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ABSTRACT

ONCOGENE COOPERATION AND CELLULAR DIFFERENTIATION IN
THE IN VIVO AND IN VITRO TRANSFORMATION OF MURINE PRE-B CELLS

By
Shu-Chih Chen

An in vivo and an in vitro model system were used to study oncogene
cooperation which presumably occurs in multi-step tumorigenesis. Both model
systems involved transforming murine B cells using the Whitlock and Witte culture
system in combination with tumor challenge. In the in vivo model system, c-myc
gene activation was found in tumors derived from a v-Ha-ras cell line. Two tumors
possessed a MOMuLV provirus integration immediately upstream and in a reverse
transcriptional orientation to c—myc. Elevated expression of c-myc was found in
these two tumors and another two tumors with no gross gene alteration. This
finding parallels the synergy of v—Ha-ras and vmyc observed in the in vitro
transformation of murine B lymphoid cells and validates synergy as a model for in
vivo tumor progression. The insertional activation of the c-myc gene by MoMuLV
in B cell lymphomas is novel. The flanking region, bonc-1, of one of these non-c-
myc tumor-specific viral integration sites was characterized. Sequence homology

to this locus was found in other mammals, and chicken.



In the in vitro model system, IL-7, a pre-B cell growth factor, was found to
be incapable of cooperating with the v-Ha-ras oncogene in inducing a fully
transformed phenotype in murine B cells. A discrepancy between the oncogene
cooperation in a co-infection procedure and a sequential addition procedure was
found. The clonal nature of the cell lines generated from the coinfection procedure
suggests the selection of additional oncogenic events. The oncogenic potential
of IL-7 expression, in itself, and those of other genes are probably best assessed
in well-characterized individual cell lines.

A"lineage switching" from v-Ha-ras transformed pre-B cells to "macrophage-
like" cells was also found in this study. These pre-B cells have gained the capacity
to effectively present antigen in an MHC-restricted fashion. These cells have also
rearranged their kappa light chain immunoglobulin locus, suggesting that
macrophage differentiation and immunoglobulin rearrangement are not mutually
exclusive processes. The existence of both lymphoid and myeloid characteristics
in a cell suggests greater plasticity in hematopoietic lineage commitment than

conventionally thought to be the case.



TO MY MOM AND DAD

iv



ACKNOWLEDGMENTS

I would like to express my deepest appreciation to my major professor, Dr.
Richard Schwartz for his direction, encouragement, and patience during my years
as a graduate student.

| also would like to thank the members of my committee for their guidance
and invaluable time, Drs. Jerry Dodgson, Susan Conrad, Michele Fluck, and Lyman
Crittenden.

| thank Diane Redenius for her technical assistance and friendship, and
James Bretz and Timothy Weichert for their companionship. They and Rich have
taught me lots about American culture and made my stay in Michigan State
University fun and colorful. Thanks are due the members of Dr. Dodgson’s
Laboratory for their generosity in letting me share equipments and materials.

Last, but not least, | want to thank my parents Mr. S.C. Chen and Mrs. H.F.
Tsai, my sister H.H. Chen, my brothers Y.S. Chen and Y.Y. Chen for their endless
love and support. Thanks are to all my friends, especially H.-C. Li, in East

Lansing, too. With them, life has been delightful for the past five years.



TABLE OF CONTENTS

Page

LiSt Of tADIES......cco ot e e e s ee e s e s nea e e snns viii
(I Qo) (o [UT - SR iX
[[g] (goTe (¥ o1 oo RO PRSP 1

REfEreNCES. ..ottt e 4
Chapter 1 Literature review

1. Tumorigenesis is @ Multi-Step ProCess..........ccccevvvvvvrmreenreneeereneens 5

2.1 The search for genes that are involved in tumorigenesis.............. 8

2.1.1 Identification of cellular oncogenes by DNA transfer experiment..8

2.1.2 Characterization of viral flanking regions...........cccccccceeeeeececcvnnnenn. 11

2.1.3 Molecular characterization of chromosomal aberrations.............. 15

2.1.4 |dentification of new oncogenes by homologous recombination..18
2.2 Experimental models for transformation and tumor progression..19

2.2.1 Use of animal model versus human models...........ccccceevveeererennnne 19
2.2.2 Use of in vivo versus in Vitro SyStems...........ccccceceeeeeeervrnneeeeeenennns 20
2.2.3 Model systems used to test the oncogenic potential of
ONCOQGENES.......uuuuuiinriiiireieeeeeieteaaeeeasenanssnsrrnsrenseerrerareresaaareeeeeeaesnses 20
2.2.4 Model systems used to study tumor progression................c....... 22
3. Multiple genes or factors that are involved in B cell
lymphomas/leukemias of human, mouse, and avian................... 24
3.1 Human B cell neoplasia.............cccccereeeeccmiiiiiiirccrinnreee e seceeeneeenn 24
3.1.1 Burkitt lymphoma..........coccciiiiie e 24
3.1.2 Other human B-cell leukemias and lymphomas.........ccccccccceeeuuneen. 30
B-cell chronic lymphocytic leukemia.............cccccoeveiiiiniiiiiinnniiianes 30
Follicular lymphomas...........ccceiiiiiiiiiiiiiiiieccccccercccceeeneneneseeeenne 33
Pre-B cell acute lymphocytic leukemia............cc.occceiriiueiiniinneenn. 34
3.2  Murine plasmacytoma........c.ccoevrmrieriiniiiiireieeeereccenrereee s s senneenes 35
3.3  Avian lymphoid IBUKOSIS...........cccereerreiiieieiiiiiiree e eeccieeeeeseenes 39
3.4  In vitro transformation of murine B cells............c.cccovviiiiiiiiiiinnnans 42
Literature CIOd............ccooriiiieieicccrtee e e e e e reeee e e e e e e 48
Chapter 2 Tumorigenesis of a v-Ha-ras-expressing pre-B cell line selects
for Cc-myc activation...........cccccueeeireriirnreeeercccrrrrreee s csneneeeesesessnnnns 61
ADSITACL. ...t e e e e ananaeaes 61
Materials and MEethOAS...........cooviiiiiiniiiitreer e e e ssanes 62
REOSUIS.......cooiiiiitee et re e e e s s e s s nreeseesssenssnnns 62
DISCUSSION.........ceiiiiiiieiicciittee ettt e e eee e strre e e e s e e s rrrre e e e e s e s s s snneaeeessssansnnnns 66
REfEreNCeS........cooeiieeeeeeee et 67



Chapter 3 Cloning and characterization of a viral flanking region
common to B lymphoid tumors derived from

a v-Ha-ras infected pre-B cell line..........cccocooiiiiiiiiiiiiniicieceee, 69
ADSITAC. ...t e et e e e e e s e e e e e raeaanarn e aaaaaras 70
[[g1(goTe [WTox ([ o HN TP 71
Materials and MELNOAS. .........oieieeeeeee et eeeeeeteesesensennesanns 73
ROSUIS.....ceieeeiee ettt e et e e e e e et e e e e smaeseessnnaanssennasnnes 76
DS CUSSION. ....ceieeiee et eetteeeee ettt reeseereeneeseeaenneseseranasssesennnsssssennnessennnn 85
RBIBIBNCES..........eoieieeeeeeeeeeeeee ettt ee e ettree e ettt e s estesseseeeassesessasasseseens 87
Chapter 4 IL-7 expression in a v-Ha-ras transformed pre-B cell line is not
sufficient for tumorigenicity: differing assessments in
clonal versus heterogeneous populations...........ccccceeveeienireneeeenenennn. 89
Y o 1= (- Lo GO 90
[[g1(goTo [WTo: ([ o FHUNUUR TR 91
REBSUIS.......oeeeieeeee ettt ettt et et e et s eeaeestanesesssessannsssnsessennases 93
IS CUSSION. .....ceeeeeieeeeeeete ettt eeeeeeereeeeensesseeneeeesnneseensssannsrseanessessesernnnsens 107
Materials and MEthOAS..........ccouiiiiiiiieeieeee et e eeaaaees 109
Acknowledgement..............occuiiiiiiiiiniier e 112
REBIBIBNCES. ... oottt ettt e et e st e e tnssanasanseessssnsessssssnsssnssennn 113
Appendix A Lineage switch macrophages can present antigen......................... 115
- 031 (- Lo ST 115
[ [ 1(0 o [UTox i [0 o TR 116
2 (= U] TN 117
DS CUSSION. ... ettt ettt e et e s e e et e sene s et e eanesesnsennsennsesnsenns 135
Materials and MEthOGS. ........cc.uiiiiiceeeeeeecee et eeeeneeraneesnnns 136
ACKNOWIBAGEMBNL..........coeeiiiieiiiiieeieeeeeeereeceeee e eeeeese e e e e e eeeeeeeeeeesseeasaeees 141
REFBIBINCES. ......ceveniiiiee ettt eeeeeeeeteeetarerestsaeseraseesssssressesssssssssssennee 142
APPENAIX B ... ettt e e e s nae e e e eaen 145
[g]1(g0 0 [FTo1 ([0 o THUUNRR 145
Materials and MENOAS. ......couieeiieeeeeee e eeee et e e e eseeneeennns 145
ROSUIS........ieieiiiiiieeteeete ettt eee e e taeseetbeseesansersaeernneesnssssnnssernane 147
B 1Yo U1 o o TR 159
2 (2 (= (=T (o= L N 162
Summary and diSCUSSION..........ccocceveirieiivetiniiiiicire e e 163
(202 (=1 g o = =R 172

vii



LIST OF TABLES

Page

Table
Chapter 1
1.1 Oncogenes identified by DNA transfer experiment............ccccccocecereeerneennne. 10
1.2 Cellular genes activated by proviral insertion...........ccccceeevceerriveerreneeeeieens 12
1.3 Viral flanking regions without viral oncogenes analogues.............ccccccceeeeueee 13
1.4 Genes identified from chromosomal aberrations..............ccccceevveinirinninnnnnn. 17
Chapter 2
1. Restriction fragments in the 5’ c-myc region of tumors 1 and 3................... 65
Chapter 4
1. Growth without cellular feeder layers.............c.cccoeveriririricieeenreeeeeee e 101
2. Soft agar growth and tuMOrgeNEeSIS............ceecvueereeierrrrrierereee e e ecareseens 101
Appendix A
1. LPS-induced cytokine released by tumor 4 macrophage subclones.......... 124
Appendix B
1. Tumor challenge in Balb/c MiCe.........c.ccccoeiiiiiiiiiiiniiiicniece e 150
2. Probes that were used in searching for the putative secondary events

that may be involved in the tumor progression of R2 tumors............... 161
3. Relative stability of c-myc mRNA in R2 and tumors..........c.cccecerveeiennnnnne. 155

viii



LIST OF FIGURES

Page
Figure
Chapter 2
1. Viral ras integrations.............cooiviirieciiieeecee ettt cssre e e e ssasr e e esanee 63
2. MOMULYV iNtegrations.............uueieiieeeciirieee et cccirreee e eesssssseeeeeesseaes 64
3. Rearrangement of c-myc in tumor 1 and 3............cccceoeeireeciiecceeeccee s 64
4. MOMULYV integration NEar C-MYC..........c.ccecuiiiiiieiiieeeeeeeciee e eeee e e eeneees 65
5. env and c-myc cohybridize..............ccccerieeiiiniiiiciieceeee e 66
6. Elevated c-myc MRNA IBVEIS..............ccoouvieiieeiieeeeeeeeeee e 66
Chapter 3
1. Tumor specific viral integration in the bonc-1 I0Cus..........cccccccvvvceeeccnereennnen.. 77
2. Cloning stragegy and restriction map of the bonc-1 locus............................ 79
3. Bonc-1 is evolutionary CONSEIVed.............cccceeviernueeneenreenieesseesiseessnessseeseneas 81
4. DNA sequences of the C3P2 fragment..............ccoecievvieeeieeercceeeeeieeecee e 82
5. Putative open reading frames in the sequence of the C3P2 fragment.......... 83
6. RFLP mMapping Of DONC-1........ccooiuiiiciiiecctee ettt ate e e aee e nes 84
Chapter 4
1. Proviral integration................coocieeicciieeeceee ettt e 94
2. Retroviral tranSCripioN.............ciiiriieiiiiie et e s seeree e s s aeeeeas 98
3. Immune loci define a pre-B phenotype............cccoccuevieieineiiennieeencererereeeeans 100
4. Proviral integration..............ccoevieerriiieiiiiiie it eccrre e e seare e e s sae e e asesnnaeesennnees 105
5. Retroviral transCription.............ccceevuiiiiiiieiiiiiee e eesrree e nae e e e ennane 106
Appendix A
1. Viral integrations............cocueiruiieiereeeee ettt ta e sre e eae e neenaens 118
2. Nonspecific phagocytosis of latex beads.............cccccvvvverieeciersinernieenneennes 120
3. RNA analyses of c-myc, c-myb, and C-fms...........ccceeeevureecvieccieecceeeereeeans 122
4. Kappa light chain rearrangement.............cccccceeveeriiieenrieercereecee e reeeeenns 125
5. Expression of mu chain RNA..............ccooiiiiiiicieecceeecreeccee e ne e aee e 127
6. RT-PCR analysis Of CD45...............ccoceirrerinerirteecceeesctnessse e s see e seeeseesnnes 131
7. Antigen presentation...............ccccccvrvivrieiiriiresie ettt e e ae e e eaeeas 132
B. 1-AY @XPIESSION.......cvveeeeeceeeereeeeeeesteeeces ettt st eses e s ssasssssesesssnsssens 133
Appendix B
1. Growth of R2 and seven tumors in the presence and absence of IL-7....... 149
2. Nuclear run-on tranSCrptioN...........cceccvereviiriieinieeeerceerceresesee e e reeesssanesenees 153
3. Kappa chain gene rearrangement............c..ccccuvrieeereeeecieeeeeeeeeeeenreeeeeeesens 157
4. Mu chain gene rearrangement.............cccceeeveereeeerneeersereeeseesssreeessseeessssesanns 158



Introduction

The focus of my thesis has been the identification of putative oncogenes
that can cooperate with v-Ha-ras in tumor progression or in the in vitro
transformation of murine B lymphoid cells. Two model systems involving the use
of a long term bone marrow culture (Whitlock and Witte, 1982) were used in my
studies.

The first model system is derived from the study of Schwartz and coworkers
(1986a). Using a murine long term bone marrow culture system, Schwartz et al.
(1986a) were able to show that v-Ha-ras and v-myc have a synergistic effect in
transforming murine pre-B cells. In their study, pre-B cell lines carrying both
oncogenes were capable of causing lymphoma in syngeneic mice at high
frequency and with a short latency, whereas pre-B cell lines carrying v-Ha-ras
alone only gave rise to tumors occasionally and with a prolonged latency. The
latter result indicates that v-Ha-ras is not sufficient to cause pre-B cell ymphomas
and other secondary events are required to facilitate tumor formation. It is this
finding that prompted us to search for these secondary events by the following
approach. First, Whitlock-Witte high density bone marrow was infected with a
Moloney murine leukemia virus (MoMuLV) based vector carrying a v-Ha-ras
oncogene with MOMuLV as a helper virus. Usually pre-B cell cells with a single
specific v-Ha-ras integration were established. This in vitro transformation step
presumably facilitates multi-step tumorigenesis and provides a molecular marker

for further studies. Secondly, these pre-B cell lines were subjected to tumor
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challenges, and they gave rise to tumors occasionally. This step provided the
opportunity to accumulate other mutations which may cooperate with v-Ha-ras in
vivo in tumorigenesis. The involvement of secondary events was examined by
southern and northern hybridization analyses with various probes of known
oncogenes and growth-related genes. Nearly thirty DNA probes (as listed in the
Appendix B) of oncogenes, tumor suppressor genes, growth factor genes, or the
flanking region of frequent viral integration sites were used to screen for gene
rearrangements.

The second model system involved the introduction of v-Ha-ras with or
without other oncogenes or genes with oncogenic potential into Whitlock and Witte
high density bone marrow culture. In this model system, the transforming effect
of each gene was studied directly. This model system involves less labor than the
first model, although it suffers the shortcoming of all in vitro transforming systems,
the lack of interactions with the full range of in vivo cell types. It is worth
mentioning that the transformation potential of any oncogene identified from the
first model can be easily tested in this system. A pre-B cell growth factor,
interleukin-7 (IL-7), was chosen to study.

In the first chapter of this thesis, | will summarize briefly the methodologies
that have been used to identify putative oncogenes that may be involved in
tumorigenesis, and to test the oncogenic potential of these putative oncogenes.

This is followed by a description of the known involvement of oncogenes and other
molecular events in human B cell neoplasia as well as B cell tumors of other

animals.
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The results of studies on oncogene cooperativity between v-Ha-ras and
other oncogenes in the in vivo and in vitro transformation of murine B cells will be
presented in Chapters 2, 3, and 4 in this thesis. Chapter 2 details a c-myc
activation found in the in vivo tumor progression of some of the B cell tumors
obtained from the first model. This work has been published and will be presented
as a manuscript. Data that were not shown in the manuscript because of space
limitations will be included in the Appendix B.

Chapter 3 describes the isolation and characterization of a viral integration
flanking region common to tumor cell lines. That locus may encode a putative
oncogene. This work involves a collaboration with Marge Strobel and Nancy
Jenkins (NCI) who did the chromosomal mapping, and will be presented as a
manuscript and submitted for publication at a later date.

Chapter 4 reports the effects of IL-7 in cooperation with v-Ha-ras in
transforming mouse pre-B cells with the second model system. It will be also
presented as a manuscript and will soon be submitted to Molecular and Cellular
Biology.

In examining the transformed phenotypes of pre-B tumor cell lines, at least
two independent tumor cell lines showed an interesting lineage switch
phenomenon, in which macrophage specific characteristics were found. Since
lineage infidelity has also been described in a minority of hematological
malignancies (McCulloch, 1983), we decided to further characterize these two lines
with the hope that some correlations can be drawn to the clinical cases, and to
provide some insights on lineage determination in hematopoiesis. This work

includes molecular, cytological, and functional analysis of the lineage switched
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lines. | had made the discovery of the morphological changes of these tumor cell
lines and subsequently subcloned one of these tumor cell lines, the T4 cell lines.
| also proved that the T4 subclones were indeed descendants of their parental pre-
B cell line, the R2 cell line, and did some of the cytochemical and
immunocytological staining analyses on the T4 subclones. The demonstration of
macrophage specific gene expression of T4 cells and kappa chain rearrangement
of T4 subclones were also performed by me. Other portions of this work were
contributed by the other authors listed on this manuscript. This work is in press
in Developmental Immunology. | will present it as the submitted manuscript in
Appendix A.

At the end, a section of summary and discussion has been included to
cover points that can be integrated from all of the above work but were not

specified in each individual chapter.

Reference:

McCulloch E.A. (1983). Stem cells in normal and leukemic hemopoeisis. Blood 62,
1-13.

Schwartz R.C., LW. Stanton, S.C. Riley, K.B. Marcu, and O.N. Witte. (1986a).
Synergism of v-myc and v-Ha-ras in the in vitro neoplastic progression of murine
lymphoid cells. Mol. Cell. Biol. 6, 3221-3231.

Whitlock C.A., O.N. Witte. (1982). Long-term culture of B lymphocytes and their
precursors from murine bone marrow. Proc. Natl. Acad. Sci. USA 79, 3608-3612.



Chapter 1
Literature review
In this chapter, evidence in support of the multi-step nature of tumorigenesis
will be described first. It is followed by a brief overview of methodologies used in
the identification of oncogenes and the evaluation of their oncogenic potential.
Comparison of the use of in vivo versus in vitro model systems, and animal versus
human systems is included in this section. Then, | will discuss in detail the
literature on oncogenes known to be involved in the formation of B lymphoid
tumors. The discussion will encompass oncogene activation observed in tumors

of human and other animals, as well as in in vitro transformation of B cells.

1. Tumorigenesis is a multiple-step process

Cancer cells differ from their normal counterparts in that they no longer
respond to normal growth controlling mechanisms. Since the proliferation and
differentiation of somatic cells in higher organisms are regulated by multiple
controls, cancer cells probably are the end result of multiple changes which may
take years to develop. Several lines of evidence confirmed that the natural history
of spontaneously occurring human and animal cancers is usually a multi-step
process.

First, statistical analyses have shown a rapid increase in the incidence of
cancer with age among most of the important human cancers (Fisher and
Holloman, 1951; Armitage and Doll, 1954; Dix, 1989). Results of these analyses
suggest that multiple events may accumulate with time, and thus are responsible

for the increased cancer rates in old age. Peto et al., (1975) further demonstrated
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that the intrinsic effects of ageing such as failing immunological surveillance or age-
related hormonal changes were not required to explain the vastly increased
incidence of cancer in old age, and that age was a refleétion of the duration of
exposure to carcinogenic agents. They used mice at 10, 25, 40, and 55 weeks of
age in a skin carcinogenesis experiment with benzpyrene. The rate of malignant
epithelial tumors in each group increased steeply with time and the increase was
independent of age at the start of exposure.

Second, studies of chemical carcinogenesis have defined stages into which
carcinogenesis may be divided: initiation, promotion and progression (Diamond et
al., 1980; Pitot, 1990). Each stage is induced independently by a different class of
chemical agents.

Third, histological evidence can somewhat arbitrarily be used to divide the
neoplastic development into three phases: initiating, intermediate, and advanced
(Foulds, 1975). The initiating phase is either clinically "silent" or manifested only
by apparently trivial and dubiously neoplastic lesions such as hyperplasia. The
intermediate stage is characterized by the emergence of "precancerous” or
"premalignant” lesions which may progress into the advanced stage, or persist
indolently for a long time with minimal growth and no qualitative change, or regress
completely. The last stage is characterized by the presence of malignant
carcinomas or sarcomas. The phenomenon of tumor regression suggests the
requirement of multiple factors for preneoplastic cells to develop a fully malignant
phenotype.

Fourth, cytogenetic studies of tumors reveal a multiplicity of chromosomal

abnormalities in all human cancers (Mitelman, 1991; Solomon et al., 1991).
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Examination of colorectal carcinoma (Fearon and Vogelstein, 1990) and
neuroblastoma (Knudson and Meadows, 1980) indicate that additional cytogenetic
lesions are associated with the advanced stage of these malignancies.

Finally, the most direct evidence comes from the discovery of chicken RNA
tumor viruses, AMV-E26, MH2, and AEV-ES4 strains, which carry dual oncogenes
(ets-myb, myc-mil, and erb-A-erb-B, respectively). The full oncogenic potential of
these viruses requires both oncogenes (Cole et al., 1983 and Jansen et al., 1983
for MH2; Leprince et al.,, 1983, Nunn et al., 1983 and Kan et al., 1983 for E26;
Frykberg et al., 1983 for ES-4). Viruses possessing only one of these oncogenes
shows more limited tissue specificity and longer latency for tumor development.
Similar oncogene cooperation in tumor development has also been demonstrated
in DNA transfection experiments. Land and coworkers (1983a; 1983b) showed
that myc and ras could fully transform primary rat embryo fibroblasts when
transfected together but not singly. Schwartz et al. (1986a) further extended the
synergistic effect of the myc and ras oncogene to the transformation of murine B
cells. Other examples of oncogene cooperation involved in tumorigenesis have
recently been summarized by Hunter (1991).

In conclusion, through decades of studies, researchers have been able to
correlate the multifactorial characteristics of neoplasia from the histological and
cellular levels to the molecular level. Identification of genetic lesions and their
effects in tumorigenesis not only benefits our understanding of the growth and
differentiation of normal and cancerous cells, but also provides insights on

prevention or therapy of cancer.
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2.1 The search for genes that are involved in tumorigenesis

Studies of mechanisms of chemical carcinogenesis (Pitot, 1980; Balmain
and Brown, 1988) and heritability of cancers (Ponder, 1990) have strongly
suggested that the lesions of tumors reside in the genetic material. The search for
putative oncogenes in a genome size of 3 x 10° base pair containing approximately
10* to 10° genes was greatly simplified by the discovery of viral oncogenes in
animal RNA tumor viruses. The first RNA tumor virus was isolated by Rous (1910),
but it was not until the development of molecular biology that the identification of
the v-src oncogene became possible (Stehelin et al., 1976a). Twenty six viral
oncogenes have been identified from animal RNA tumor viruses (Varmus, 1989),
and shown to exhibit sequence similarity with cellular genes (later termed
protooncogenes) by hybridization and sequencing analyses. Since the celiular
protooncogenes are also found to be conserved among different species, it
stresses the important roles that these genes may play in regulating growth and
differentiation. Thus, alteration or destruction of these genes may contribute to
tumor progression.

The list of protooncogenes has been expanded by four major approaches
() gene transfer, (i) analysis of known chromosomal translocations or
amplifications, (iij) mapping of viral integration sites in virally induced tumors, (iv)
sequence homology to the known oncogenes. Some of these genes were

repeatedly identified by different methods.

2.1.1 Identification of cellular oncogenes by DNA transfer experiments

The most common method of gene transfer has utilized DNA transfection
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and focus formation (Graham and van der Eb, 1973; Shih et al., 1979). DNA is

isolated from tumor cells and introduced into recipient cells, usually an
immortalized mouse fibroblast line, NIH3T3. NIH3T3 cells have two major
advantages other than their easy cultivation: (i) they are flat, contact-inhibited cells
that form a monolayer culture, and (ii) their DNA can be distinguished in the
hybridization experiments from the DNAs of other species, thus allowing
identification of donor DNA. The first property allows one to examine the
transfected cultures for the appearance of morphologically altered (transformed)
foci due to the expression of an introduced oncogene. Examples of cellular
oncogenes identified by this procedure are N-ras from neuroblastoma (Shimizu et
al., 1983), trk from colon carcinoma (Martin-Zanaca et al., 1986), and others as
listed in Table 1.1.

Oncogenes of the ras family predominate among those found (in about 20%
of human tumors tested)(Der et al., 1982; Parada et al., 1982; Santos et al., 1982),
whereas cellular analogues of other viral oncogenes are less frequently detected
by this method. This could be due, at least in part, to the ability of NIH3T3 cells
to respond morphologically to a given oncogene product, to the need for the gene
to be genetically dominant, and to the need for the gene to be sufficient for the
expression and the maintenance of the transformed state. In other words, NIH3T3
cells may be the wrong lineage or species to respond to the effects of certain
oncogenes. In addition, NIH3T3 cells may have a preneoplastic phenotype as they
already have the ability to grow continuously in culture. Thus, they may be more
susceptible to genes whose effects are manifest during the later stages of tumor

progression.
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Table 1.1 Oncogenes identified by DNA transfer experiment

Gene  Source® Function Reference

N-ras Neuroblastoma G-protein-like Shimizu et al., 1983

neu Rat neuroglioblastoma EGF receptor like Shih et al., 1981
Bargmann et al., 1986

mas Epidermoid carcinoma Angiotensin receptor Young et al., 1986

hst Kaposi's sarcoma FGF family member Delli Bovi et al., 1987
Taira et al., 1987

trk Colon carcinoma Receptor-like Martin-Zanaca et al., 1986

met Osteosarcoma cell line Receptor-like Cooper et al., 1984a

ret T cell lymphoma Receptor-like Takahashi et al., 1985

dbid Diffuse B cell lymphoma Cytoskeletal matrix Eva and Aaronson, 1985

associated phosphoprotein Graziani et al., 1989

mct.2? Mammary carcinoma cell line as that of dbl, a Fasano et al., 1984

lca Hepatocellular carcinoma b Ochiya et al., 1986

mel Melanoma cell line b Padua et al., 1984

raf Stomach cancer Serine/threonine kinase Shimizu et al., 1985

ros Mammary carcinoma cell line Receptor-like Birchmeier et al., 1985

a: these two genes were found to be two different activated versions of the same protooncogene (Noguchi et al., 1988)

b: not yet defined
c: human tumors if not specified
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In another aspect, oncogenes that are isolated from RNA tumor viruses
carrying a single oncogene probably contain muitiple mutations within each
oncogene and, therefore, are capable of inducing tumors as a single gene. Thus,
the failure of detecting cellular counterparts of other viral oncogenes by this
method may simply be attributed to the fact that the cellular counterparts did not

contain multiple mutations to induce focus formation of NIH3T3 cells.

2.1.2 Characterization of viral flanking regions

Studies of RNA tumor viruses such as Avian leukosis virus (ALV), Moloney
murine leukemia virus (MoMuLV), and Feline leukemia virus (FLV) that do not carry
oncogenes reveal another mode of transformation. Insertion of the viral genome
into a cellular genome may activate adjacent cellular genes through enhancer or
promoter sequences of the viral LTR (Hayward et al., 1981; Fung et al., 1981, for
areview see Nusse, 1986a). Therefore, cloning of flanking regions of frequent viral
integration sites may allow the identification of putative oncogenes. A variety of
genes and “loci* have been isolated by this method. Protooncogenes which
contain homology to known viral oncogenes and other known cellular genes are
shown in Table 1.2, and "loci" that do not show homology to known viral
oncogenes and other known cellular genes are shown in Table 1.3. These “loci"
may correspond to novel oncogenes or may be linked to protooncogenes at a
distance.

Among the “loci" listed in Table 1.3, int-1, int-2, and pim-1 have been shown
to contain detectable transcriptional activity and to encode proteins with distinct

functions (Nusse et al., 1984; Dickson et al., 1984; Cuypers et al., 1984; Selten et
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Table 1.2 Cellular genes activated by proviral insertion
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Gene Source Virus Reference

c-myc Chicken bursal lymphoma ALV Hayward et al., 19812
Mouse T cell lymphoma Soule-MuLV Adams et al., 1982%
Cat T cell lymphoma FeLV Nell et al., 1984°

N-myc Mouse T cell lymphoma Moloney MuLV van Lohuizen et al., 1989a

c-erbB Chicken erythroleukemia ALV Fung et al., 1983

c-myb Mouse lymphosarcoma defective MoMuLV Shen-Ong et al., 1984

c-Ki-ras Mouse myeloid cell line Friend MuLV George et al., 1986

c-Haras Mouse T cell leukemia Moloney MuLV Ihle et al., 1989

2 Ape T cell lymphoma cell line GaLVv Chen et al., 1985

IL-3 Mouse myelomonocytic leukemia AP Ymer et al., 1985

CSF-1 Mouse monocyte tumor endogenous Baumbach et al., 1988

ecotropic provirus

GM-CSF  Mouse promyelocytic cell line IAP,R-MuLV,F-SFFV Stocking et al., 1988

c-mos Mouse plasmacytoma line IAP Canaani et al., 1983

p53 Mouse erythroleukemic cell line  Friend MuLV Hicks and Mowat, 1988

abbreviation:

MuLV: murine leukemia virus
IAP: intracisternal A particle

R-MuLV: Rauscher murine leukemia virus
F-SFFV: Friend spleen focus forming virus

GaLV: Gibbon Leukemia Virus
%: only the earliest reference is shown

FelLV: Feline leukemia Virus
ALV: Avian Leukosis Virus
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Table 1.3: Viral flanking regions without viral oncogene analogues.

Name Source Virus mRNA Reference
Evi-1 AKXD myeloid tumor Cas-Br-M MuLV Mucenski et al.,1988a
MCF yes Morishita et al., 1988
Ahi-1 NIH/Swiss or SIM.S Moloney MuLV nd Poirier et al., 1988
pre-B cell lymphoma
Fis-1 AKR lymphoma Friend MuLV nd Silver and Kozak, 1986
' or BXD-2 leukemia
Dsi-1 Fisher rat thymoma Moloney MuLV nd Vijaya et al., 1987
Pim-2 Balb/c or Moloney MuLV nd Breuer et al., 1989a
C57BL10 lymphoma
Pim-1 Balb/c or AKR T lymphoma MCF yes Cuypers et al., 1984
Int-1 C3H Mammary carcinoma  MMTV yes Nusse and Varmus, 1982
Int-2 C3H Mammary carcinoma MMTV yes Dickson et al., 1984
Int-41 mouse mammary and MMTV yes Garcia et al., 1986
kidney adenocarcinoma
MNi-1®  rat thymoma Moloney MuLV nd Tsichlis et al., 1983a
(Pvt-1)
Mvi-2 rat thymoma Moloney MuLV nd Tsichlis et al., 1984
MNi-3 rat thymoma Moloney MuLV nd Tsichlis et al., 1985a
Mivi-4 rat thymoma Moloney MuLV nd Lazo et al., 1990
Gin-1 mouse thymoma Moloney MuLV nd Villemur et al., 1987
Spi-1 mouse erythroleukemia SFFV yes Moreau-Gachelin et al.,1988
Bic Avain B cell lymphoma ALV yes Clurman and Hayward, 1989
Abbreviation:

MuLV and ALV: same as those in Table 1.2
MMTV: Mouse mammary tumor virus
MCF: mink cell focus forming virus
Cas-Br-M MuLV: Casitas Brain Mousetropic MuLV
SFFV: spleen focus forming virus
®: also known as mis-1
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al,, 1986; Nusse, 1988), and to exhibit transforming ability in transgenic mice
(Adams and Cory, 1991) or the in vitro transformation of an epithelial cell line (int-1
only; Brown et al., 1986). On the other hand, many of them do not have
detectable transcriptional activity. Since the enhancer element of the viral LTR may
function over a long distance, it is possible that certain putative oncogenes may
be located distal to the breakpoints of viral integration sites. Techniques such as
chromosomal walking, jumping and YAC cloning may facilitate the identification of
such genes. Additionally, exon trapping (Duyk et al., 1990; Buckler et al., 1991),
a method used to identify any exon sequence from cloned genomic DNA may also
be used to facilitate the identification of any transcription unit. Once a transcription
activity is associated with a "locus, it is, however, necessary to test for its
transformation potential. Either the in vitro focus formation assay (see DNA
transfer experiment) or the transgenic animal model (see below) can be used for
that purpose.

The spectrum of oncogenes that can be identified by this method relies on
the randomness of viral integration. Although retrovirus integration has been
shown to have preferred target sites (Shih et al., 1988), these preferred sites
comprise only 20% of all the viral integration sites. Thus, this preference does not
seriously affect the variety of oncogenes that may be identified by this method. In
addition, the nature of this preference is unknown. Perhaps it resides in the active
transcription of preferred regions. The fact that both cellular counterparts of viral
oncogenes and novel oncogenes are isolated by this method makes it a feasible
way of searching for a diverse class of genes that are involved in the regulation of

growth and differentiation. It has clearly allowed identification of a wider variety of



es

an

0§

!
e

faed
.

kg
o

P

e

va©



15

oncogenes than transfection and focus formation experiments.

Interestingly, no human oncogene identified thus far is activated or
inactivated by viral integration. However, the discovery of multiple copies of
endogenous virus-related sequences in human cells suggests that gene activation

through this mode may still be possible (Bonner et al., 1982; Callahan et al., 1985).

2.1.3 Molecular Characterization of chromosomal aberrations

Chromosomal aberrations have long been associated with human cancers.
Karyotype analyses of metaphase chromosomes has found some abnormalities
specific for distinct tumor types (for a recent review, Mitelman, 1991). The
discovery of the Philadelphia (Ph1) chromosome in bone marrow cells of patients
with chronic myelogenous leukemia (CML) actually laid the foundation for the
association of specific chromosomal anomalies with a particular neoplasm (Nowell
and Hungerford, 1960). It was not until recently, however, that the molecular basis
of these cytogenetic lesions has been elucidated as a result of the improvement
of both cytogenetic and molecular cloning methods. Methotrexate treatment
(aminopterin) (Yunis, 1976; Hagemeijer et al., 1979) is to block DNA synthesis
pathways is blocked so that cells can be collected at the S phase of a cell cycle.
The block is then released by adding thymidine to allow DNA synthesis using the
salvage pathway. A large number of cells enter mitosis synchronously following
these treatments. These synchronized cells are then treated briefly with colchicine
followed by standard banding procedures (Chaudhuri et al., 1971; Caspersson et
al, 1970; Hsu, 1974). Chromosomes obtained by this procedure are less

condensed, allowing 1200 bands to be identified. The increased banding
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resolution not only increases the accuracy of identification of chromosomes, but
also leads to the recognition of many karyotypic changes and the association of
these changes with particular neoplasias. Cloning of genes located in
translocation junctions or other chromosomal aberrations has been done by
conventional cloning methods, i.e. use of probes for genetic markers near the
locus of interest, and chromosomal walking using a genomic library until the
authentic gene is identified by in situ hybridizations or southern blot analyses.

The introduction of microdissection and microcloning should advance this
process. Microdissection was first used by Scalenghe et al.(1981) to clone DNA
from Drosophila polytene chromosomes. It was later used in the human genome
mapping project (Bates et al., 1986; Kaiser et al., 1987), and to clone genes
involved in human genetic diseases (Lidecke et al., 1989; Kondo et al., 1984). In
this technique, a very small segment of the chromosome of interest can be
dissected with needles from banded chromosomes by using an electronically
controlled micromanipulator. Use of this method in combination with microcloning
in which the technique of polymerase chain reaction (PCR) was incorporated
(Edstrom et al., 1986) can reduce the number of genomic clones required to
screen for the locus of interest compared to that in conventional cloning
procedures. Adapting these approaches may greatly facilitate the cloning of genes
that reside at the site of chromosomal lesions.

A recent review by Solomon et al. (1991) summarizes genes identified from
chromosomal aberration sites (Table 1.4). Many of them are either analogues of

viral oncogenes, or genes involved in the cell cycle or differentiation. More
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Table 1.4 Genes identified from chromosomal aberrations

Gene Source

Protein type

Reference

chromosomal amplification

N-myc Neuroblastoma Nuclear protein Schwab et al., 1983
L-myc Small-cell Nuclear protein Little et al., 1983
lung cancer

chromosomal translocation or inversion

(adapted from Table 1 in Solomon et al. (1991))

Gene Disease Rearrangement Protein type
myc Burkitt lymphoma 1(8;14)(q24,q32) HLH domain
t(2:8)(p11.924)
1(8;22)(q24;q11)
T-ALL t(8;14)(q24;q11)

Bcl1 B-CLL t(11;14)(q13;q32) G1 cyclindike

Bcl-2 Follicular ymphoma  t(14;18)(q32;q21) Inner mitochondria membrane

Bcl-3 B-CLL t(14;19)(q32;q13) CDC 10 motif

IL-3 Pre-B ALL t(5;14)(q31;932) Growth factor

Lyl T-ALL t(7;19)(q35;p13) HLH domain

Tcl-5 T-All t(1;14)(p32)(q11) HLH domain

Rbnt1 T-ALL t(11;14)(p15;q11) LIM domalin

Rbnt2 T-ALL t(11;14)(p13;q11) LIM domain

Tanm T-ALL t(7:9)(q35;q34) Notch homolog

Hox11 T-ALL t(10;14)(q24;q11) Homeo domain

Pth Parathyroid adenoma inv(11)(p15;q12) Deregulate myc

Btg-1 B-CLL 1(8;12)(q24;q22) Deregulate myc

Ber-Abl CML, B-ALL 1(9;22)(q34;q11) Bcr, Gap for p21®
Abl, Tyrosine kinase

Pmi-Rara APL t(15;17)(q22;q11-12)  Pmli, Zinc finger
Rara, Zinc finger

Dek-Can AML-M2,-M4 1(6:9)(p23;q34) Dek, nuclear protein
Can, cytoplasmic protein

E2A-Pbx Pre-B ALL t(1;19)(q23;p13) E2A, HLH domain
Pbx, homeodomain

Rel-Nrg NHL ins(2;2)(p13;p11-14)  Rel, NF- B family
Nrg, no homology

Abbreviation:

CLL: chronic lymphocytic leukemia
ALL: acute lymphocytic leukemia
CML: chronic myelogenous leukemia
AML: acute myelogenous leukemia
NHL: non Hodgkin’s lymphoma
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significantly, tumor suppressor genes (such as RB and WT-1; Marshall, 1991,
recently reviewed by Weinberg, 1991) and genes associated with apoptosis (such
as bcl-2) were also discovered. Alteration of the genomic structure of these genes
may deregulate their expression and participate in the transformation of cells, and

consequently lead to tumor formation.

2.1.4 |dentification of new oncogenes by homologous sequences

Another approach not commonly used, but potentially useful, is to search
for sequences homologous to known oncogenes assuming the conservation of
important regulatory genes. Given the fact that all the genes in the src family
(Hunter and Cooper, 1985) and ras family (Barbacid, 1987) share significant
homologies among certain genetic domains (such as the effector domain of ras
genes and the carboxy-terminal region of src-related genes), hybridization probes
for those regions may identify new members of these gene families. The Ick
oncogene (Marth et al., 1985) was first isolated from a murine T cell ymphoma by
using an oligonucleotide probe for the conserved major tyrosine phosphorylation
site.

Other proliferation and differentiation related genes may also be identified
from cells on the basis of reversion from the transformed phenotype. Such cells
have been generated either by cell-fusion with normal cells (Harris, 1988) or DNA
transfection. An example of a gene identified by the latter method is the Krev-1
gene, which is responsible for the revertant phenotype of Kirsten sarcoma virus-
transformed NIH3T3 cells (Kitayama et al., 1989; Noda et al., 1989).

The oncogenic potential of the putative oncogenes identified from the above
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procedures should be tested to verify their active roles in oncogenesis. The

following sections describe general approaches used for this purpose.

2.2 Experimental models for transformation and tumor progression
2.2.1 Use of animal versus human models

Animal model systems are obviously required for experimental in vivo
carcinogenesis studies, since it is ethically unacceptable to use human subjects.
The compatibility of results from animal models with those obtained in humans has
been supported by several observations. First, the conservation of oncogenes
among species suggests their common properties and regulation (Varmus, 1989).
Additionally, human oncogenes are able to transform mouse fibroblasts in DNA
transfection experiments (see above) and induce tumors in transgenic mice
(Palmiter and Brinster, 1986). Second, growth factors and growth regulatory
mechanisms do not appear to be species specific since transplanted tumors from
a great range of species can grow in immunodeficient, athymic (nude) mice while
normal tissue can not (Stiles and Kawahara, 1978). These results suggest the
universality of the genetic events causing neoplasia, and the validity of animal
models in studying human carcinogenesis. The fact that laboratory animals can
be environmentally and genetically controlled makes them an even better system
to work with.

On the other hand, the use of human tissues and cells does offer some
unique advantages. First, some rare forms of human cancer reflect inherited,
predisposing conditions. Their genetic basis and perhaps common pathways to

carcinogenesis may be understood through the study of nontumorous cells from
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affected individuals (Ponder, 1990). Moreover, the fact that human cells are

genetically more stable in vitro than most rodent cells (DiPaolo, 1983) makes them
especially suitable for studying the multiple steps of tumorigenesis. Lastly. the
findings from studies of human cells complement and validate the results derived

from studies of laboratory animals.

2.2.2 Use of in vivo versus in vitro systems

The role of the host, not only in controlling, but also in facilitating the
development and spread of cancer has already been established (for a review, see
Alexander, 1987). These host factors interact with the genetic lesions that reside
in the tumor cells themselves. The in vivo system therefore has an essential role
in cancer studies because the integral multi-systemic interactions of the organism
remain intact.

The disadvantage of using in vivo models for studies of tumor progression
is its inconvenience for dissecting events within the progression. Most often an
endpoint must be chosen for analysis and intervening events must be implied. An
in vitro model using cell or tissue culture, however, provides opportunities to
dissect the processes controlling growth, differentiation, neoplastic transformation
and tumor progression of cells, and to describe their mechanisms in biochemical
or molecular terms.

2.2.3 Model systems used to test the oncogenic potential of oncogenes

One commonly used in vitro culture system, NIH3T3 cells, although allowing
the detection of certain oncogenes, presents limited sensitivity since this method

tends to identify oncogenes in the ras gene family as discussed previously.
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Various tissue culture systems including those of epithelial and hematopoietic
origins (Gabrielson and Harris, 1985; Rheinwald and Green, 1975; Deeh, 1985;
Lechner

“T21%* 'eck, 1985; Dexter et al., 1977; Whitlock and Witte, 1982) were established
and have allowed the study of gene interactions within differentiated cell types.
Among them, the long-term B cell culture system of Whitlock and Witte (1982) is
exclusively used in our studies. This culture system can provide not only a wide
range of targets for transformation within the B cell developmental series, but also
allows the culture of cells that are not transformed or of an intermediate
transformed phenotype. It thus provides an excellent tool to test the transforming
potential of oncogenes in the B cell lineage, and to elucidate the mechanisms of
transformation on the molecular level.

In vitro human B cell lines such as the lymphoblastoid cell lines (LCLs) are
commonly used for the same purpose. These cell lines are derived from the
infection of human peripheral blood with Epstein-Barr virus (EBV) (for review see
Nilsson and Klein, 1982). Examples of the uses of these lines in testing oncogenic
potential and oncogene cooperativity of putative B cell oncogenes are described
in human B cell neoplasia (see below).

Transgenic mice can also be used to assess the transforming potential of
various oncogenes (for review see Palmiter and Brinster, 1986; Adams and Cory,
1991). Using tissue specific regulatory elements, one can examine the oncogenic
potential of the gene of choice in a particular tissue. For example, the enhancer
sequences of immunoglobulin genes (Ex) have been used to test oncogenes such

as c-myc and bcl-2 in the oncogenesis of B-cell neoplasia (Adams et al., 1985;
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McDonnell et al., 1989). In addition to its advantages as an /in vivo system (as

described previously), it also provides the only means for studies of tissue specific

oncogenesis where an in vitro culture system is lacking.

2.2.4 Model systems used to study tumor progression

Two of the most established genetic systems, the mouse skin carcinoma
(for a review see Balmain and Brown, 1988) and human colon carcinoma (Fearon
and Vogelstein, 1990), share the advantage of ease in access to and recognition
of tumor samples at different stages of progression. In contrast, tumors of
lymphoid and other organs lack a good animal model to study molecular changes
during the tumor progression period, mainly due to the difficulty of identifying
preneoplastic cells and obtaining cells at varying stages of neoplastic development
in a single host (i.e., the collection of neoplastic samples of these tissue types
often requires termination of the donor animal). Even if the experimental animals
were blindly sacrificed at different time points to collect tumors at different stages
of neoplastic development, one still encounters the problem of insufficient numbers
of cells to perform molecular analysis. /n vitro cultures would be required to
expand these isolates and such in vitro tissue culture systems are lacking for many
of these tissue types. Although the results generated from the above in vivo
systems may be applicable to tumors of other origins, evidence of the association
of certain oncogenes with tumors of particular tissue types from studies of
transgenic mice and inherited cancers (Adams and Cory, 1991; Marshall, 1991,
Lanes et al., 1981 & 1982; Cooper and Neiman, 1980; Padhy et al., 1982) have

suggested the need for tissue specific model systems. Although the use of
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transgenic mice has proven to be a useful in vivo model to test the ability of an
oncogene to initiate tumor formation, little knowledge is gained about the
secondary events that have contributed to the progression of tumors. Tests of
oncogene cooperativity either involve the construction of transgenic mice with
multiple oncogenes or performing crosses with transgenic mice carrying different
oncogenes (Adams and Cory, 1991). These procedures may involve intensive
labor. Moreover, the cooperative effect is unavoidably under the influence of
unnatural environments because cells of all tissue types may express the activated
oncogenes. The use of tissue-specific enhancer sequences may avoid this
problem; however, these sequences are not available for all tissue types. One
approach used to study oncogene cooperation in the tumor progression of
transgenic mice is to infect transgenic mice with retroviruses to facilitate tumor
progression (van Lohuizen et al., 1991).

The Whitlock and Witte culture system (1982) allows certain advantages in
the study of oncogene cooperativity. By comparing the transformed phenotypes
of B cells generated after the introduction of two or more oncogenes of interest
into this culture to those of B cells generated from cultures with a single oncogene,
one can determine whether one oncogene can complement another in
transforming B cells. This procedure is relatively easy as compared to that of
transgenic mice. It also provides a faster way of testing whether there are
temporal effects on the acquisition of genetic alterations in tumor progression.

In summary, using the methodologies described above, extensive studies
have been performed to uncover the basis of tumorigenesis. Among them,

hematopoietic neoplasias are the best characterized tumors at the molecular
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genetic level due to their frequent occurrence in animal models and their high
mitotic index, allowing for cytogenetic analyses (see above). Many alterations of
protooncogenes have been specifically associated with different subtypes of
leukemias/lymphomas of different species, and are summarized elsewhere
(Schwartz and Witte, 1988; Solomon et al., 1991; Sawyers et al.,1991). Here, | will
describe exclusively the molecular characterization of B cell ymphomas/leukemias

of human, mouse, and avian origin, since this has been the focus of my thesis.

3. Multiple genes or factors that are involved in B cell ymphomas/leukemias
of human, mouse, and avian

3.1 Human B cell neoplasia
3.1.1 Burkitt’s lymphoma

Burkitt’s lymphoma (BL) is the best characterized human B cell tumor. It
was first described by Burkitt (1958) as a distinct clinicopathological entity
occurring with high frequency in the jaws of children from Central Africa. Non-
endemic (or sporadic) BL is also found in areas outside of Africa but the rate of
incidence is low (O’Conor et al., 1985; Philip et al., 1982). BL is a malignant
lymphoma comprising a monomorphic outgrowth of B lymphocytes. The stage of
maturation of BL cells varies among individual tumors, from a near pre-B
phenotype (Preud’homme et al., 1975) to a more mature phenotype with
expression of predominantly IgM (Klein et al., 1967), and occasionally IgD, IgG, or
even IgA (Preud’homme et al., 1985). However, the cells never fully differentiate
to a plasmacytic phenotype.

The etiology of BL involves at least two steps. Infection with Epstein-Barr

Virus (EBV) appears to be the primary event in the development of African Burkitt's
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lymphoma from both genetic (Geser et al., 1983) and epidemiological evidence
(de-The’ et al., 1978; Geser et al., 1982). Geser and coworkers found that 96% of
African Burkitt’s lymphomas carry multiple copies of the EBV genome in all their
cells. Both groups showed that a high multiplicity EBV infection early in the life of
African children contributes to the tumor development. Raab-Traub and Flynn
(1986) and Neri et al. (1991) have studied the termini of EBV episome genomes
in both endemic BL primary tumors and cell lines. The linear EBV DNA has
variable numbers of direct tandem 500 bp repeats at each terminus. Restriction
endonuclease analyses have indicated that the termini are uniformly clonal in all
cases. This result again strongly suggests that EBV infection has preceded, and
thus, most likely contributed to clonal expansion in these malignancies. Although
the lack of viral markers in 4% of the endemic BL and approximately 85% of the
non-endemic BL cases (Lenoir et al., 1984a) may argue the against a necessary
causal relationship between EBV and BL, the fact that EBV can transform human
peripheral B cells into established cell lines (Takada and Osato, 1979; Robinson
and Smith, 1981) and that EBV can induce B cell lymphomas in marmosets (zur
Hausen, 1980) implies an important role for EBV in BL.

The immortalizing mechanism of EBV has been suggested to be mediated
through autocrine stimulation by the finding of the release of a B-cell growth factor
(BCGF) from Burkitt lymphoma cells and EBV infected cell lines (Gordon et al.,
1984). The precise consequences of this autocrine stimulation are unknown.
However, two EBV-encoded proteins are found to be involved in the process of
oncogenesis. The EBNA2 gene product, a nuclear protein, is required for

immortalizing B cells since EBV deleted for this gene fails to do so (Menezes et al.,
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1975; Delius and Bornkamm, 1978; Bornkamm et al., 1980; Heller et al., 1981).

EBNA2 can also transiently stimulate cellular DNA synthesis upon transfection into
B cells (Voisky et al., 1984). Another EBV encoded protein, LMP1 (a latent
membrane protein), can transform established rodent cells (Wang et al., 1985;
Baichwald and Sugden, 1988). The linkage between the release of the BCGF and
the biochemical effects of these two proteins are becoming clear through the
following studies. EBNAZ2 is a multiple-function protein, and may act similarly to T
antigen of SV40 virus. EBNA2 was found to induce CD21, CD23, and LMP1
expression upon introducing this gene into cell lines which are infected with EBV
strains, deletion mutants that do not encode EBNA2 protein (Wang et al., 1990;
Abott et al, 1990). CD21 is a surface protein involved in human B cell
differentiation (Tedder et al., 1984). CD23 is a membrane-bound B cell activation
marker, and acts as an autocrine BCGF for normal and transformed B cells when
shed (Swendeman and Thorley-Lawson, 1987). LMP1 was found to cooperatively
induce CD23 expression, and to induce the expression of several cellular adhesion
molecules (Wang et al., 1990). The increased expression of the cellular adhesion
molecules may explain the phenotypic changes of LMP1 transfected cells including
growth in large tight cell clumps (Wang et al., 1988). Taken together, these
findings suggest that EBNA2 may immortalize B lymphoid cells by a autocrine
mechanism through induction of CD23. This autocrine stimulation is augmented
through the cooperation with LMP1, which may act via cellular second
messengers. Whether EBNA2 acts directly or through other cellular intermediates
in the upregulation of CD23 transcription remains to be determined.

The second step in the development of Burkitt’s lymphoma may involve



nLrs’
ol
we v}

ARPFA

(Ers
bes,

[

Cro

ds:

~



27

deregulation of the c-myc gene through chromosomal translocations of
chromosome 8 on which it residues. The almost universal presence of
chromosomal translocations between chromosome 8 and one of three other
chromosomes (chromosome 14, 2 and 22) is another characteristic of Burkitt
lymphoma. Only one exception to this has been reported (Zech et al., 1976).
Translocation t(8;14)(q24;q32) was found in approximately 80% of cases of Burkitt
lymphoma (Croce and Nowell, 1986), while the remainder of these tumors carry
t(2;8)(p11;924) or t(8;22)(q24;q11) translocations. It is striking that each of these
translocations involves the cytogenetic location of one of the immunoglobulin (Ig)
loci. The heavy-chain gene is located at chromosome 14g32 (Croce et al., 1979);
the kappa and the lambda genes are at 2p11 (Malcolm et al., 1982) and 22q11
(Erikson et al., 1981), respectively. This may suggest a molecular relationship
between the rearrangement of Ig genes and oncogenesis, perhaps through a
aberrant recombination between two chromosomes. The identification of the
crossover point of the translocation on chromosome 8 was facilitated by the
discovery in murine plasmacytomas of a similar translocations (see below).

The involvement of the c-myc gene in these chromosomal translocations
was suggested by the finding of c-myc gene activation in an abortive
immunoglobulin gene recombination in a mouse plasmacytoma (Shen-Ong et al.,
1982). Additionally, the c-myc gene was mapped to chromosome 8g24 using
human/rodent somatic cell hybrids by Dalla Favera et al. (1982). Finally, southern
blot analyses showed that the c-myc gene was rearranged in approximately 50%
of Burkitt's lymphomas examined (Bernard et al., 1983; Dalla Favera et al., 1983;

Taub et al., 1982). Molecular cloning ultimately enabled the detailed analysis of the
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translocation break points and demonstrated that the translocations join sequences

from the Ig genes to regions surrounding c-myc (reviewed by Haluska et al., 1987).

The result of all three translocations is the constitutive expression of the c-
myc gene. In contrast to the high levels of c-myc expression associated with the
viral transformation of avian B-cell lymphomas (see below) and human tumor cell
lines that contain amplified c-myc genes (Collins and Groudine, 1982; Dalla Favera
et al, 1982), high levels of c-myc expression are not found consistently in all
Burkitt's lymphoma cell lines. A variety of mechanisms have been proposed to
account for the myc/Ig juxtaposition in its contribution to tumorigenesis (review by
Klein and Klein, 1985). These include abnormally high transcription rates,
abnormal transcription size, changed promoter usage, mutations, and lack of
transcriptional pausing at exon 1 of c-myc gene. None of the above mechanisms
seems to be applicable universally to all or even most of the tumors. The current
idea is that c-myc is deregulated as a consequence of cis-acting sequences
associated with the constitutively active Ig region. The result of such deregulation
would be to keep the cells in continuous division through a loss of c-myc’s normal
regulation.

The oncogenic potential of c-myc genes in Burkitt's lymphoma was tested
by Lombardi et al. (1987). They introduced an expression vector containing
constitutively expressed c-myc into EBV-infected human B lymphoblastoid cell lines
(LCLs)(Nilsson and Klein, 1982). The resulting myc-transfected LCLs displayed a
reduced serum requirement for growth, an increased soft-agar cloning efficiency,

and an increased tumorigenicity in nude mice as compared to those of vector-only-
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transfected LCLs. Their results indicate a contribution of the c-myc gene in the
tumorigenesis of Burkitt’s lymphoma, and a cooperation between two putative
immortalizing functions. However, the inability of myc-transfected LCLs to form
colonies as efficiently as BL cell lines, and their low tumorigenicity have suggested
that additional events are required for a fully tumorigenic phenotype.

In addition to the common events of EBV infection and c-myc translocation,
p53 mutations were found associated with 9/27 biopsies of BLs and 17/27 BL cell
lines (Gaidano et al., 1991). The p53 gene encodes a 53-kDa nuclear
phosphoprotein that may be involved in the negative regulation of cell growth
(Lamb and Crawford, 1986; for review see Iman and Harris, 1991). Additionally,
p53 may differ from prototypical tumor suppressor genes in that at least some p53
mutant alleles can behave as dominant oncogenes by transforming target cells in
vitro and causing tumorigenesis in transgenic mice even in the presence of the
normal allele (Halevy et al., 1990; Lavigueur et al., 1989). Gaidano and coworkers’
results suggest both loss of function and dominant negative mutations are present
in BLs.N-ras activation was found in a sporadic Burkitt's ymphomas (Murray et al.,
1983; Lenoir et al., 1984b). The effect of the ras oncogene in the tumorigenesis
of Burkitt’s lymphoma has been studied by Seremetis et al. (1989). Introduction
of activated N-ras or H-ras oncogenes into EBV immortalized LCLs has led to
malignant transformation of these cells. However, their results show that these ras
genes are also capable of inducing terminal differentiation of LCLs into plasma
cells, and therefore, may have implications in the pathogenesis of terminally
differentiated B-lymphoid malignancy such as multiple myeloma rather than in

Burkitt’'s lymphoma.
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3.1.2 Other human B-cell leukemias and lymphomas

Most of the human B-cell leukemia or lymphoma associated oncogenes that
will be described here were identified by molecular cloning of frequent or
nonrandom translocation sites, and are recently reviewed by Solomon et al. (1991).
It should be noted that unlike the tight association of the c-myc gene with both
Burkitt's lymphoma and murine plasmacytoma, some of the genes described in
this section are not invariably found to be activated in all tumors of a particular
type. Their impact on the progression of particular neoplasia requires further
investigation.
B-cell chronic lymphocytic leukemia

Four translocations t(11,14)(q13,g32), t(14,19) (q32,q13), t(8,12)(q24,922),
and t(18;22) have been found in B cell chronic lymphocytic leukemia (B-CLL). The
t(11,14)(q13,32) translocation also occurs in some diffuse small-cell lymphocytic
leukemias and diffuse large-cell ymphomas (Yunis, 1983), and multiple myelomas
(van der Berghe et al., 1984). The chromosome 11 breakpoints in two CLL
patients have been shown to occur only seven nucleotides away from each other,
whereas the breakpoint in a diffuse B-cell lymphoma is approximately 0.9 kb
distant from those characterized in CLL (Tsujimoto et al., 1984a, 1985a). The
break point cluster region of this translocation has been denoted as bc/-1. No
transcription unit has been detected in this region other than the closely linked
PRAD1 gene (Lammie et al., 1991), a gene which was found to be a putative
oncogene in parathyroid adenoma (Arnold et al., 1989; Friedman et al., 1990;
Rosenberg et al., 1991). PRAD1 encodes a G1 cyclin-like protein (Motokura et al.,

1991). Cyclins can form a complex with and activate p34°¥2 protein kinase,
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thereby regulating progress through the cell cycle (for review see Nurse, 1990).

PRAD1 mRNA is expressed in many tissues and is highly conserved in bovine and
murine tissues (Rosenberg et al., 1991). PRAD1 has been implicated in non-
parathyroid neoplasia, squamous cell and mammary carcinomas, and is invariably
amplified and overexpressed in these tumors (Lammie et al., 1991). No direct
demonstration of the altered expression of PRAD1 has been reported in B-CLL as
this thesis is being written. Presumably, the disruption of the cell cycle after
alteration of this gene may contribute to the course of B-CLL as in the other
tumors.

The t(14,19)(g23,q13) translocation involves a deregulation of the bc/-3 gene
(McKeithan et al., 1987; Ohno et al., 1990). As a result of this translocation,
chromosome 19 sequences including the bc/-3 gene are juxtaposed to the 5’ end
of the a1 switch region of the IgH gene on chromosome 14 in a head to head
manner. The bcl/-3 transcription unit is not disrupted by the translocation, and a
more than 3.5 fold increase of the mRNA level was found in total RNA from the
peripheral blood of two CLL patients with the t(14;19) translocation as compared
to RNA from a patient with the prolymphocytic variant of CLL, which does not
contain this translocation. The bc/-3 gene encodes seven tandem copies of the
cdc10 motif, a proline rich N-terminal, and a proline-serine rich C-terminal (Ohno
etal., 1990). The cdc10 motif was previously identified in yeast genes that regulate
events at the start of the cell cycle (for review see Simanis et al., 1987) and in
invertebrate transmembrane proteins involved in cell differentiation pathways
(Austin and Kimble, 1987; Seydoux and Greenwald, 1989; Sternberg and Horvitz,

1989). It is not clear which of these two classes of proteins that the bc/-3 gene
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resembles, but it is clear that it is not a transmembrane protein. The proline rich
region has been shown to have transcription activating properties (Mermod et al.,
1989). Thus, it is plausible that the bc/-3 gene could be a transcriptional activating
factor. The involvement of the bc/-3 gene in B-CLL was later analyzed in a large
series of patients by Raghoebier et al. (1991). Unexpectedly, none of the forty four
B-CLL studied had a rearrangement within 15 kb of the bc/-3 locus. However,
mutations in the bc/-3 gene undetectable in their assays may exist. Whether the
bcl-3 gene contributes to the oncogenesis of B-CLL awaits further investigation.

The t(8,12)(q24,922) translocation links c-myc not with an Ig enhancer but
rather with a locus termed BTG1 on chromosome 12 that presumably deregulates
myc (Rimokh et al., 1991). The breakpoint is located in the 3’ end of the myc
locus, and increased c-myc expression has been found. Sequences cloned from
the breakpoint recognize a 1.8 kb transcript in the CLL cells and in tissues of
lymphoid origin. In addition, this chromosome 12 coding sequence is conserved
in evolution and a transcript of similar size is present in murine tissues. However,
little is known about the function of this putative gene. Whether or not this gene
activation represents a general feature for the B-CLL is also unknown.

In addition to the possible involvement of the PRAD1, bc/-3, and c-myc
genes in this malignancy, bcl-2 was found rearranged in 3/34 B-CLL through a
variant translocation t(18;22). In this translocation, the bc/-2 gene is juxtaposed
to the IgA orx genes in a head to head configuration (Adachi et al., 1990). Bcl/-2
was also found rearranged in 3/44 B-CLL by Raghoebier and coworkers (1991).
The role of bcl-2 in tumorigenesis will be discussed in the following section.

The relatively low frequency of any individual oncogene activation in B-CLL
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may relate to the accuracy of clinical diagnosis, and the broad range of cell types
involved in this malignancy. For example, CLL may sometimes be difficult to
distinguish from non-Hodgkin’s lymphoma (Bennett et al., 1989; Deegan, 1989).
Systemic analyses on a large scale of samples may be required for a better
understanding of the molecular basis of this malignancy.
Follicular lymphoma

The t(14,18)(q32,921) translocation which occurs in 85% of follicular ymphomas
was first described by Fukuhara et al. (1979). The interchromosomal junction has
been cloned from several follicular lymphomas (Tsujimoto et al, 1985b; Cleary and
Sklar, 1985). The recombination region of chromosome 18, bcl-2, is rearranged
into the heavy chain enhancer region on chromosome 14 resulting in deregulation
of becl-2 expression (Tsujimoto et al., 1984b, 1985c; Cleary and Sklar, 1985;
Bakhshi et al., 1985). The normal bc/-2 gene is quiescent is resting B cells,
expressed in proliferating B cells, and downregulated in differentiated cells
(Graninger et al., 1987; Reed et al., 1987). Inappropriately high levels of bc/-2-
immunoglobulin chimeric RNA are present in t(14;18) follicular lymphoma
considering their mature B-cell stage (Seto et al., 1988). This indicates that the
translocated bcl/-2 allele has escaped normal control mechanisms. Nucleotide
sequence analysis and biochemical studies from one group suggest that bc/-2 is
a GTP-binding protein located on the cytoplasmic surface of cell membranes
(Haldar et al., 1989), but a second group has localized it to the inner mitochondrial
membrane (Hockenbery et al., 1990). Bc/-2 has been shown to prolong cell
survival by blocking programmed cell death (Nuiiez et al., 1990). A similar effect

may thus contribute to the formation of follicular ymphomas. Activated bc/-2 genes
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proved capable of transforming or enhancing the survival of a cultured human B-
cell line (Tsujimoto, 1989) or NIH3T3 cells (Reed et al., 1988). It is also capable
of inducing follicular hyperplasia in transgenic mice (McDonnell et al., 1989) which
progresses to a malignant diffuse large-cell lymphoma after a long latency
(McDonnell and Korsmeyer, 1991). The long latency, progression from polyclonal
to monoclonal disease, and histological conversion, are all suggestive of second
alterations. C-myc activation is suggested to be a candidate oncogene both for
its occurrence of rearrangement in the diffuse lymphoma, and its well known
involvement in B cell neoplasia. In fact, the cooperativity of the c-myc oncogene
and bcl-2 in tumorigenesis has been shown by Vaux et al. (1988). The authors
found the bc/-2 gene can promote the proliferation of bone marrow cells of Eu-myc
transgenic mice, some of which become tumorigenic. Another oncogene, c-Ha-
ras, was found to complement bc/-2 in malignant transformation of rat embryo
fibroblasts (Reed et al., 1990).
Pre-B cell acute lymphocytic leukemia

Two translocations t(1,19)(q23,p13) and t(5,14)(q31,932) have been found
in pre-B cell acute lymphocytic leukemias (pre-B ALL). The t(1,19)(q23,p13)
translocation was described as a common feature for pre-B ALLs (Carroll et al.
1984; Michael et al., 1984; Williams et al., 1984). A fusion protein, E2A-PBX,
results from this translocation which links the E2A gene on chromosome 19 to the
homeobox containing PBX gene on chromosome 1 (Kamps et al., 1990; Nourse
et al,, 1990). The E2A gene encodes for two similar immunoglobulin enhancer
binding factors, each with a 5’ effector domain and a 3' DNA binding domain

(Murre et al., 1989). The translocation switches the DNA binding domain of the
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E2A transcription factor with that of PBX, thus placing those genes usually

regulated by PBX under the trans-activational control of E2A. Because PBX is no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>