (CYCl) in veast reduces the
transcriptian of CYCl 15 fald ( Faye et al.,1981; Guarente and
Ptashre,198l). Deleti on of sequences located 115 to 155bp upstream
from the his3 gere in yeast has a similar effect (Struhl,198l). The
mouse metallotheinein gene al.so contains sequences several hundred
hase-pairs upstream from the mRNA start site which are necessary for
efficient transcription after injectian into mouse ococytes (Brirs.ter et

al.,1982). The region starting 184bp upstream from the sea urchin H2A
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gere is reauired for transcription of this gere after injection into X.
laevis oocvtes (Grasschedl aml Birnstiel ,1980). A 72bp repeat found
115bp upstream from the start site of early transcriotian in SV-40 and
an analogous sequence found anproximately 300hp upstream from the early
transcript start site in polyama play similar modulating roles (Benoist
and Chamhon,1981; Gruss et al.,1981; Tyndall et al.,1981). Both of
these viral regulatay elements also fall within regions which, when
deleted, prohibit viral replication. These elements augment transcrip-
ti @ when juxtapcsed to pramoters fram other eukaryotic genes (Moreau
et al.,1981; Bareriji et al., 1981; deVilliers and Schaffrer,198l). The
viral and H?A modul ating sequences functim irrespective of their rela-
tive orientation to adjacent promoters (Grosschedl and Bimstiel,1980;
Moreau et al.,1981; Banerji et al.,1981; deVilliers et al.,198l). The
viral sequences will act from the 3' end of a gene and functi on over
large distances; the SV-40 72bp repeat can enhance transcription at a
distance of approximately 4kbp from the SV-40 early pramoter, the
chicken conalbumin gere promoter and the major late promoter of Adeno-
virus tye 2 (Moreau et al.,1981). The functimal attributes of the
papova virus erhancer sequences parallel the effects of proviral inser-
tins in LL tumors. Whereas the experiments with the papova virus
sequences were all carried out by artificially adjusting the position
of the enhancers in vitro and then introducing the engineered molecules
into mammalian cells, the ALV proviral inser tions represent the anly
natural in vivo example of position imdependent transcriptimal modula-
tin in ver tebrates.

In view of the structural similarities hetween retroviruses and

tramspasable elements it is germane to note that in yeast, insertims
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of the transposahle element Tv-1 are responsible for incfeased expres—
sin of iso-2-cytochrome ¢ (CYC7) (Errede et al.,1980) and the alcohol
dehydrogermase TI isozyme gere (APHII) (Williamson et al.,1981).
Surprisingly, all the inserti ons that have been structurally character-
ized ‘are upstream from the gene but in the opposite transcriptimal
aientation (J. Elder, pers. cam.). It is not canpletely clear that
these mutatimns result from an enhancing propertv of Tw1, For
instance, insertims upstream from the APHIT gene produce constitutive
expressi on of the nomally gluccse-repressible gene and therefore may
simply destroy a repressor hirding site Williamson et al.,198l).

A number of malels have heen propcsed to acocount far the activity
of enhancing sequences. Moreau et al. (1981) favor the interpretatim
that enhancing sequences act as bidirecti onal chramatin entry sites far
RNA polymerase II. This view is difficult to reconcile with elements
functi cning from the 3' end of a gere, although their experiments
employed circular molecules and thus circumvented this ohbjection. Ban-
erji et al. (1981) list a number of possible mechanisms: 1) Enhancing
sequences might favor association of adjacent reqgi ans of chramatin and
the nuclear matrix. The nuclear matrix, a proteimaceous network which
remains after detergent and high salt extraction of nuclei (Berezney
and Coffey,1974), may act as a scaffold for transcription and DNA
replication machinery (Buckler-White et al.,1980; Pardoll et al.,1980,
Nelkin et al.,1980; Jackson et al.,1981; Robinscn et al.,1982); 2)
Transcripti cnal. augmentatin may result fram a conformati cnal change in
chromatin flanking enhancer elements, perhaps by an adjustment of
nuclecsane positions. The 72bp repeats jin SV-40 normally reside in a

region of the viral gename devoid of muclecsames (Varshavsky et

.
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al.,1979; Saragosti et al.,1980; Jakobovits et al.,1980), however relo-
cation of the repeat dcoes not create new nuclecsame-free areas (Moreau
et al.,1981). Obvicusly a nuclecsame positianing effect could he more
subtle than the creation of nuclecsome-free MNA; 3) Enzymes which alter
the superheliml density of DNA have been implicated in prokarvotic
gere requlation (Smith,1981). Erhancer regi ons may functi an as recog-
niticn sites for similar enzymes or other unidentifiel RNA polymerase
I1 auxilliary protiens in eukarvotes. Ty-1 inserti ans upstream fram
CYC] represent examples of this mechanism for transcriptimal modula-
tin. The Ty-1 element adjacent to CYC] places the expressicn of the
gene urder the contral of factors which respond to the mating type of
the yeast strain (Errede et al.,1980). This type of mutation has been
termed ROAM and the augmented transcription of the mutant gene and
resident Tv-1 elements occur anly in strains capable of mating.

The malels presented above suffer from the lack of available
knowlealge describing transcription in eukarvotic cells. Further
analysis of erhancement by ALV proviruses would be facilitated if the
phenanenan could be recapitulated by intraducing claed molecules into
tissue culture cells. We have not vet achieved more than a five-fold
increase of c-myc transcription when a molecular clae of the provirus
and c-myc from LL3 was compared to a clme of c-myc alme by an assay
involving cotransfectim with HSV-TK into mouse LTK cells and selec-
tion for acquisiti on of the HSV-TK INA (see Appendix 5). Experiments
which attempt to introduce DNA into cultured cells are limited by the
available cell types and their propensity to take up DNA; ideally we
would like to study transcriptian in B-lymphocytes. Cultured lymcho-

cytes from ALV-induced tumors are an attractive system fa these exper-
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iments lut amalyses are complicated by the pre-existing high lewvels of
c-mvc transcription. Transcription of claed DNA in extracts from
these cells has not bheen attempted. In light of these camplications,
it may be important that the ASV LTR joined to HSV-TK which retains its
mtural promoter has been shown to increase the freauency of stable TK+
transformants compared to HSV-TK alme after micro- injection into LTK
cells (P. Luciw persanal com.) . Recent experiments argue against a
role fa the ITR in stabilizing the HSV-TK gene in the mouse cells o
augmenting the freaquency that DNA is taken up. However, transient
expressi on of HSV-TK is identical in the absence a presence of the LTR
when coprecipitated with calcium thosphate onto the LTK cells. It is
thus unclear in the case of the ITR whether enhancement of stable
transformation reflects erhanced transcription. If these two phenarema
prove to result from the same ITR functi m then this system would prob-
ably be more accessible to experiments designed to address mechanisms.
The papova virus erhancer elements have heen shown to augment bhoth
phenctyic transformation and transient transcription (Moreau et

al.,1981; Baneryi et al.,1981; Capecchi,1980).

IV. FPILOGUE: a speculati

Transcriptional activation of c-myc by an adjacent ALV provirus
and the transforming activity in NIH-3T3 cells of another INA sequence
from hursal lymrhomas oresent. major unreconciled observatims. The
following discussim will present a madel which attempts to incaporate
both results.

A recernt report lacalized the v-myc fusion protein, pr1o38" e,
to the nuclei of cells transformed by MC-29 (Darer et al.,1982).

These investigators also present evidence that pP110 binds INA. These
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ohservatims suygest the possibility that c-myc and its viral homologue
might encale a bifuncti cnal protein with activities similar (hut not
identical) to the recA protein faund in bacteria. The recA gere is a
component of an error-prone imducible DNA repair svstem in E. coli
(reviewed by Ralding,1981; Little and Mount,1982). Genetic analvses
and biocchemical stulies on murifiel recA protein imdicate that the pro-
tein has two activities: 1) it functions as a protease which cleaves
the repressor molecule (lexA protein) apparently responsible for
repressing recA and a number of other genes imducible hv DNA damage.
The activation of the protease has been shown to require products of
TNA damage; 2) the recA protein also functians to promote homol agous
recombimtion. My madel for tumorigeresis invoking recA-like activi-
ties for c-myc proposes that over-expressian of c-myc (or expressian of
v-myc) leads to two events. First, over-expressia of c-myc protein
exhibiting anti-repressor activity would derepress a number of genes.
The induced gere products could function to stimul ate cell division
and, in conjunction with c-myc protein, promote recombimatim and/or
mutator activity. The INA alterati ons which result from the postul ated
activities would gereticlly fix the cell into continuous divisim
thereby producing the reoplastic rhenotype. The induced inaursions on
the DNA structure allaw for continued evolution of the tumor cells dur-
ing tuma progressim.

This madel can explain the absence of activated -myc transfer in
the NIH-3T3 transfection assays. If an activated c-mwyc gere were
transfered then both the induction of TNA "repair" or recambination
enzymes follawved by alteration of specific DNA sequenres would be

required for ampearance of a focus. These events would gererate foci
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at lover freaiencies than transfer of an alreadv competent transforming
sequence previously gererated in the primary tumar. It might be
expected from this arquement that morrholagical transformation of mam—
malian cells by v-nwvc DNA would be less efficient than transformatim
by v-src DNA since expressia of pp60%- —< is sufficient for the ini-
tiati on and maintemance of the transfomed thenotvpe. This expectation
has been verified in experiments comoaring the transforming potential
of cloned MC-29 and RSV TNA (P. Luciw persconal camunication) and com-
paring DNA from MC-29 and RSV transformed chick embryo fibrobl asts
(Copeland and Cooper ,1980). However ore published repat claims a high
efficiency transformatian of NIH-3T3 cells using claied MC-29 viral. DNA
(Lautenberger et al.,1981). This discrepancy remains unresolved. Also,
MC-29 and RSV infecti on of chick embrvo fibroblasts proiuce transforma-
tion with similar freaiencies, an ohservatim at variance with mv pro-
pacsal.

Camlete identity with recA need nat exist. In fact, inmduction of
the wild-twe c-myc locus in MC-29 transformed cells and in ALV
transformed lymphocytes orohably does nct occur, whereas recA protein
is knan to imduce the recA gere.

A number of further predictions can be made. The madel proposes
that v-myc expression is necessary for initiation but nat maintemace of
the transfommed vhenotype. This idea can be tested by isadlating an
MC-29 virus which is temperature-sersitive (ts) for transfomatian. If
the predictian is valid then the mutant should be defective for
transformatian when infection is carried out at the nm-permissive tem—
perature but not when infection is perfomed at the permissive tempera-

ture and then the temperature is raised. Unfortunately, since mainte-
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nance of the transformed phenctwe is oredicted to he inmdeperdent of
v-myc expression, standard procedures would nat suffice to isolate a ts
mutant. Isolatian of a ts transformation mutant, althouwgh tediaus,
ocould be attempted hy mutagenizing an MG-29 stock and alding wild-type
helper (to avoid picking up replicatim mutants). Supernatants from
isadlated foci produced by infectim with this stock at the permissive
temperature coul.d then he tested for ts transformation oroperties by
infecting cells at either the permissiwe or nom-permissive temperature.
This procedure woul.d prove unnecessary if MC-29 mutants were ts for
both initiati on and maintemance of transformatin. Existence of such
mutants would refute the molel. Tumors from MC-29 infected chickens
are expected to be clonal. because the genetic events necessary to fix
the cell into a neoplastic state would most likely occur at relatively
low frequencies.

This model also introduces enzymatic activities (such as protease
activity) that can he assayed cnce either v-myc or c-myc proteins are
identi fied and purified. Incentives are also defined for isalating and
characterizing geres induced during tumorionesis by MC-29 and ALV.
Tissue-culture cells transfomed by MC-29 present an attractive system
for this tye of emleavor amd are perhaps preferahle to RSV-transformed
ceils since the geres induced by v-myc are potentially necessary for
same step in transformatin whereas m60% —< is sufficient for both

initiati n and maintemance of transformatim.



192
REFERENCES
Barerji, J., Rusomni, S. and Schaffrer, W. 1981. Cell 27,299.
_ Benoist, C. and Chambon, P. 1981. Nature 290,304.

Berenblum, R.W. 1975. In Cancer: A Camprehensive Treatise Vol.I. ed.
F.F. Becker. (Plenum Press, N.Y.) p.323.

Berezney, R. and Coffev, D.S. 1974, Bicchem. Biophys. Res. Camm.
60,1410. :

Blair, D.G., Oskarsson, M., Wood, T.G., McClements, W.L., Fischinger,
P.J. aml Vande Warle, G.G. 198]1. Science 212,91.

Breathnach, R. and Chambon, P. 198l1. Ann. Rev. Biachem. 50,349,

Brinster, R.L;, Chen, H.YA., Warren, R., Sarthv, A, ard Pé]_miter, R.D.
1982. Nature 296,39.

Buckler-White, A.J., Humrhrev, G.W. and Piqgiet, V. 1980. Cell 22,37.
Canecchi, M.R. 1980. Cell 22,479.

Casey, J.W., Roach, A., Mullins, J.I., Burck, K.B., Nicolsm, M.O.,
Gardner, M.B. ard Davidson, N. 198l. Proc. Natl. Acad. Si. USA
78,77 8.

Chang, E.H., Furth, M.E., Scolnick, E.M. and Lowv, D.R. 1982, Nature
279,479.

Cden, J.C., Shank, P.R., Morris, V.L., Cardiff, R. amd Varmus, H.E.
1979. Cell 16,333.

Cooper, G.M. and Neiman, P.E. 198). Nature 287,259,
Cooper, GM, and Neiman, P.E. ‘1981, Nature 292,857,

Cooper, G.M., Okenauist, S. and Silwverman, L. 1980. Nature 284,418,






193

Croce, C.M., Sharder, M., Martinis, J., Ciaurel, L., D'ancona, G.G.,
Dolby, T.W. and Koprowski, H. 197. Prac. Natl. Acad. Si. USA 76,3416.

DeFeo, D., Gonda, M.A., Young, H.A. Chang, E.H., Lowy, D.R., Scadlnick,
E.M. ard Ellis, R.W. 1981, Prac. Natl. Acad. Si. USA 78,3328.

Der, C.J., Krontiris, T.G. and Cooper, G.M. 1982, Proc. Natl. Acad.
<i. USA 79,3637.

de Villiers, J. and Schaffrer, W. 1981. Muc. Acid. Res. 9,6251.

Dierks, P. van Ooven, A., Mantei, N. and Weissman, C. 1981l. Prac. Natl.
Acad. Si. USA 78,1411.

Dolnick, B.J., Beremson, R.T., Bertino, J.R., Kaifman, R.J., Nunherqg,
J.H. and Shimke, R.T. 1979. J. Cell Biol. 83,394.

Dmner, P., Greiser-Wilkie, I. and Mceelling, K. 1982, Nature 296,262,

Dur han, E.M. and Boettiger, D. 1981. Prac. Natl. Acad. Sci. URA
78, 3600.

Erickson, J., Martinis, J. and Croce, C. 1981, Nature 294,173.

Errede, B., Cardillo, T.S., Sherman, F., Dubois, E., Deschamps, J. and
Wiamne, J.M. 1980. Cell 22,427.

Eva, A., Robbins, K.C., Arderson, P.R., Srinivasan, A., Tronick, S.R.,
Reddy, E.P., Ellmore, N.W., Galen, A.T., Lautenberger, J.A., Papas,
T.S., Westin, E.H., Wong-Staal, F, Gallo, R.C. and Aaronson, S. A.
1982. Nature 295,116.

Fave, G., Leung, D.W., Tatchell, K., Hall, B.D. and Smith, M, 1981,
Prac. Natl. Acad. Sci. USA 78,2258.

F\nq, Y.K.To' Faq]-V' ACM.' Crittenien, L.B. a!’ﬂ Kmq' H.-J’o 1981. P].'(I:.
Natl. Acad. Sci. USA 78,418,

Fung, Y.K.T., Faily, A.M., Crittemlen, L.B. and Kung, H.-J. 1981,
Virolagv 119,411.






194

Georae, D.L. and Pawers, V.E. 1981. Cell 24,117.

George, D.L. amMd Pawers, V.E. 1982. Proc. Natl. Acad. Si. UsAa 79,1597.

Galdherg, M.L. 1979, Ph.D. thesis. Stanford Universitv.

Goldfarb, M., Shimuzu, K., Perucho, M, anmd Wigler, M. 1982, Nature
296, 404.

Graf, T., Bewy, H. and Havman, M.J. 1980. Proc. Natl. Acad. Si. USA
77,389.

Grosschedl, R. and Bimstiel, M, 1980, Proc. Natl. Acad. Sci. USA
77,7102, ‘

Gruss, P. Dhar, R. ad Khoury, G. 1981. Proc. Natl. Acad. Si. Usa
78,943,

Guarente, L. and Ptashne, M, 1981, Prac. Natl. Acad. Sci. USA 78,2199,

Hartley, J.W., Wdford, N.XK., 014, L., Rowe, W.P. 1977. Proc. Natl.
Acad. Sci. USA 74,782,

Hayward, W.S., Neel, B.G. and Astrin, S.M. 1981. Nature 290,475.

Jacksan, D.A., MCready, S.J. and Cook, P.R. 1981. Nature 292,552,

Jakobovits, E.B., Bratosin, S. amd Almi, Y. 1980. Nature 285,262,

Kaifman, R.J., Browmn, P.M. ard Shimke, R.T. 1979. Prac. Natl. Acad.
Sci. USA 76,5669.

Kettmanmn, R., Cleuter,;, Y., Mamerickx, M., Meunier-Rotival, M., Ber-
nardi, G., Burny, A. and Chantreme, H. 1980. Prcc. Natl. Xcad. Si.
usa 77,25717.

Kettmann, R., Deschamps, J., Cleuter, Y., Cauez, D., Burny, A. and Mar-
baix, G. 1982. Prac. Natl. Acad. Sci. USA 79,2465.




195

Kirsch, I.R., Morton, C.C., Nakshara, K. ard Leder, P. 1982. Science
216, 301.

Klein, G. 1981. Nature 294,313.

Rovacs, G. 199. Int. J. Canc. 23,299.

Krontiris, T.G. ard Cooper, G.M. 1981, Prac. Natl. Acad. Si. USA
78,1181.

Lare, M.A., Sainten, A. and Cooper, G.M. 1981, Prac. Natl. Acad. i.
Usa 78,5185,

Lare, M.A., Sainten, A. and Cooper, G.M. 1982, Cell 28,873. USA
79,3637.

Lautenberger, J.A., Schulz, R.A., Garon, C.F., Tsichlis, P.N amd Papas,
T.S. 1981. Prac. Natl. Acad. Sci. USA 78,1518,

Ieder, P., Max, E.E. and Seidman, J. G. 1980. In Pragress in Immunolagy
IV. ed. M. Fagereau and J. Dausset. (Academic Press, London) p.34

Levan, A., levan, G. and Mittleman, F. 1977. Hereditas 86,15.
Little, J.W. and Mamnt, D.W. 1982, Cell 29,11.

Malcolm, S., Bartm, P., Bentlev, D.L., Ferguson-Smith, M.A., Murphv,
C.S. and Rabbhitts, T.H. 198l1. In Human Gene Mapping Conference IV.
(Nat. Found. March of Dimes, N.Y.) in press.

MG rath, M.S. and Weissman, I.L. 1978a. Cold 33r1ng Harbor Conference
on Cell Proliferation 5,547.

McGrath, M.S. and Weissman, I.L. 1978b. J. Virol. 28,819.
McGrath, M.S. amd Weissaimm, I.L. 1979. Cell 17,65.

McKnicht, S.L., Gavis, E.R., Kingshurv, R. amd Axel, R, 1981, Cell
25,385.






196
Mellm, P., Parker, V., Gluzman, Y. and Maniatis, T. 1981, Cell 27,279.

Miller, O.J., Tantravahi, R., Miller, D.A., Yu, L.C., Szabo, P. and
Prersky, W. 1979. Chramosama 71,183,

Morean, P., Hen, R., Wasvlvk, B., Ewerett, R., Gauh, M.P. and Chanbm,
P. 1981. Nuc. Acid. Res. 9,6047.

MLlrIa‘_/, M.Jo, Shi].o' B.-Z.' S]’lih’ C.' Cmim' Do’ HSU, HoWo am Wein—
berg, R.A. 1981. Cell 25,355.

Neel, B.G., Hayward, W.S., Rohinson, H.L., Fang, J. and Astrin, S.M.
1981. Cell 23,323.

Neiman, P.E., Jordan, L., Weiss, R.A. and Payne, L.N.. 1980. Cold Spring
Harbor Conference on Cell Proliferation 8,519,

Nelkin, B.D., Pardoll, D.M. ard Vogelstein, B. 198). NMuc. Acid Res.
8, 5623.

Noori-Dalaii, M.R., Swift, R.A., Kung, H.-J., Crittemden, L.B. ard
Witter, R.L. 1981, Nature 294,574.

Nunberg, J.H., Kaufman, R.J., Shimke, R.T., Urlaub, G. and Chasin, L.
1978. Proc. Natl. Acad. Sci. USA 75,5553,

Oskarssm, M., McClements, W.L., Blair, D.G., Maizel, J.V. Varde Woude,
G.G. 1980. Science 207,1222.

Parada, L.F., Tabin, C.J., Shih, C. Weinberg, R.A. 1982, Nature
297,474,

Pardoll, D.M., Vagelstein, B. amd Coffevy, D.S. 1980. Cell 19,527.

Perucho, M., Galdfarb, M., Shimizu, K., Lama, C., Fogh, J. and Wiqgler,
M. 1981. Cell 27,467.

Pribnav, D. 1975. J. Mol. Biol. 99,419.

Pulciani, S., Santos, E., Lauver, A.V., Iang, L.K., Robhins, K.C.






197

and Barhacid, M. 1982, Proc. Natl. Acad. Si. USA 79,2845,

Purchase, H.R. and Burmester, B.R. 1978. In Diseases of Pailtry. ed.
M.S. Hofsal, B.W. Calneck, C.F. He'mboit, W.M. Reid and H.M.Yoder.
(Tova State University Press, Ames) p.418.

Radding, C. 1981. Cell 25,3.
Robinson, S.I., Nelkin, B. and Vogelstein, B. 1982, Cell 28,99.

Rovley, J. 1980. Ann. Rev. Genet. 14,17.

Saragosti, S., Movre, G. and Yaniv, M. 1980, Cell 20,65.

Shih, C., Shilo, B.2., Galdfarb, M., Dannenberg, A. and Weinherqg, R.A.
19. Proc. Natl. Acad. &i. USA 76,5714,

Shih, C., Pathy, L.C., Murrav, M., and Weinherg, R.A. 1981l. Nature
290,261.

Smith, G.R. 1981. Cell 24,599.
Steffen, D. and Weinherg, R.A. 1978. Cell 15,1003.

Struhl, K. 1981. Prcc. Natl. Acad. Sci. USA 78,4461,

Tvndall, C., La Mantia, G., Thacker, C.M,, Favaloro, J. and Kamen, R.
1981. Nuc. Acid Res. 9,6231.

Varmus, H.E." 1982. In The Molecular Biolagy of Tumor Viruses. Part III.
RNA Tumor Viruses. ed. R.A. Weiss, N. Teich, H.E. Varmus, J.M. Coffin.
(Cald Spring Harhor labhoratay, N.Y.).

Varms, H.E., Quintrell, N. ard Ortiz, S. 1981. Cell 25,23.

Varshavskv, A. 198la. Proc. Natl. Acad. Sci. USA 78,3673.

Varshavskv, A. 1981b. Cell 25,561,



198
Varshavskv, A.J., Sundin, O. andl Bohn, M. 19. Cell 16,453,

Westin, E.H., Wona-Staal, F., Gelmann, E.P., Dalla Fawera R., Pamas,
T.S., Lautenberger, J.A., Eva, A., Reddy, E.P., Tronick, S.R., Aaron-
san, S.A. and Gallo, R.C. 1982, Proc. Natl. Acad. Sci. USA 79,2490.

Williamson, V.M., Yang, E.T. and Ciriav, M. 1981, Cell 23,605.



-y v B J

o TR N vadll '(,J() S q-\\ 7/6 "7(/‘0[ A JA\\.@’ A

]/I ! S"\\ : 04?1' \‘*V 3 é\\ 1, &
L) R AT nlxzrﬁ/? 5 , 4 o
7 .u D S 7@/— TUCISCo Sy ”5“ & 5 v francisco S, 0,
o > Yo o % S %
L" ; :"«‘\\\ C:'_‘] /)1:). L I B P\A R,Y QO 0‘: m 5 /)" 7/ (j.\\‘\ Ej v*/)& L ' B KA \,Y \)\,‘:‘Q* = PJ}/}

C

C i o~ X &
:js.\’“‘"\\‘ AYVIGIT 01%1}', [:j A\\\A / C q’(’f Cj.\qﬁ‘\* AYVY g l'] l::] »\\‘ (7 [ C C’(a

N [ IS

. N N
o o] y 1/) N 1, & Y 7/1, B
B s ﬁ/?/ ﬂ? S 7{3/21-“ UICISCO ;\;"2, 0212UV-Lf 1t ,SD < %, q?i/ﬁl/u‘ $o
//»(. /7 ,\" "() S .\
s, S Y7 N _ > % &
r—' ’)—( /) N E:j /)A:)JLIBP\ARY ,\»\\ [: ] f,/, 7/Ly C] )‘,’ LIBP\ARY ;""\‘

~

S N ) ,A 2 <
(8 ..\_A o+ A o) l , &) 0 a‘c
O . CC L»\“ AYVYIIT % E:‘]y‘\ “UC «,(/() A@‘ A‘d VY11 %, L] &€
/) < 7 A
e e d® 0 4, & f, & W o
S 0 4 0. mw._L/ WY 5 5 ) e ) f &
JACISEO o', . Z,’, & 3 7(1/77:1/1(1&‘0 1; OIS ULLf s I:S? v ng.q
: AST //?‘ / S \..\\ ’/[‘ ,.&T‘ ; 4 «
\A R,Y \\\%_b — {)J'/ by 17/ z-_.’ (})\\ [t:] ( "/)L:) L | B [LA RY \\\‘."5 = (:{:P//.J 9 / 7 9y (Jb\\\' Cj ()‘///b\) L
Ne) LD (o) . & o Re § EYJ Op X l E
' -‘.A’ > | l K 7 O o | , L 2
& TUC T, VNI, Cj TUC oS yvvEn
,1,/ Q“\ " ) 4:1/ x‘\\\‘ :
S W francigeo &, 0XSI2E.Lf U1t S Cyzgﬁm(mv O J)’um’ﬁ/;z S‘
: . NG,

& . b
:jo,,% LIBRARY ’ﬁ\«c ] q,% 7 IY ‘\&C]O’/ % LIBRARY a‘éﬁ[_j%”f 7 i f.

(9)

JO (..\ In »\' %
* G Y © ~ »-\
g E:J 3 R K [J—]s AYVY G % ij B g “, C3 A5
g? 7/1 &‘ 043’2 S o) \\'x /(/ O &
L, A N 500 .)mr‘/l/z) ’ 4, & 5
S 7{.//;77/1 a0 ¢ N \H 73/77-1 meigco & 3 G
' “, & - R & % 2
]L’ ‘(Ly-\\‘ l::j /)I’o LIBRA p\Yﬁ\,\"’—\ . "J‘/,} 9/7 ‘;‘pi E:] Z.. LB RA RY \<—, E:j Q:)./)
C o L‘r"J 3

G4 O b
e LIVUgIT %, [::]»\“{' “UC “, Ej‘y\‘* VUG % E:] C‘UC %,

& > , O & c
‘\)"5‘ 0.7‘9/ 71/1ﬁ ..4.“ S, Pr— . 1,1 0\‘ o) ’!\ 10 {\ 2
o, b " 1'73/712//(15(0 e o HE 5’ A [Tancisco
% 7/ 5 \" %, & 7 7 «, , % ,.
— ", [::-] o,, LIBRARY 5, %, LIBRARY
B B L™, :l’ o
> \‘:: ”« & G ~AA 4 A5 :
'C (,f‘)f:, S kL /r&’v & & / C' I(/f% -»9\’\\ AUVHEIT (%, '::j\. & ’
I P 0281211 ﬁ S ) 4 ve ,ﬁ/" 1 &
“ncifeo . S g Al w francigco L, OPPUL U \’i Z; ) 4
\~.~ 1, &
AP\Y ) %, ,7/ ) ‘\\\o e ’«% LIBRARY p\%s f% 9]2 3 »\‘ [t] %%, L
[¢) ‘“ E : ] ) Q¥ 0
,\-‘. & A ) i (\ & o
& e, LI " auvwar %, LA ¢ Y CJ o aavwan %,
5 — 7y & 0 1,4 tc %, & K
il ~INCE e il SIoup. 94 2N :
17,& Z’Jﬁ”’ U S e D & S U francisco oo, OBPULf A%
¥ 1 ™ " Cﬁ- 1

%, LIBRARY d\\‘c"[:] ‘f% 0/ 2 ;:»[:3 it ,\S‘ W O §"
21917 ”J:, \q.c,\ /C' ‘l(/po 3\&‘\‘ A‘\dwglj /,J‘ \q:\\ CTZC o,( \‘\\Q e

9 R

1, N P i T, 8 _
A0G 35, Swfrucss 5 LBE G Gy, 0
72 \a}\\‘“ [jj%"o LIBRARY Q@“ . £ ‘77 \«0 [:]%,b LIBRARY Q@*‘E:J @,

i S o
j\\é\\v AUV dI {/’J L?:l ;\“Q C‘Z /C Of(\"(,, c:’ @éo“ AVVY g '_]’04%& [::J \\\ o {C’ /(\”q
= 0811 Lf 1 ’) *“h ; Uﬁ"«z 0‘“\“& BRI B, K B 3 . ,
< L S N CSV WL JTanc sco “\?‘(’«1 SIS 2 S \\ 5, 5 Ii[f/",{/[(‘]Jfa

: \ & 4, ‘
9] L) \o‘.\\c,“[::j‘-)&,b, LIBRARY Q(,"”\\\ e ”ﬁ.//}.() /)] L A\\\(._% [_::J Q{/’/:,/ LIBRARY \"\\\
r"j (e} c L"“J - 7 (&) == <C
— & yvuei Ty, S R UC % [ & xyvuain “, L 18
e~

T b ‘7, N ", =~




L

{

e
<, /}l

- - 7, L— O —~— «, \’: SeTN =3 . (“ - ~
| N — o < CL/(7 e, L. ',\\\\ AUVY u l'] ’l/‘@, — & C‘Z /(/’ "o l AUN

)
. Y ““" 7 N ! Iy % '_’t"
2D oS (;' b, & RRYAN/S / [ 2 S S IR RRLVANTS
Y v b WL {: "/7 i 'L\‘ kY B2 b s C N2 I ENAYYY S ’
& 3 =~y ’ Ty S 1, o
< 3] A “, - 8] > %
5 ' :}\\ S //)I--. Lit} ;\A P\,\' \\\“-5 Lir_ 1 v, 7/ ‘, ) ‘5\\ rJ__J //,L L1} [) l\/\ RY \.\\“-ﬁ g 4.\,‘,/' ‘ »/
o~ ‘_)_,] Y, - .—-J l(g, H,\\' . .L_rJ L_r‘J O, [‘
1 .y (™ l l N -1 . (e
e . SIAY u1 ‘1 Yy, -7 / !
’ , U1,'1 \;\ L (/‘ .

Rz - {

1,
19 -.\“.. -y VRN Y i 1/ A v ’
U”.'.)f/" /,1/)1/? 72 \ B o g RRAVANIINE .rm ” = x - :
o I~/“ ~ “/[; 17011¢ [Q‘ J ‘\v~ ‘;_'; ‘\ L {/[ 7 [:.L R B

\

-

‘7/ 1—’ \\.;f“ ["“]' LIBRARY ,JVL J 7/,7.; r-j L LIBRARY STy
- 7

‘e . \,: . Ev’ ) —- s —
o e . s l ~ [ , 'f' L. ,,J ~
U N - ‘. .\\ - . g —~—
L O N TR B e N * VYU st
oy 5 7 N {r , l (/ N L‘
* ~ - > 7. N .

& v v N - , : - Rt
. KA A [dQ by N D o o) '.’/2'\? o N 7
. . . - 4 - Ry . .l - N *
{ .ys L-) 5\ ’./1 5 N\'\‘ 51.1 R .A[:'!//-,’ ,‘/!( !L"L ~) N\\ ,//. ! —d o N\r 1~/' L of / A
E R - . !

5 D v s ARY &y, /e \\\3‘m*f¢/ L;‘r‘:
LJ /1 AD ‘:}L'? r::] y ’ - . L_. ~/ ‘[_ _:l--r D T 1’“’,() ’
‘AZ/C ('1(’1,[*“']3‘-\\\ Ynur b ‘7/(7 VYU G b

1 ~ '-" s '/l,
':./‘i\;?\ ‘7 /‘)’171/1 f) ‘;\'T. «\.V ’ ~ygp g s 1‘/ ‘\ ()781 )11'1’[ I/'“A ’1/"
7[// /I‘V!/ \‘{"(/l S 2 -1./ _.{1/1 /“I[L[L‘LL) \‘.\-// <t de - 14 \, .
r“"ﬁ 4 S vi N ’\‘._\‘ 1/1 P 7 ~ =
< . § s J A ~ )
. LIBRARY & [ S, “ r—- ',«,, . LIBRARY ”\o‘ l-—f—l %, .7/ —?
/ - ,..J Op ¢

‘0 - S [—"—] L - - l |
7, L‘j N el el (:l' 4 ’ 2Nt / “J \\‘ ? Y )
17 O \‘;) [ L/C/ G Loas S\\ /k be AVARS | b '_I <) u < /C (r, e
7 g O -
~ Ty N 4 he) \ 4
R g 1 3 N
Y S *? RO YRITINY &7 mp{) ", ] SRR S IV
\ Y*\"‘ 17‘ [ 01/!/ e [L“ ) RS : N\“ th l/’ Ml ’( Y S
& s o (7 8] & R ’
& <, on “, )/ S s oy
s ) .‘,\\ [j ,/I-) L I L‘ Y \\\. — ‘//;- :‘r\ [_A_) /)1_) L ] B p\A RY Q\” Lr - .1//’ . /
,;\' ' ) s O r—"-] N —— s —r ¥ . -
~ 1 D [ N . - 1, L"J e o
2 AN IR ’/yy E:jﬁ\\\ ¢ -,-/ 7 fo, AT S XV U s, N Tt o, ©
o ) ¢ “1';1, o~ ((

// - R .
1, Y - Y :
) 7\/)1;[7!?}, “) ) ~..\ ‘S / i D \7_\’1’,‘1/11’/17" /, <& ‘S . - . -y .
N "1_ A [0 CICo N (\ L, . n.[/ RZAEATE K
S & RN i s

.
2" vy,

()

o s 8 ‘m')”»,-.‘) LIBRARY A\i“\\\:\ﬂ:_]‘ “, N, & r::]&( LB RARY &

e r-‘——' ,\g:v b "u' E:J “ r-l-] A\." - : T [T a7 (-
(. e - 1, M e ) 7 - —
b Lo S AYVUYIT T/ Lo & Ayvy Y L S
o - - Y& 2 + ~ 7 S L
|3 - - , — 2 o\ .
by & RAANVRIIVN RV UR 1’)_\‘ by & RRIVRIIIN] /’H’ N by &7 O T
I N - -k N -tv'l 7NCLTO S R S A =k ‘\
AL S o7 S AR Y = R N
AN ‘o ’ i 3 NS . ‘7 p "
S () )/ha N [‘"} 7, LI RARY & [ ", e \\‘ Lm:‘
RS O, [.._ ~T e 9’0 _‘—‘] st ,—J ‘o, -] L
S '// G T 2 VVUUIT Dy I /C Y b ;"‘ YWY dUl'] -
+ ~v .5- . ‘ o < 7y
1, o v 1, ) N .
I 7N L’-’.‘[ ),/) 3 ~ : T.—. o) s ‘l_\) Y Y *)Y /l o) N to
“,l f7- NCIseo &, Z: 3 . LTG0 v e, 0. -‘v’“;fj UG
e 5 ~ &~ ~ ~ o
L LIBRARY & ‘% 2, .:? o, 1R & e A N
’,‘: AN LA '.-'“\\ Lr _J 2 / o [ - "‘] “ LIBRARY i E’” , ¢ / —~ [
= N (¥ St >

» ~ R [}
‘0 r Vs [-‘——l N bt 5 i . Y :
: ) L, \\\ i ("/ ‘f': YLV b’// L..—J \\*" ey - (::' r S EYEW
1 . v /C (N AUvydIl KON N L < L BN AU
. 7

o
N

T ] SRS 1, 3 X o ’ i =
FEYAN RN Z-‘ g <N AL 1,)1',",_//17 D 7R A 5.
L\' ._:\f“ 17'1 S ]r [/ sl.’]( [:H 0 \_:.\\ (/I ! 4 Ib ,*\“’.. ;./l ~ ‘{/[ ] ‘/1(761 \‘_\\ (’/1
"h , S i 77 a ) P
S Y T RARY Sy, /1 S LIBRARY & LJ o
\\ ™~ 7, A a'?{v [‘J"] - JU‘! ) <’ p—— - *I r
S AUVUUI «:,/L-’J N ~“"f/(/ e AU “Uun “, L& s e )
™ 2 w ‘ ,/ a7 v
. b N 1 "‘ -1 N
RS ’az’/('l'/zf D 7y O S pY s NS ~.
‘ } 5 L’l' \ 17 1501 l‘\t R ol e [/1 \‘ \‘_\\ ¢, S‘J/’ 153000 C Ik'u g o
. ‘ & o~ =

-
QD
‘/
~
e
L
.

K

1,

e \\\-—.*‘*r,_]”«% LIBRARY & E:qu}" I s [_k.]‘ " LD RARY

(o}
A 7

2y & . o ¥ o 7]
r _] e - 7, N 2 < [ e ~ 7,
R CNIANI Yt e N o~ , s , U_a_) N L MN/NM Y1 /o








