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ABSTRACT

The aim of this study has been to identify the structural changes during c-myc activation -
in relation to tumor pathogenesis, to characterize the Bmyc gene, and to compare the structure
and expression of myc gene family members.

The myc family members are dispersed over the rat and mouse genomes and are localized
on different chromosomes. C-myc and Nmyc encode proteins that bind to different nuclear
structures.

Aberrant expression of c-myc is believed to contribute to the pathogenesis of many
different tumors. Our studies on the rat immunocytoma have shown that chromosome
translocations juxtapose c-myc and IgH-derived sequences in three B cell tumors in three
different species. Juxtaposition of c-myc to an immunoglobulin locus and subsequent
constitutive expression is regarded as an essential step in the genesis of mouse plasmacytoma,
rat immunocytoma, and human Burkitt lymphoma.

C-myc is regularly expressed in a wide variety of proliferating cells while Nmyc and
Lmyc expression is limited to certain developmental stages and cell types. Bmyc has been
isolated on the basis of the homology to c-myc second exon. Many tissues express Bmyc,
independently of their developmental stage. During the embryonic development of the mouse
and rat, c-myc, Nmyc, Lmyc, and Bmyc are expressed in different regions, and the genes
show different expression pattern in F9 embryonal carcinoma cells during growth stimulation,
suggesting independent regulation. C-myc, Nmyc, and Lmyc are downregulated during
differentiation of F9 cells to visceral endoderm, while Bmyc is constantly expressed at low
level in all stages. Inhibition of protein synthesis induces an elevation of c-myc, Lmyc, and
Bmyc transcripts, suggesting that the genes are downregulated by a short-lived protein(s).
Mitogenic stimulation with insulin and transferrin do not affect Nmyc, Lmyc, and Bmyc
mRNA, while c-myc is upregulated.

The rat Bmyc gene contains sequences related to the central part of c-myc, namely the
first intron and the second exon, and the noncoding part of the third exon. The homology
drops in the 3” part of the c-myc second exon, but continues in the noncoding part of the third
exon. The total predicted coding region of the Bmyc has been sequenced and a bacterial
tryptophanE fusion protein has been made. The lack of coding sequences in Bmyc,
corresponding the third exon of the c-myc, which is thought to be important for nuclear
localization, DNA binding, transforming activity, and the putative protein destabilation signal,
suggests that the Bmyc and c-myc gene products may have distinct activities. Still, one of the
two putative domains responsible for transformation activity of c-myc is found in the Bmyc
sequence. These findings are discussed in the context of potential functional domains and the
possibility of overlapping and distinct activities of myc -family proteins.
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1. INTRODUCTION.

The retroviral oncogenes have their origins as cellular proto-oncogenes
(Stehelin et al., 1976), and characterization of a variety of these genes has led to
the idea that they may be involved in regulation of normal cell proliferation and
differentiation (for review, see Bishop,1983; Bishop, 1987). Structural and
functional alterations of these proto-oncogenes caused by point mutations,
chromosomal abberations, gene amplifications, or proviral insertions are
strongly implicated in the genesis and progression of various tumors. Although
oncogenes have one common denominator, namely participation in the
regulation of cell divison, they fall into several unrelated categories; growth
factors, growth factor receptors, protein kinases, signal transducers, nuclear
oncogenes, and/or transcriptional factors. Some other genes can influence
tumor development in a positive or negative direction (for review, see Klein,
1988). Oncogenes activated by regulatory or structural changes may favor
tumor development while tumor suppressor gene can counteract it. A third
group of genes can modulate secondary properties of the tumor, like
invasiveness, metastatic ability or immunogenicity.

A set of oncogenes encoding nuclear proteins share some properties,
including phosphorylation, rapid turnover, and DNA-binding activity of their
products (Curran ef al., 1984; Hann et al., 1984; Klempnauer et al., 1984; Oren
et al., 1981; for a review see Eisenman and Thompson,1986; Miiller ez al.,
1988). Another characteristic of these genes is the ability to alter their
expression in response to modulators for cell proliferation and differentiation
(Curran and Morgan, 1985; Greenberg and Ziff, 1984; Hirai ez al., 1989; Kelly
et al., 1983; Mitchell et al., 1985; Reich and Levine, 1984; Torelli et al., 1985);
myc and fos are prototypes of this group of genes. The biochemical function of
the myc product is still not established although much is known indirectly about
it. Experimental evidence has been obtained that products of myc and fos can
stimulate transcription of other genes, suggesting that their normal function is
regulation of transcription (Distel et al., 1987; Kingston et al., 1984: Setoyama
et al., 1986). C-myc has also been implicated to have a role in DNA synthesis
(Classon et al., 1987). Another nuclear oncogene, jun, has been shown to code
for a transcriptional activatior protein, AP-1 (Bohman et al., 1987), and is able
to form protein complex together with fos (Chiu et al., 1988; Sassone-Corsi et
al., 1988). These protein complexes seem to regulate gene expression and one
of the target candidates for such regulation is the c-myc oncogene (Hay et al.,
1989). The erb A oncogene has been shown to be the thyroid hormone receptor



which is also a transcriptional activator (Sap et al., 1986; Weinberger et al.,
1986).

2. SCOPE OF THE THESIS.

In our laboratory the work on the myc genes has been of special interest for
the last years. These studies have mainly been on the activation of the c-myc
gene by chromosomal translocation, gene amplification and viral insertion. The
aim m this thesis is; 1) to study the activation of c-myc by chromosomal
translocation in rat immunocytoma and 2) to characterize the Bmyc structure
and expression in relation to other myc gene family members. The work on the
Bmyc developed from work on the rat immunocytoma. The first Bmyc clone
was detected in a rat genomic library, screened with a c-myc probe, in order to
characterize the c-myc breakpoints in the rat immunocytoma. The comparative
studies on Bmzyc in relation to other members of the myc gene family have been
on considered chromosome localization, nucleotide sequencing, and mRNA
expression in developing rat tissues and in a differentiation inducible mouse
emryonal carcinoma cell system.

3. MYC FAMILY OF GENES.

Families of genes consist of related genes that code for conserved amino acid
domains that are thought to have similar functions within the cell. Such related
genes are presumably derived from a common ancestral gene(s). Families of
oncogenes are several and studies of tumor cells and mammalian DNA have
identified a family of myc -related genes (Figure 1). The myc family members
are dispersed over the genome and are localized on different chromosomes
(paper I; paper II; paper VIII). The dispersed multigene myc family includes
the c-myc, Nmyc, Lmyc (for review, see DePinho et al., 1987), and Bmyc
(paper II; paper IIT; paper VII). C-myc and Nmyc encode proteins that bind
to different nuclear structures (paper VI).

The myc gene was originally characterized as the transforming gene of a
subclass of avian acute transforming retroviruses (Lautenberger et al., 1981).
The first cellular myc (c-myc ) has been cloned and characterized on the basis
of homology to v-myc (Vennstrém et al., 1982). The Nmyc was originally
isolated from neuroblastoma (Kohl ez al., 1983) and the Lmyc from small cell
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Figure 1. Structure, organization, and activity of the myc -family genes. Exons are
indicated by boxes; open boxes represent translated regions, black boxes are untranslated
regions, and lines represent intron or flanking sequences. (See text for details).

lung carcinoma (SCLC) (Nau et al., 1985). Nmyc and Lmyc genes are
amplified in the corresponding tumors and because of the homology to c-myc,
probes from the c-myc gene could be used to detect the signals for the other
myc genes. The Bmyc gene was isolated from normal liver library on the basis
of c-myc homology. A less characterized myc gene is the Rmyc, which has
been found to transform macrophages (Sklar et al., 1985). Furthermore, there
exists evidence for additional myc family members (Cole, 1986; Dalla-Favera
et al., 1982a; DePinho et al., 1987a).

The c-myc is activated in many different tumors by various mechanisms;
chromosome translocation (paper IV, for review, see Bornkamm et al., 1988;
Cory, 1986; Magrath, 1989), amplification (for review, see Alitalo, 1986:
Collins and Groudine, 1988), viral insertion or viral transduction. The Nmyc
gene is found to be activated by gene amplification in various tumors, like
neuroblastoma, retinoblastoma and small cell lung cancer. The Nmyc gene has
also been found to be activated in medulloblastomas, Wilm’s tumor and
rhabdomyosarcoma by gene amplification (Mitani et al., 1986; Norris et al.,
1988; Rouah et al., 1989), and elevated expression in Wilms tumor has been
reported without change in gene copy number (Nisen et al., 1986; Shaw et al.,
1988). Furthermore, Nmyc has been found to be activated by retroviral
insertion in pim -1 transgenic mice (VanLohuizen et al., 1989a, b). Lmyc is



only found to be activated by gene amplification in small cell lung carcinoma.
No correlation between Bmyc and tumor growth is documented so far.

The c-myc and Bmyc genes are expressed in many different tissues
(Zimmerman et al., 1986; paper II; paper VIII), at different levels, the c-myc
expression being the highest in mesodermal and endodermal tissues (Schmid ez
al., 1989). The main general difference is that c-myc is downregulated during
lifespan while the Bmyc is expressed at a constant level. The Nmyc and Lmyc
are much more restricted in their expression, mainly at fetal stages and in
limited number of tissues (Mugrauer et al., 1988; Semsei et al., 1989;
Zimmerman et al., 1986). The expression of myc genes in different regions of
developing rat tissues (paper II), and the differential expression pattern in F9
embryonic carcinoma cells during growth stimulation (paper VII; paper VIII),
suggest independent regulation.

High expression of Nmyc in transgenic mice is associated with down-
regulation of c-myc transcription (Dildrop et al., 1989), suggesting Cross-
regulation between different members of the myc gene family. In line with
these findings, c-myc expression is suppressed in fibroblasts transfected with
high expressing v-myc or Nmyc constructs, or infected with a c-myc
retrovirus (Cleveland et al., 1988).

4. THE MYC GENES.

4A. Chromosome locations.

The chromosomal location of myc family genes and the pvt -1/Mis -1 locus
has been determined in rat and mouse using somatic cell hybrids (Table 1). The
chromosomal location of myc genes in mammalian species other than man has
yielded additional clues about the involvement of the genes in certain types of
neoplasia. For example, mouse plasmacytoma and rat immunocytoma involve
transposition of c-myc to Ig loci (paper IV). That these gene rearrangements
involved chromosome translocation was indicated when c-myc was assigned to
mouse 15 (Dalla-Favera et al., 1982¢) and rat 7 (Stimegi er al., 1983), the sites of
translocation. The rat -mouse hybrid panel has been used to map the Ig heavy
chain, kappa and lambda cluster to chromosomes 6, 4, and 11, respectively (Pear

et al., 1986b; Perlmann et al., 1985; Wahlstrom ez al., 1988).
The finding that all 16 analysed RICs contain an identical t(6;7) translocation
(Pear et al., 1988a; Wiener et al., 1982) is in contrast to approximately 20% of



Rat Mouse Human

c-myc 7 15D2D3 8qg24

Pvi-1/Mis-1 7  15D2D3 824

Nmyc 6 12 2p23-24
Lmyc 5 4 1p32
Bmyc 3 2

*) References; Paper |; paper Il; paper V; paper VIII; Dalla-Favera et al., 1982¢c; Campell et al.,
1989; Nau et al., 1985; Schwab et al., 1984; Sumegi et al., 1983).

BLs and 10% of MPCs in which the translocation involves the chromosomes
containing the c-myc and one of the Ig light chain loci (Cory et al., 1986). Our
inability to detect variant translocations in the RIC may be a consequence of the
biology of this tumor; or alternatively, our sample size of 16 tumors may be to
small to detect an infrequent event. This led to the speculation that c-myc had
dissociated from the pvt -1/Mis -1 locus in the rat; however the chromosome
mapping of both genes shows that they are syntenic (paper V).

While the correlation between chromosome abnormalities and tumor growth
in the rat, other than immunocytoma, is poorly characterized, several such
correlations have been documented for the mouse. For example, partial deletion
of region C and D on the Bmyc carrying mouse chromosome 2 was detected in
49 out of 52 irradiation-induced myeloid leukemias (Hayata et al., 1983). Out of
these 52 myeloid leukemias, 6 cases of trisomy 6 and 4 cases of trisomy 15
occurred in addition to the deletion. It was thus concluded that trisomies 6 and
15 were secondary changes in myeloid leukemogenesis, while deletion 2C-D was
the crucial event (Hayata ez al., 1983).

Comparative mapping of myc genes in different species has been of interest
since they appear to be evolutionary very old. By mapping of myc genes in
species other that man, additional information has been gathered concerning the
evolution of gene families and gene linkage groups (paper I; paper II; paper
VIII).



4B. Gene structure.
4B1. C-myc .

The c-myc is highly conserved in evolution and has been cloned from several
vertebrate species from trout (VanBeneden et al., 1986) to mammals. Limited
homology has been found to the achaete-scute gene in Drosophila melanogaster
(Villares et al., 1987). Furthermore, Drosophila genomic and RNA sequences .
that hybridize with v-myc have been reported (Madhavan et al., 1985; Shilo and
Weinberg, 1981).

The c-myc has three exons, the first exon being mainly noncoding. There is
also a large noncoding region in the 3” part of the third exon (Figure 1; Figure
5). The first exon is the site of regulation, two promoters (P1 and Py) yield two
differently sized mRNA (2.2 and 2.4 kb), and a block of transcription is located
there (Eick and Bornkamm, 1986; Kerppola and Kane, 1988; Wright and
Bishop, 1989). It has been shown that loss of the first exon increases the life
time of the mRNA several fold (Eick et al., 1985; Piechaczyk et al., 1985;
Rabbits et al., 1985). It has been proposed that this post-transcriptional
regulation is mediated by a hairpin structure between c-myc exon 1 and exon 2,
that yields a recognition site for a double stranded specific RNAse (Gariglio et
al., 1987). Results from an in vitro system where the c-myc first exon was
fused to mRNA of other genes suggested that the first exon is not sufficient to tag
mRNA for rapid degradation (Pei and Calame, 1988). A truncation of the c-
myc first exon results in loss of the larger protein (p67) (Hann et al., 1988), that
initiates from a CUG codon in the 3” part of the first exon. The conservation of
the c-myc first exon, as well as the noncoding part of the 3rd exon (Bernard et
al., 1983; Hayashi et al., 1987), confirms the importance of these sequences.
The human c-myc first exon has a putative open reading frame (Ferré et al.,
1987; Gazin et al., 1986) but the function of such a protein remains unclear.
This open reading frame does not exist in the mouse c-myc, still antibodies
agains this putative peptide detects a specific signal, suggesting that a similar
protein is coded from a different locus in mice (Dedieau et al., 1988).

The noncoding part of the third exon has been shown to be important for the
stability of the mRNA (Bonnieu et al., 1988; Brewer and Ross, 1988; Jones and
Cole, 1987). The breakpoint in T-cell leukemia in the destabilization motiv
activates the c-myc (Finger et al., 1988), shown by enhanced mRNA levels and
tumorigenicity, and is the only documented case where myc can be tumorigenic
under the control of its own promoter (Aghib, personal communication). The .



poly(A) is also important in this aspect; it has been shown that poly(A)- c-myc
mRNA is more stable that poly(A)+ in growing cells, while both forms are
degraded rapidly when cells are induced to differentiate (Swartwout and
Kimiburgh, 1989).

The c-myc gene product has been studied by systematic mutational analysis
and how the mutation affect transforming activity, nuclear localization, DNA
binding, and protein oligomerization (Dang and Lee, 1988; Dang et al., 1989;
Sarid et al., 1987; Stone et al 1987). The c-myc gene can be divided into four .
regions according to functional analysis of mutated c-myc proteins (Figure 2).

Bl Essential for activity

Tolerates insertions and partial deletions
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c-myc I I 2] 3 | 4 |
REF 77777 B
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Figure 2. Functional regions of the c-myc protein. Regions 1 through 4 are defined in the
text (Dang ez al., 1989; Dang and Bishop, 1988; Stone et al., 1987).

Two regions important for the transforming activity of the c-myc gene have
been localized in the second and the third exon, and the region important for
DNA binding is located in the third exon. The putative nuclear migration signal
has been localized in the third exon at amino acid 320 to amino acid 328 (Dang

é



and Lee, 1988). The "leucin Zipper" sequence located in the third exon of c-
myc, responsible for oligomerization of the c-myc protein has been
characterised by the same deletion mutants (Dang et al., 1989). This DNA
binding and dimerization motif is also found in Nmyc and Lmyc proteins, as
well as in MyoD and drosophila proteins (Murre et al., 1989). A putative
protein destabilization signal (PEST sequence) is located on the second exon-
third exon boundary (Rechsteiner et al., 1987).

4B2. Nmyc.

The Nmyc gene has similar overall gene structure as c-myc with three exons
and the first exon noncoding (DePinho et al., 1986; Kohl et al., 1986; Stanton et
al., 1986; Taya et al., 1986). Certain regions of the coding sequence have high
homology to c-myc ; seven such myc boxes are evident (DePinho et al., 1986;
Taya et al., 1986). Five of these boxes are also found in the Lmyc gene (Legouy
et al., 1987). Like for c-myc, two proteins have been described from the Nmyc
locus (Mikile et al., 1989), but both initiate from a AUG codon in the 5 region
of exon 2, in contrast to the initiation of c-myc larger protein from the CUG
codon in the first exon (Hann ez al., 1988). There is no homology between the
Nmyc and c-myc inthe first exon and third exon noncoding sequences, and the
Nmyc third exon noncoding part is even larger than found in the c-myc (Kohl
et al., 1986; Stanton et al., 1986). Alternative splicing of Nmyc first exon has
been described (Stanton, personal communication), suggesting different
transcripts with separate regulation. The Nmyc third exon noncoding region
has been found to be a site of retroviral insertion (VanLohuizen et al., 1989a, b).

4B3. Lmyc.

The Lmyc gene also has a three exon structure like the c-myc and Nmyc, but
alternative splicing and polyA utilization can yield different mRNA forms. This
complex mRNA processing results in gene structure consisting of two exons,
either by not splicing out the first intron, or by utilization of alternative polyA,
and truncation of the third exon sequences. As a result four to six different
mRNA are detected in Northern blots, using probes from different regions of
the Lmyc gene (Kaye et al., 1988). The mRNA with truncated third exon
sequence has been shown to produce cytosolic protein (DeGreve et al., 1988;
Ikegaki ez al., 1989). This is the first evidence that a myc family gene can code



for a cytosolic protein, otherwise they are considered to code exclusively for
nuclear proteins. There is no evidence for cytosolic proteins from the c-myc or
Nmyc locus, but interestingly the Bmyc has very high homology to the coding
region of the c-myc second exon and lacks the third exon coding region (paper
IIT), which have been shown to be important for the subcellular localization of
the c-myc protein (Dang and Lee, 1988). It is not determined where the Bmyc
protein is localized within the cell. Thus, certain similarities can be seen in the
comparison of different Lmyc mRNA species to c-myc /Bmyc structure
homology. .

The Lmyc open reading frame is slightly smaller than for c-myc and Nmyc
and has several high homology regions to both genes (Legouy et al., 1987).
Seven such homology boxes are found in comparison to Nmyc, and five of them
are even highly conserved in the c-myc.

The third exon noncoding region of Lmyc is larger than for the c-myc and
Nmyc, and is conserved in evolution (DePinho et al., 1987b). The noncoding
first exon is also conserved between species and contains a site for elongation
termination (Krystal er al., 1988) similar to c-myc. No such control of
transcription has been shown for the Nmyc or the Bmyc. The Lmyc has a non-
functional homolog, in the form of intronless pseudogene, on the human X
chromosome (DePinho et al., 1987b).

4B4. Bmyc.

We have isolated a genomic Bmyc clone from a rat genomic library on the basis
of c-myc second exon homology (paper II). Furthermore we have isolated
several cDNA clones from rat brain and kidney libraries, of major sizes 1.3 and
2.0 kb. (paper II, Figure 3). The 1.3 kb ¢cDNA clone has an open reading frame
of 178 amino acids, with homology to the first 3 myc boxes in addition to high
homology to c-myc in the largest part of the remaining second exon coding
sequence (paper III). The putative Bmyc product is only 41% the size of the c-
myc protein. Bmyc is the first myc family member reported to lack
completely coding sequence from the third exon, but Lmyc can code for such a
protein by using alternative mRNA processing (Ikegaki et al., 1989).

The 1.3 kb cDNA clone has been introduced into a bacterial tryptophan E
protein expression vector and into SV40 expression vectors. In addition to the
308 amino acids from the bacterial trpE protein the pATH3-Bmyc encodes the
entire putative Bmyc protein (178 amino acids) under the transcriptional and
translational control signals provided by the vector. The expression of a Bmyc .
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Figure 3. Organization of the Bmyc gene. Partial restriction map of the 4.4 kb genomic
(pPRM44), 1.3 kb cDNA (pBC13), and 2.0 cDNA (pBC20) rat Bmyc clones. One of the Eco
RI sites in the genomic clone and both sites in the cDNA clones were created by linker addition
during the cloning of the DNA. The boxes indicate the positions of putative exons.

protein, presumably from its own initiation codon, from the SV40 constructs,
yields a 24 kd protein (Steinitz et al., unpublished results).

The high homology between c-myc and Bmyc suggests that these conserved
sequences may play similar general roles in the Bmyc and c-myc proteins.
Still, the lack of the c-myc third exon coding sequence, thought to be important
for nuclear localization, DNA binding, transforming activity, and protein
oligomerization (Dang et al., 1988: Dang et al., 1989; Landschulz et al., 1988;
Sarid et al., 1987; Stone ez al., 1987), suggests that the Bmyc and c-myc gene
products have distinct activities. Of interest is that alternative processing of
mRNA of another member of the myc gene family, the Lmyc, seems to create
cytosolic Lmyc protein which lacks the 3rd exon coding sequence, in addition to
the full length nuclear protein (DeGreve et al., 1988; Ikegaki et al., 1989; Kaye
et al., 1988). The putative protein destabilization signal, the PEST motiv
present in c-myc (Rechsteiner et al., 1988), is absent in the Bmyc gene.

Regions with sequence homology in several oncoproteins, where the
predicted secondary structure consists of B-sheet and a-helix configuration,
localize in domains of the respective proteins known to be required for
transforming activity (Figge et al., 1988). The human c-myc has two such
regions at amino acid positions 342-354 and 117-126 (Figure 4). The region at
amino acids 117-126 is considered to be less specific. Both of the regions
identified in c-myc fall whithin larger regions which have been shown to be
important for its transforming function (Sarid et al., 1987; Stone ez al., 1987).
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Species D
B cw Po DHE
Protein Serotype
B-Turn c-Helix
105
T-Ag  SV40 CSEE- - |MPSS|- [ DDEATADS |
124
ElA Ad2,Ad5 y 1.(%I-IEAGF PPSD|- | DEDEEGEEFVLD
Ad7 1 ogYEEGF PPSD|- | DEDGETEQS
Ad12 CYEMG- | EPCS|- | DSEDEQDENGMAHVSASAAAAAADREREEFOLD
325 '
c-myc  Viral CD- - - - | SPRT|L | DSEEND
342
Mouse/Rat CS- - - - | SPRS |S | DTEEND
342
Human CT- - - - | SPRS |S | DTEENV
319
Chicken CS- - -- | SPRT|S | DSEEND
B
E
Protein Species CH .p.o D#

B-Tumn o-Helix

c-nmyc  Viral 103 ----- DPDD{- | ESFVKSIIIQ
Mouse/rat llg ----- DPDD|- | ETFIK
Human 11(3 ----- DPDD{- | ETFIK
Chicken 103 ----- DPDD|- | ESFVKSIIQ

Bmyc Rat 10g ————— DPDD|- | ETFVK

Figure 4. Alignement of potential transforming regions of nuclear oncoproteins (modified
from Figge et al., 1988). (A) Alignements with descriptor 1. The symbol & represents a polar
amino acid without a positive charge: Ser, Thr, Asp., Glu, Asn, or Gln. The symbol #
represents an amino acid with a negative or potential negative (via phosphorylation) charge:
Asp, Glu, Ser, or Thr. Descriptor I contains five elements: Cys; sero to five amino acids of
any type with the requirement that a residue from the # set must occur 1 or 2 positions
downstream of the Cys; a predicted -turn with a Pro in the second position and a residue from
the O set in the fourth position; zero or one amino acid of any type; and an o-helix with the
tripeptide Asp-(Asp, Glu, Ser, or Thr)-Asp or Glu) within -5 to +7 residues of the predicted N
terminus. (B) Additional alignements with descriptor 2. Descriptor 2 is identical to descriptor
1 except that the first element of the a-helix tripeptide can be Glu or Asp and the third element
is omitted.

Amino acids 342-354 have homology to the transforming region of simian virus
40 large T and adenovirus E1A, while amino acids 117-126 have homology to
Bmyc. Studies on c-myc and Nmyc hybrid constructs suggest that both the
second and third exon of the c-myc are required to yield a product that shows
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characteristic subnuclear localization, while in the case of the Nmyc the second
exon is sufficient to give rise to a product that morphologically behaved like the
Nmyc protein (Paper VI).

A short Bmyc sequence homologous to the noncoding c-myc sequence in the
third exon seems to be coding. The homology to the c-myc third exon
noncoding sequence continues in the intron sequence of Bmyc .

The two Bmyc cDNA clones isolated share the same sequence in the 5°
coding region but they have different 3” exons (Figure 3). The 2.0 kb clone |
(pPBC20) does not have the AUG initiation codon found in the 1.3 kb clone
(pBC13), presumably due to improper transcription by reverse transcriptase in
the library construction, but contains the termination codon at the same position.
The 37 region of the larger form of cDNA has no homology to the smaller form,
suggesting alternative mRNA processing, yielding a transcript with distinct
noncodon exons at the 3" end. Several dissimilarities are found between these
two cDNAs, e.g. the existence of additional polyA sequence and mRNA
destabilization signals. The 3~ exon in the 2.0 kb ¢cDNA clone is probably
downstream of the 3 exon in the 1.3 kb cDNA clone, as detected by genomic
Southern blots of rat and mouse DNA using probes from several regions of the
two different cDNA clones (unpublished observation).

In addition to the high homology of Bmyc to the 5” part in the second exon

of c-myc the Bmyc gene has homology to the first intron of c-myc (Paper
III). This corresponds to the c-myc first intron homology between different
species, suggesting that these DNA regions may be of functional importance.
The homology drops in the 3” part of the c-myc second exon but continues in
the noncoding part of the third exon. There exists no direct evidence for
promoter localization within the sequenced part of the Bmyc gene, but several
possible TATA motivs are found in the 5 sequence.
The upstream polyA addition, if such occurs, removes one of the destabilization
sequences from the c-myc mRNA. This could also occur in the Bmyc,
since the poly A addition is upstream of the destabilization sequences in the 3~
exon. Such a shortened c-myc mRNA may have a longer life and, therefore,
may exist even in the absence of transcriptional activator. Although such
shortened mRNA species has not been described, the conservation of the polyA
addition signals (Bernard et al., 1983; Hayashi et al., 1987) hints at such
-regulatory mechanism beeing required at some stage in the life cycle.
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5. ACTIVATION OF MYC.

C-myc is activated during oncogenesis by a variety of mechanisms and
appears to play a central role in the etiology of many tumors. The
abnormal, deregulated c-myc expression is a common feature of numerous
malignancies and occurs by a variety of molecular mechanisms, which probably
reflect the existence of multiple factors responsible for its normal control.
Structural alterations of the c-myc locus have been most thoroughly .
investigated in mammalian B and T lymphoid neoplasias (for review, see Cory
1986). The various mechanisms of myc activation in many different tumors
are; chromosome translocation (paper IV; for review, see Bornkamm et al.,
1988; Cory, 1986; Magrath, 1989), amplification (for review, see Alitalo and
Schwab, 1986; Collins and Groudine, 1988), viral insertion or viral
transduction (for review, see Clurman and Hayward, 1988; Nusse and Berns,
1988) (Table 2, Figure 5).

Table 2. Different mechanisms of myc activation:

Amplification Viral insertion Translocation

c-myc + + +
Nmyc + + ?
Lmyc + ? ?
Bmyc ? ? ?

SA. Chromosome translocations.

Studies of the c-myc locus provided the first evidence that cellular oncogene
activation was linked to the consistent chromosomal translocations associated
with certain tumors. The chromosome translocations characteristic of certain B
lymphoid tumors associate the c-myc oncogene and immunoglobulin (Ig) loci.
This juxtaposition of c-myc to an Ig gene is the clearest example of tissue-
specific oncogene activation by a purely cellular mechanism. The molecular
anatomy of the translocation is closely similar in humans, mice, and rats.
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Figure 5. Topology of the c-myc locus. The first of three myc exons is mainly non-coding
and the open reading fram of the c-myc polypeptide begins in the 37 end of this exon. The
locations of the gene’s normal promoters (P1 and P7) are indicated. The sites of chromosome
translocation clustered upstream and within the gene are shown above the map. The
predominant insertion region of MuLV and MCF proviruses in murine T lymphomas is 0.7-2.0
kb 57 of the gene’s first exon. Pvr -1 is a locus distant from c-myc where variant
translocations and proviral insertions have been observed in murine plasma cell tumors and T

lymphomas. In BL and RIC some translocations have also been reported at greater distances
5" of myc .

SAl. Burkitt Lymphoma (BL).

Burkitt lymphoma (BL) is an agressive B-cell neoplasm that occurs mainly in
children and represents one of the most striking examples of a correspondence
between reciprocal translocation, activation of c-myc, and neoplasia. BL may
include several forms. Endemic Burkitt lymphoma (eBL) is the most
characteristic form, which occurs in regions where there is a high incidence of
malaria. The eBL manifests a dramatic tumor formation with a common
localization in the jaws and has a peak incidence in 5-6 years olds. eBL has a
very high and consistent association with Epstein-Barr virus (EBYV) infection,
most of the tumors carry the EBV-genome .

Sporadic Burkitt lymphoma (sBL), in contrast, rarely involves the jaws,
tumors are EBV negative, and occurs principally in the USA and Europe. The
eBL is confined to solid tumors while sBL is usually more dissociated and
generalized. Both forms of tumor cells contain invariably specific reciprocal
chromosomal translocation which involve the Ig loci on chromosome 2, 14, or
22 and the c-myc oncogene locus on chromosome 8 (for review, see Klein
1985). It is Believed that these translocation deregulate the myc gene by
bringing it into or near Ig chromosomal domains. A number of distinct and
attractive models have been proposed for the mechanism of c-myc activation
that results from these translocation; inactivation of putative 5 regulatory
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sequences by mutation (Remmers et al., 1986; Wiman et al., 1984),
transriptional activation by known Ig enhancer element (Hayday et al., 1984) or
by an as yet unidentified Ig enhancer capable of exerting transcriptional
influence over distances of up to 100 kilobases (kb). In most cases of BL with
t(8;14) translocation the IgH enhancer is on the reciprocal fragment of the
translocation, unavailable for the c-myc gene. This suggests that the c-myc
gene activation is an indirect rather that a direct effect of the Ig enhancer. This
assumption is based of the observation that Ig genes remain active in vivo even
if the enhancer was lost by deletion (Klein et al., 1984; Wabl and Burrows,
1984). Once the Ig locus is transcriptionally active, removal of the enhancer
should have no major effect on transcription.

Difference is found in the molecular architecture of eBL and sBL. There are
differences in the chromsosme 8 breaksites in the two forms, in sSBL most of the
breaks occur in exon 1 and intron 1 of c-myc while in the case of eBL the
breakpoints are further upstram of the gene (Pelicci et al., 1986). The
translocation breakpoints on chromosome 14 are associated with V-D-J regions
in endemic BL cells and with switch regions in sporadic BL cells (Haluska e al.,
1986). The c-myc locus of endemic BL are not rearranged but accumulate
mutations in their 5” flanking and first exon sequences (Pelicci et al., 1986).
Based on sequence homology between c-myc first exon sequence and J region of
the Ig locus, and the mutations in the same region in endemic BL, it has been
suggested that the mechanism behind the translocation event is enzyme
recognition mistakes (Morse et al., 1989). This activation mechanism may
reflect the less differentiated characteristics of eBL cells.

The nucleotide sequence in the first exon of c-myc is highly conserved in
evolution (Bernard et al., 1983; Hayashi et al., 1987), suggesting a regulatory
role. In the cases of sBL where the 1st exon is broken or lost, several
deregulations of the c-myc gene have been documented. A block of elongation
has been demonstrated within the 1st exon of c-myc that is lost in several BL
(Cesarman et al., 1987). DMSO induces a block of c-myc RINA elongation in
differentiating HL.60, and in the human B cell line BJAB (Bentley and Groudine,
1986a). In BL cell lines with variant translocations, which are characterized by
mutations in and around the first c-myc exon, DMSO is not capable of inducing
the RNA elongation block (Eick et al., 1988).

The larger form of the c-myc protein (p67) initiates in the first exon and
several BL have lost this product (Hann et al., 1988). The first exon of the c-myc
has also been suggested to be important for mRNA stability, as shown by longer
half life of the messenger in BL and mouse plasmacytoma (MPC) with truncated
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C-myc gene compared to control cell lines (Eick et al., 1985; Piechaczyk et al.,
1985; Rabbits ez al., 1985).

Important upstream elements that normally regulate the expression of c-myc
are not only located in exon 1 but also in its 5° region. A cis-acting negative
regulatory elements with the opposite properties of a transcriptional enhancer
(denoted the "myc dehancer") has been localized to a 716 bp DNA segment 5~ of
the murine c-myc first exon (Remmers et al., 1987; Weisinger et al., 1988) and
similar negative elements have been identified upstream of the human c-myc .
gene (Chung et al., 1986; Hay et al., 1987; Hay et al., 1989; Lipp et al., 1987).
The nuclear factor binding sites within the "dehancers" negative elements are
conserved to varying degrees in mice and humans (Weisinger et al., 1988). It is
speculated that loss of such a regulatory region by chromosome translocation or
other rearrangements, would result in higher c-myc expression.

Another indicator of perturbated C-myc transcription in BL, MPC and RIC
cells is the shift in promoter usage in cell lines with a nontruncated c-myc in
favor of P1 (Axelson et al.; Taub et al., 1984; Yang ez al., 1985).

5A2. Mouse plasmacytoma (MPC).

As a confirmation that the chromosomal translocation associated with BL is
of pathogenetic significance is the observation that homologous translocation
which result in the juxtaposition of ¢-myc and immunoglobulin sequences occur
in mouse plasmacytoma (MPC) and rat immunocytoma (RIC) (Adams et al.,
1983; Marcu et al., 1983; paper IV). The MPC contains translocations, similar
to BL, between the myc carrying chromosome 15 and one of the Ig loci on
chromsome 6, 12, or 16 (Ohno et al., 1979; Sugiyama et al., 1989; for review,
see Cory, 1986; Mushinski, 1988). By chromosome sorting techniques we have
shown that the C-myc oncogene is translocated, together with the pvt -1 loci,
from chromosome 15 to chromosome 12 (Wirschubsky et al., 1985), in line
with results obtained by using somatic cell hybrids (Erikson et al., 1985).

The development of transgenic mice have given additional information on
the importance of myc activation in the development of pre-B and B cell
lymphomas (Adams et al., 1985; for review see Adams, 1988). The resulting
tumors that arose in cell lineages with a high level of the transgene expression
were oligo or monoclonal, showing that at least one additonal change was
required. Furthermore, the importance of the Ep in the transgenic mice system
strongly suggests that a positive control input from the Ig loci is necessary in the .
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MPC formation and that truncation of the myc locus is probably not enough to
activate the c-myc. The failure of first exon mutant Eu-myc constructs to cause
tumors in transgenic mice also points towards the importance of the Ig
transposition (Adams, personal communication). Thus, as a general conclusion,
loss or mutation of the normal regulatory region in the 5° part of the c-myc
gene is not sufficient to cause gene activation and a tumor phenotype; a positive
input from one of the Ig loci is needed. The substitution of Nmyc into the Epn
constructs is additional evidence of the myc role in pre-B and B-cell lymphoid -
malignancies (Dildrop et al., 1989; Rosenbaum et al., 1989).

In transgenic mice the c-myc expression is not exceedingly high in the
premalignant stage as well as in B-cell tumors (Alexander et al., 1987). This
suggests that the failure to downregulate C-myc 1is critical, rather that the
absolute level of expression. Similarly, the amount of c-myc mRNA in BL,
MPC and RIC cells is quite variable and does not exceed that in lymphocytes
after induction of proliferation with mitogens (Keath et al., 1984b, Pear et al.,
1988a).

As a further confirmation of the role of myc deregulation in MPC it has been
shown that chromosome translocation can be replaced by retroviruses that
express v-myc (Potter et al., 1987). Infection of pristane-treated Balb/c mice
with a retrovirally activated myc construct (J3) has dramatically reduced the
latency period of plasmacytoma development. Tumors that expressed the v-myc
insert had no translocations (Potter et al., 1987).

SA3. Rat immunocytoma (RIC).

The rat immunocytoma (RIC) is a plasma cell tumor which develops
spontaneously in approximately 30% of the rats of the LOU/Wsl strain (for
review see Bazin et al., 1988:; Siimegi et al., 1987). The tumors originate in the
ileocecal lymph nodes, and approximately 60% of the tumors are Ig secreting.
Significantly, unlike the mouse plasmcytoma, it is very rare to see IgA
producing tumors but approximately 50% of the tumors secrete IgE, and
various yisotypes are also secreted. The reciprocal 6:7 translocation has been
identified in all sixteen tumors examinated (Pear et al., 1986a; Pear et al., 1988a;
Wiener et al., 1982). In 12 out of 14 tumors C-myc rearrangement ‘was seen in a
40 kb region surrounding the gene. Analysis of the sequence juxtaposed to the c-
myc show that IgH switch regions are the targets in at least five tumors and that
there is strong correlation between the secreeted Ig and the c-myc target (Pear -
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et al., 1988a). The breakpoints are clustered in a 1.5 kb region upstream of the
proximal promoter. This is unlike the situation in MPC and sporadic BL. where
most of the breakpoints are seen in intron 1.

In the IR75 we have found complicated translocation, where the c-myc is
juxtaposed head-to-head to the switch |1 region, and then behind it is an inversion
of regions derived from upstream of yl (paper IV). A similar molecular
geometry was found in an exceptional MPC (Fahrlander et al., 1985). Basically,
this tumor showed us that similar to the mouse plasmacytoma and BL, the RIC .
translocation juxtaposes the c-myc with IgH sequences.

Cloning of the rearranged c-myc genes from four tumors, IR50, IR73,
IR162, and IR223, has shown that the c-myc and IgH sequences are rearranged
head to head (Pear et al., 1988b; Tian and Faust 1987; paper IV). These results
are similar to the findings with BL and MPC (Cory, 1986).

5A4. The PVT locus.

The pvt -1 locus in mouse, PVT in human, and Mis -1/MIvi -1 in rat are
homologous, map to the same chromosome as the c-myc gene (paper V;
Graham and Adams, 1986: Koehne et al., 1989) and are located 3~ of it
(Banerjee et al., 1985; Wirschubsky et al., 1985). The PVT in human has been
shown to be transcriptionally active and is located from 57 kb to at least 253 kb
downstream of c-myc (Henglein et al., 1989: Shtivelman er al., 1989;
Shtivelman and Bishop, 1989). The PVT is dispersed and the first intron spans
over 50 kb. In the variant translocation of BL (t(2;8) and t(8;22)) and variant
translocation of MPC (t(6;15)) involving one of the immunoglobulin light
chains the molecular breakpoint is located within the pvt -1 region (Banerjee et
al., 1985; Shtivelman et al., 1989; Webb er al., 1984). Furthermore, the pvt -
1/Mis -1 is the proviral insertion site of virally-induced mouse and rat
lymphomas (Graham et al., 1985; Jolicoeur et al., 1985; Lemay and Jolicoeur,
1984; Villeneuve et al., 1986). It has been claimed that the proviral integration
loci Mlvi -1 and pvr -1/Mis -1 represent two different loci but recent evidence
shows that they are identical (Koehne et al ., 1989),

C-myc expression is elevated in variant MPCs and in T-cell lymphomas with
retrovirus insertion in the vicinity of pv -1. Therefore, it has been speculated
that the pvs -1 is involved in the control of c-myc expression by influencing
superchromatin structure. Still, the detection of a transcriptionally active gene
at the PVT locus suggests that the transcriptional control of the two genes, c- .
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myc and PVT, is propably more complicated than that, especially in the context
of a possible cross-regulation between them (Shtivelman ez al., 1989).

SB. Gene amplification.

Somatic amplification of specific genes have been implicated in a variety of
adaptive responses of cells to environmental conditions since the discovery in -
drug-resistant eukaryotic cells (Schimke, 1982). In a similar way, the
amplification of myc genes in many different tumor cells is thought to give
some growth advantage to the cell, in view of the documented connection
between the myc gene and cellular growth control (see chapter 9).

The first report of a somatic amplification of the c-myc was in a
promyelocytic leukemia cell line HL-60 (Collins and Groudine, 1982; Dalla-
Favera et al., 1982b). Of interest is that this cell line can be differentiated to
different cell types by either DMSO or TPA/RA/VitD, resulting in
downregulation of the c-myc gene (Reitsma et al., 1983; Westin ez al., 1982a).
The c-myc is also amplified in some plasma cell leukemias (Siimegi et al., 1985)
and ANLL (Alitalo et al., 1985; Asker et al., 1988). Since these are highly
malignant form of human leukemias, and in the view of myc amplifications in
more malignant forms of SCLC and neuroblastoma (see later), the c-myc
amplification in leukemias may promote the clonal evolution of a more highly
malignant cell variant.

In SCLC the c-myc, Nmyc, or Lmyc are amplified and/or expressed in 60%
of cell lines tested (Brooks et al., 1986; Little et al., 1983), suggesting certain
equivalence of the myc family members. The c-myc amplification correlates
with the more malignant behavior of the variant cell histology of SCLC
(Brooks, et al., 1986). Thus, c-myc amplification appears to be related to the
tumor progression rather that initiation. The Bmyc has not been found
amplified in 40 different SCLC (unpublished observation).

In a similar way the Nmyc is found amplified in neuroblastoma and is
strongly correlated with advanced stages (III-IV); about 50% of these show
evidence of amplified Nmyc, while no amplifications are found in stage I and IT
tumors (Brodeur et al., 1984). The prognosis for patients at stage III and IV is
usually very poor; 2 year survival is 10-30%, compared with 75-90% for stages
I and II (Pochedly, 1982). Seeger et al., (1985) reached a similar conclusion,
namely that amplification of Nmyc was associated with the worst prognosis.
The estimated progression free survival at 8 months was 70%, 30%, and 5% for .
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patients whose neuroblastomas had 1, 3-10, or more than 10 Nmyc copies,
respectively. In addition to amplification of myc family genes an interesting
analogy of the HL60 and neuroblastoma cells is that both harbor point mutations
within the Nras locus, accounting for their ability to transform NIH3T3 cells
(Bos et al., 1984; Murray et al., 1983; Taparowsky et al., 1983).

Several reports have demonstrated c-myc amplification in 6-30% of cases
of breast cancer (Escot et al., 1986; Guérin et al., 1988; Kozbor and Croce,
1984). Some of these reports claim that overexpression of the c-myc gene -
correlates with poor prognosis (Guérin et al., 1988) and tumorigenicity
(Lavialle et al., 1988).

Cells carrying amplified DNA either as a homogeneously staining region
(HSR) or as double minute (DM) often grow more slowly unless the dosage of
the amplified genes provides a growth advantage, and in the absence of such a
selective pressure DM are lost (Schimke et al., 1980). The polyomavirus
induced mouse tumor cells, SEWA, contains DM which increase in number

when injected into the mouse ascites and are reduced when the tumor cells are- -

explanted back to tissue culture (Levan et al., 1981). It has been shown that the
DM in SEWA are the sites of amplified c-myc copies and that the tumors
contain enhanced levels of c-myc mRNA and protein (Schwab et al., 1985b).
The c-myc amplification is closely associated with ascites growth of the SEWA,
since the amplification is lost when the tumor was grown and serially
transplanted as solid tumor (Minarovits et al.). The degree of c-myc
amplification in SEWA correlates with the tumorigenicity, detected by
subcutaneous inoculation in syngeneic mice (Martinsson et al., 1988).

Still another tumor with c-myc amplification is COLO320, a colon
carcinoma. This amplification is interesting in several aspects. The c-myc 1is
amplified either in DM chromosomes or as a HSR, in a truncated form, lacking
the first exon, or as an intact gene, respectively (Alitalo et al., 1983). This
tumor was the first one to be used to show that truncated forms of c-myc mRNA
have shorter half life than the normal size counterpart (Rabbits et al., 1985).
Furthermore, a correlation between the PVT locus and c-myc amplification has
been suggested since the first exon of PVT has been found transposed to the first
intron of the c-myc in the COLO320 (Shtivelman and Bishop, 1989).
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5C. Viral transduction and viral insertions

RNA tumor viruses can be either acute or slow transforming (or chronically
acting). The former category of viruses has transduced a mutated cellular
transforming sequences and induces tumors after short latency periods by virtue
of a viral oncogene (v-onc ). These viruses are replication defective and need a
competent helper virus of the slow transforming type for the replication. The
avian leukemia viruses carrying the v-myc, commonly called the -
myelocytomatosis viruses, have broad pathogenic spectrum and induce
carcinomas, endotheliomas, and sarcomas in addition to the characteristic
leukemic disorder called myelocytomatosis (Beard, 1980). The
myeolocytomatosis viruses are able to transform fibroblasts and macrophages
into a malignant phenotype (Bishop, 1983).

The chronically acting viruses are replication-competent and do not carry an
oncogene in their genome, but rather cause tumors after a long latency period
through the activation of cellular oncogenes by integration in their vicinity (for
review, see Nusse 1986). Provirus insertion in the neighborhood of c-myc has
been implicated as important in the development of avian leukosis virus (ALV)
and murine leukemia virus (MuLV)-induced tumors (for review see Clurman
and Hayward, 1988; Nusse and Berns, 1988). The bursa of Fabricius is the
target site for tumors induced in chickens susceptible to ALV-induced B-cell
lymphomas, with the provirus integration adjacent to the c-myc (Hayward et
al., 1981, Payne et al., 1982), thought to be a causative factor in the initiation of
oncogenesis. The provirus integrates mostly in the first intron of c-myc, and the
gene is transcriptionally activated. The c-myc gene can be activated by
transcription from the viral promoter, in the case where the provirus is mutated
(Cullen et al., 1984) or by enhancer function (Linal and Groudine, 1985).

A similar mechanism of activation has been described in the case of virally
induced murine T-cell lymphomas, although the promoter insertion is less
frequent (Corcoran et al., 1984; Li, et al., 1984; O’Donnel et al., 1985; Selten et
al., 1984). It is of interest that the breakpoints correlate with the integration
points in tumors with activated c-myc by chromosomal translocation; 5° of the
coding region or 3” in the pvt -1/Mis -1/MIvi -1 locus.

It has been shown that 35% of primary MuLV-induced murine T cell
lymphomas carry proviral insertion in the 3” noncoding part of Nmyc, whereas
proviral insertion near c-myc was found in 40% of the tumors (VanLohuizen et
al., 1989a, b), supporting the widely accepted importance of myc activation in
lymphoid neoplasias.
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6. TRANSFORMATION BY MYC.

There is a large body of evidence suggesting that progression to malignancy is
a multistep process (Foulds, 1958; for review, see Weinberg, 1985). The
myc (s) can complement activated ras genes in inducing the neoplasmic
transformation of early-passage cells or primary cell types, while either
oncogene alone is essentially nontransforming. Myc and ras are considered to
be representative of two classes of oncogenes that encode nuclear or cytoplasmic
proteins, respectively, and cooperate in the transformation of primary cells.
Thus, the c-myc gene has been linked to immortalization activity (Mougneau et
al., 1984), while the action of Ha-ras has been correlated with transformation
activity (Land et al., 1983). Additional studies, however, indicate that c-myc
expression constructs can induce transformation in immortalized cell lines
(Keath et al., 1984a; Kelekar and Cole, 1986) and that Ha-ras can immortalize
primary cells (Spandidos and Wilkie, 1984). Currently, it is not clear how the
activities of these genes result in the observed spectrum of deregulated growth,
but tumorigenic conversion of REFs by single transfected myc or ras gene
appears to require special culture conditions and high levels of gene expression
(Land et al., 1986). Complementation between myc and ras holds for an
increasing number of cell types (Alexander et al., 1989; Ridley et al., 1988;
Schwartz et al., 1986; Sinn et al., 1987). Similarly, it has been shown in a
reconstituted mouse prostata gland, that v-ras and v-myc can induce separately
specific types of premalignant lesions and that the step-like progression of
tumors from benign to increasingly aggressive stages could be caused by
activation of both genes (Thompson ez al., 1989).

Like the c-myc .gene, the Nmyc and Lmyc genes can cooperate with mutant
Ha-ras gene to cause malignant transformation of REFs, as determined by
morphology, soft agar cloning, and tumorigenicity (Birrer et al., 1988;
DePinho et al., 1987b; Schwab et al., 1985a; Small et al., 1987; Yancopoulos et
al., 1985), while the Bmyc role remains undetermined. A bacterial Nmyc
fusion protein has been shown to antagonize the Nmyc acitvity by reducing the
foci formation of REF cells, cotransfected with activated Ha-ras gene (Ueno et
al., 1988). Furthermore, it has been demonstrated that rat embryo cells
transfected with Nmyc increases the generation number showing that enhanced
expression of Nmyc can rescue normal cells from senescence (Schwab and
Bishop, 1988). ‘

Transgenic mouse models have shown directly that constitutive c-myc or
Nmyc expression promotes lymphoid neoplasia in vivo (Adams et al., 1985;
Alexander et al., 1989; Dildrop et al., 1989; Rosenbaum et al., 1989), as well as '
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c-myc in some other tumor growth (Adams et al., 1985; Leder et al., 1986; Sinn
et al., 1987). Similar cooperativity between the myc and ras oncogene has been
found in transgenic mice, as well as cooperativity of myc and v-raf (Alexander
et al., 1989; Sinn et al., 1987). Still other oncogenes that can cooperate with myc
m the transforming activity are the v-src (MacAuley and Pawson, 1988) and v-
abl (Ohno et al., 1984).

7. TRANSCRIPTIONAL AND POST-TRANSCRIPTIONAL
REGULATION OF MYC EXPRESSION.

The c-myc oncogene is normally subject to complex regulation at the
transcriptional and post-transcriptional levels in proliferating and
differentiating cells. It is activated in responce to growth stimuli and generally,
though not always, repressed in response to differentiation signals. The c-myc
mRNA levels are rapidly increased or decreased by either or both of two rapid
mechanisms; regulation of mRNA elongation and of mRNA stability. N

Eick and Bornkamm (1986) proposed that two conformations may be formed
in the 5” part of the first exon; a readthrough conformation with one stem and
loop, and an alternative conformation with two stems and loops followed by a
polyU stretch, which might serve as a transcription termination signal.
Regulation by attenuation, in E.coli as well as in SV40, involves a small protein
encoded by the RNA leader that stabilizes one of both mRNA conformations
(Hay and Aloni, 1985; Yanofsky, 1981). The analogy between the different
systems has reemphasized the search for proteins which may eventually be
encoded by the reading frame in the first exon (Gazin et al., 1984; Gazin et al.,
1986), and by the upstream reading frame present in c-myc RNA initiated at Pg
(Bentley and Groudine, 1986b). Similar transcription block has been described
in the Lmyc, but it is not detected in the Nmyc gene (Krystal et al., 1988).

As discussed earlier a "dehancer activity" is found 5° of the c-myc gene
(section 5A1) and post-transcriptional regulation at the level of mRNA stability
is thought to be localized in the noncoding first exon and the noncoding part of
the third exon (section 4B1). The problem with myc half-life is to find a
"feature" of the molecule that makes myc mRNA have a short half-life. Such a
feature must somehow be encoded in the sequence, but it is not necessarily a
single motif. In fact, for myc it is clear that several sites have a combined effect
to maintain the normal half-life. The 5' exon is a necessary but not sufficient
stability determinat (if removed the half-life goes up, if put on another gene,
nothing happens) (Pei and Calame, 1988), while the 3' noncoding region is-
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necessary for normal myc half-life and sufficient to change the half-life of
another mRNA if added to it (Jones and Cole, 1987). Both are stability
determinants, but of different quality. How they interact is still not clear. There
are several theoretical possibilities; a direct secondary structure interaction
forming an attack site for a specific RNAse, and indirect effect through altered
translational efficiency, etc. The 3' noncoding region thus has a "destabilizer",
but that is not the whole explanation of the normal short c-myc half-life.

The transcriptional situtation in the c-myc locus is further complicated by
the finding of antisense transcription in the region upstream of P72, a
phenomenon the biological significance of which is unclear (Bentley and
Groudine, 1986b; Nepveu and Marcu, 1986).

Several transactivators have been suggested to influence c-myc transcription.
The jun/fos protein complexes seem to regulate gene expression and one of the
target candidates for such regulation is the c-myc oncogene (Hay et al., 1989).
The human c-myc promoter is the first cellular target described for
transactivation by Ela, mediated by E2F nuclear factor (Sassone-Corsi and
Borelli, 1987; Thalmeier et al., 1989). Furthermore, a tissue specific regulation
of c-myc expression by steroid hormones has been reported (Fink et al., 1988).

8. CHARACTERIZATION OF MYC PROTEINS.

The sequences in the coding regions of the myc genes have significant
similarities, suggesting that they may serve similar but distinct physiological
functions. The c-myc, Nmyc, and Lmyc encode nuclear phosphoproteins
(Alitalo et al., 1983; DeGreve et al., 1988), which bind DNA in vitro (Donner
et al., 1982; Evan et al., 1988; Evan et al., 1989; Persson et al., 1984a; Ramsay
et al., 1986; Slamon et al., 1986). The c-myc has been shown to be
phosporylated by casein kinase II, in regions of functional importance (Liischer
et al., 1989). The c-myc and Nmyc proteins bind to different structures within
the nucleus (Evan et al., 1986; paper VI). The c-myc protein can be extracted
from the nucleus with high salt concentration, while 30% of the Nmyc protein
remains in the nucleus (Evan et al., 1986). Transfection of CV-1 cells by SV40
based vectors with high levels of c-myc or Nmyc protein expression, suggests
that the two proteins bind to different structures within the nucleus (paper VI).
In c-myc transfected cells the overproduced protein product accumulates in
large amorphous globules that displace the normal chromatin and do not stain
for DNA. In Nmyc transfected cells condensed chromatin loops are formed.
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The c-myc, Nmyc, and Lmyc genes produce several proteins of different
sizes. The c-myc produces two major proteins of the sizes 64 kd and 67 kd (p64
and p67) and a minor protein of the size 46 kd (Liischer and Eisenman, 1988).
The initiation of the p64 is in the second exon from a typical AUG initiation of
translation, while the p67 starts in the first exon from a CUG codon (Hann e al.,
1988). The size difference of the two proteins is additional 14 amino acids in
p67, at the N-termini. The p67 is lost in many Burkitt lymphomas. Still, the
extra 14 amino acids at the amino terminal are not highly conserved between .
species (Bernard et al., 1983; Hayashi et al., 1987), and are not found in the
putative Bmyc peptide (paper III).

The Nmyc gene shows 4 different sized proteins in SDS-PAGE
electrophoresis, of sizes p67/p65 and p62/p64 (Mikeld et al., 1989). The
p67/p65 disappears by phosphatase treatment, suggesting that they are
phosphorylated forms of the p62/p64. The p62 and p64 differ in the N-termini;
the larger form has additional 8 amino acids, and both proteins initiate from
AUG codon in the 5° part of the second exon.

In similar experiments the Lmyc has three bands sized 60-66 kd that convert
to one band at 60 kd after phosphatase treatment (Saksela et al., 1989). Based on
in vitro translation DeGreve et al., (1988) reached a different conclusion; that
the different forms of Lmyc protein arise from differential RNA splicing
coupled to differential initiation of translation. The fully processed 3.6 kb
mRNA synthesizes only the p60 form, while the 3.9 kb mRNA (containing
intron 1) could translate both the p60 and p66 forms (DeGreve et al., 1988).
Therefore, alternative processing of intron 1 provides a mechanism for
determining the level of template available to translate the p66 from in vivo.
This possibility is particularly interesting if the two Lmyc protein forms have
different functional properties in growing cells, as has been suggested for the
two c-myc proteins (Hann et al., 1988). In addition to this there are three Lmyc
bands at 32-37 kd, which also turn into one band as a result of
dephosphorylation (Saksela, ez al., 1989), and are suggested to be encoded from
alternatively processed mRNA, and lack the 3rd exon sequences (Kaye et al.,
1988; DeGreve et al., 1988). This shorter form of Lmyc protein is localized in
the cytoplasm (Ikegaki et al., 1989), suggesting a different role compared to the
full size nuclear protein. No protein has yet been detected from the Bmyc gene
_in vivo, but sequence homology to c-myc coding region seems to be limited to

the second exon, while third exon sequences are lacking in the Bmyc (paper
I1T).
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Like the mRNA species of the myc family members (Dani et al., 1984), their
protein products are unstable. The c-myc and Nmyc proteins have a very short
half life, 30-40 minutes, while the Lmyc protein is a little more stable, with a
half life of 90 minutes (Evan et al., 1988; Evan et al., 1989). A protein sequence
rich in prolin, glutamate, serin and threonine (the so-called "PEST" sequence) is
thought to be involved in the destabilization of the c-myc protein (Rechsteiner et
al., 1987).

Comparison of the coding DNA sequences of the different myc genes, show .
that several regions have high homology, the so-called "myc -boxes". Nine such
regions have been described. C-myc and Nmyc have seven such boxes in
common (Kohl et al., 1986), c-myc and Lmyc five boxes, Nmyc and Lmyc
seven boxes (Legouy et al., 1987) and Bmyc two boxes found in all the other
myc family members and an additional box found in c-myc and Nmyc (paper
II; paper IIT). In addition to these boxes the Bmyc has high homology to c-myc
in other regions.

A functional association has been suggested between the c-myc protein and
DNA replication (Classon et al., 1987; Iguchi-Ariga et al., 1987). Other data
suggest a role for the c-myc protein in regulation of gene expression at the
transcriptional level (Kaddurah-Daouk et al.,1987; Kingston et al., 1984;
Onclercq et al., 1988), and possibly in RNA processing (Prendergast and Cole,
1989; Sullivan et al., 1986). The effects of the c-myc protein on transcription
has been shown to be both negative and positive (Kaddurah-Daouk ez al., 1987)
and the larger protein (p67) that initiates in the first exon seems to be important
in this aspect (Onclercq et al., 1988). The c-myc protein has been found
associated with small nuclear ribonucleoproteins (RINPs), suggesting a possible
role in RNA processing or transport (Spector et al., 1987). It has also been
suggested that the c-myc protein is regulating gene expression at a post-
transcriptional level, by other mechanisms than stability of cytoplasmic mRNA
(Prendergast and Cole, 1989). These findings are not necessarily contradicting,
one study suggests that the myc protein has a double function, as a
transcriptional and DNA replication factor (Iguchi-Ariga et al., 1988) or
alternatively the effects of the c-myc protein to enhance DNA replication are
not necessarily direct, but could act via secondary gene expression (Classon et
al., 1987). In fibroblasts with high levels of Nmyc protein, a higher rate of
DNA synthesis has been reported (Cavalieri and Goldfarb, 1988). The cellular
genes that c-myc possibly alters the expression of are still unknown. Two
dimensional electrophoresis showed that c-myc activated expression of eight
cellular proteins while five are downregulated, and a Go/G1 specific cDNA is
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also affected by c-myc (Scweinfest et al., 1988). An other candidate is the mrl
gene (Prendergast and Cole, 1989), that has 85% homology to human
plasminogen activator inhibitor-1, a regulator of extracellular protease activity,
which is implicated in tissue remodeling, tumor invasion, and metastasis
(Prendergast, personal communication). Two cellular specific genes, H1
histones, are shown to be negatively regulated by c-myc and the timing of their
induction suggests that they may play an important role in achieving
commitment to terminal differentiation (Cheng and Skoultchi, 1989). Another
putative target of c-myc is expression of ornithine decarboxylase (Dean et al.,
1987), a highly regulated enzyme of the biosynthetic pathway of polyamines in
mammalian cells (Pegg and McCann 1982; Tabor and Tabor, 1982).
Interestingly, it has been shown that the functional ornithine decarboxylase gene
has been rearranged with the immunogloulin heavy chain locus in mouse
myeloma cells, in a c-myc like manner (Katz and Kahana, 1989).

9. MYC EXPRESSION IN RELATION TO CELL
PROLIFERATION AND DIFFERENTIATION.

The c-myc expression is closely associated with the proliferative state of
many mesenchymal cells. Most of our knowledge about the role of myc genes in
growth control comes from systems in which the transition from quiescence to
proliferation and eventually back to growth arrest can easily be manipulated.

It is well documented that c-myc expression is induced by mitogenic stimuli
(mitogens and growth factors) in a variety of cell types and that cells expressing
high levels of exogenous c-myc escape from growth factor requirement.
Mitogenic stimuli, such as lectins, peptide growth factors, phorbol esters,
calcium ionophores, antireceptor antibodies, lymphokines, and partial
hepatectomy, commonly cause marked, transient elevations in c-myc mRNA
and protein levels in normal cells by a variable combination of increased
transcription and decreased breakdown (Armelin et al., 1984; Blanchard et al.,
1985; Campisi et al., 1984; Conscience et al., 1986; Coughlin et al., 1985; Dean
et al., 1986a; Goyette et al., 1984; Greenberg and Ziff, 1984; Kelly et al., 1983;
Lacy et al., 1986; Makino et al., 1984; Mehmet et al., 1988; Persson et al.,
1984b; Persson et al., 1985; Ran et al., 1986; Reed et al., 1985a, b; Smeland et
al., 1985). The c-myc expression is induced by serum, platelet-derived growth
factor, fibroblast growth factor and the tumor promoter 12-O-tetradecanoyl-
phorbol-13-acetate in BALB/c3T3 fibroblasts and by Concanavalin A and
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lipopolysaccharide in T and B lymphoid cells, respectively (Kelly ez al., 1983).
Resting human peripheral blood mononuclear cells exhibit a biphasic myc
activation pattern in response to the lectin mitogen phytohemaglutinin with
- peaks at 1-2 h and 24 h (Reed et al., 1986).

Fibroblastic cells responsive to epidermal growth factor and the combined
action of other purified growth factors such as thrombin and insulin also activate
c-myc expression as an early growth response (Blanchard et al., 1985; Liboi et
al., 1986). Addition of serum to serum-deprived fibroblasts, antigenic or.
mitogenic stimulation of lymphocytes (Kelly et al., 1983), and partial
hepatectomy (Goyette et al., 1984; Makino et al., 1984) lead to an up to
hundredfold increase in c-myc mRNA with a maximun after 1-2 h, well before
the cells enter S phase. The levels of c-myc are controlled by the action of
growth factors, and constitutive expression of the gene in some fibroblast
systems partially relieves dependence on these factors for entrance into the cell
cycle (Armelin et al., 1984; Cavalieri et al., 1987; Sorrentino et al., 1986; Stern
et al., 1986). In line with a biologically significant function of the increased c-
myc expression seen when quiescent cells reenter the cell cycle is that injection
of purified c-myc protein into cell nuclei leads to the onset of DNA synthesis
when cells are subsequently exposed to plasma (Kaczmarek et al., 1985).
Although c-myc mRNA levels change dramatically when quiescent cells reenter
the cell cycle, c-myc expression is invariant throughout the cell cycle (Hann ez
al., 1985; Thompson et al., 1985). It has been shown that enforced expression of
c-myc precludes entry into a distinct predifferentiation state in Go/G1 that is a
prerequisite for terminal differentiation, and therefore, it was proposed that c-
myc is a molecular switch directing cells either for a pathway that can lead to
continued proliferation or to terminal differentiation (Freytag, 1988). Myc
expression is also induced as an early response to EGF or nerve growth factor in
the rat pheochromocytoma cell line PC12 (Greenberg et al., 1986).

C-myc expression can be downregulated by interferon (INF). Addition of
IFN-B or o to Daudi BL cells causes them to arrest at the Go/G1 phase of the
cell cycle and to down-regulate c-myc expression at the transcriptional or post-
transcriptional level (Dani et al., 1985; Einat et al., 1985). A B-related IFN is
produced by U937 human histiocytic lymphoma cells induced to differentiate by
phorbol myristate acetate (PMA) and also in M1 murine myeloid cells treated
with natural differentiation iducers derived from mouse lung-conditioned media
(Resnitzky et al., 1986)). This IFN-B appears to function as an autocrine growth
inhibitor resulting in Go/G] arrest as well as c-myc suppression (Resnitzky ez
al., 1986). Antibodies against type I IFN that were added along with.
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differentiation inducers prevented most of the loss in cell growth rate and also
resulted in a smaller reduction in myc RNA levels (Resnitzky et al., 1986).

Deregulated c-myc expression can block the differentiation of several cell
types. In a number of cell systems, cycling of the cells and induction of
differentiation appear to be mutually exclusive. In the best studied systems of in
vitro differentiation, mouse erythroleukemia cells (MEL), and the human
monocytic leukemia cell line HL60, c-myc mRNA decreases rapidly after
addition of inducers of differentiation (Reitsma et al., 1983; Westin ez al., 1982). .
At least in MEL cells, the c-myc decrease is biphasic with an intermittent
increase after about 18 h (Lachman and Skoultchi, 1984). High constitutive
expression of c-myc blocks the differentiation of MEL cells into cells that
resemble mature erythrocytes (Coppola and Cole, 1986; Dmitrovsky et al.,
1986; Prochownik and Kuwowska, 1986).

As a general conclusion it can be said that proliferating cells of all kinds
express one of the myc -family members as long as they grow, but tend to down-
regulate it when cells have to leave the cycling compartment. Terminal
differentiation can be prevented by introducing constitutively expresed myc -
genes and , contrariwise, myc -antisense can induce differentiation (Prochownik
et al.,1988; Wickstrom et al., 1988). These observations suggest that c-myc
plays a central role in the regulatory networks that control cellular proliferation
and differentiation. The absence of myc transcription in resting cells, negative
correlation with cell differentiation, and presence in all proliferating cells is in
line with the conclusion that the pathological activation of the myc by
chromosomal translocation or viral insertion prevents the cell from leaving the
cycling compartment when it is programmed to do so.

In the case of retinoic acid (RA) induced differentiation of human
neuroblastoma (NB) cells, a decresed level of Nmyc expression is detected
within 6 h of treatment and precedes both cell-cycle changes and morphological
differentiation (Amatruda et al., 1985; Hammerling et al., 1987; Horii et al.,
1989; Thiele et al., 1985). Furthermore, it has been shown that constitutive
expression of Nmyc blocks RA induced differentiation but not growth arrest of
human NB cell lines (Thiele, personal communication).

The expression of Lmyc in correlation to cell differentiation is poorly
studied, mainly since no good inducible cell system is available. It has been
shown that a transfected Lmyc, gene can substitute for c-myc in blocking MEL
differentiation (Birrer et al., 1989). We have shown that Lmyc is

downregulated during RA induced differentiation of embryonal carcinoma
(EC) cells (paper VIII). |
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Table 3.

MmRNA expression of myc

family members in F9

embryonic carcinoma cells (paper VII; paper VIII).

F9-mRNA levels c-myc [ Nmyc [ Lmyc |Bmyc
Retinoic acid l il i 1%
Serum starv. 1/10% [ 1/710x [ 1/10% | 1%
Ins.+Transf. oX X 1% 1%
Cycloheximide 2% 1% 1.7% 1.3%
ActD (tq/2) 40° 1207 30° 340’

We have studied the expression pattern of myc family genes in F9 and PCC7
EC cells (Table 3; paper VII; paper VIII). The F9 and PCC7 were induced to
differentiate to visceral endoderm and nerve like tissue, respectively. By "run
on" analysis on PCC7 cells we have shown that c-myc is repressed at the
transcriptional level, but these cells express Nmyc, which is down-regulated
during differentiation, by a post-transcriptional mechanism.

The F9 cells express all four myc family members at the mRNA level (Table
3). The c-myc, Nmyc, and Lmyc genes are down-regulated during RA induced
differentiation to visceral endoderm, while Bmyc is expressed constitutionally
at low level (paper VII; paper VIII). C-myc and Nmyc are also down-
regulated during formation of parietal endoderm from F9 cells (Dean et al.,
1986b; Dony et al., 1985; Griep and DeLuca, 1986; Jakobovits ef al., 1985). As
a further confirmation of the c-myc role in differentiating F9 cells it has been
shown by using antisense myc, that down-regulation of c-myc is sufficient and
necessary for F9 cell differentiation (Griep and Westphal, 1988).
Overexpression of exogenous c-myc gene is thought to interfere with early
events in F9 cell differentiation (Onclercq et al., 1989)

Similarly, the c-myc, Nmyc, and Lmyc genes are down-regulated during
serum starvation while Bmyc is unaffected. These findings are in line with
constitutive expression of Bmyc in devloping rat tissues in contrast to the more
limited expression of other myc family members (paper II; paper VIII). c-myc’
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is the only myc family member that can be induced in F9 cells by
insulin/transferrin, suggesting stronger correlation to the mitogenic stage of the
cells than the other myc genes. Lmyc is poorly analysed in this aspect, but it has
been suggested that alteration of protein phosphorylation is followed by TPA or
serum activation of small cell lung carcinoma cell line (Saksela et al., 1989).

The c-myc, Lmyc, and Bmyc genes are upregulated in F9 cells when protein
synthesis is blocked by cycloheximide, suggesting that the expression of these
genes are under the control of labile proteins. A cytoplasmic destabilizer,
possibly a labile ribonucleoprotein, has been shown to regulate c-myc mRNA
stability in vitro (Brewer and Ross, 1989). The half life of the mRNA in F9
cells is short for c-myc and Lmyc, 40 and 30 min., respectively. The Nmyc
mRNA is more stable, with a half life of 2H, and even longer for Bmyc, 6H.

10. CONCLUSIONS

The nuclear products of the c-myc and Nmyc genes bind to different
subnuclear structures.

Similar to MPC and BL, the RIC translocation juxtaposes the c-myc with IgH
sequences. Although the exact mechanism of c-myc activation may vary
between different tumors, its occurrence appears to be essential in the
tumorigenic pathway of RIC, MPC, and BL. As the c-myc and pvt -1 are
synthenic in human, mouse, and rat, a large chromosomal region around c-myc
is conserved in mammals during evolution.

The myc family members are dispersed over the rat and mouse genome, as
already shown for humans, and localize on different chromosomes.

Bmyc has high homology to the 5” part of c-myc but no homology to the coding
part of the third exon. Cloning of cDNAs with different 3 noncoding exons
suggest alternative mRNA processing of the Bmyc gene.

Bmyc is a constitutively expressed gene, expressed in many tissues, both at fetal
and adult stages. C-myc, Nmyc, Lmyc, and Bmyc expression is differentially
regulated in developing tissues and in embryonic carcinoma cells in response to

serum deprivation, growth factors, and/or induction of visceral endoderm
differentiation.
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