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The c-Myc protein is a transcription factor with an N-terminal transcriptional regulatory domain and
C-terminal oligomerization and DNA-binding motifs. Previous studies have demonstrated that p107, a protein
related to the retinoblastoma protein, binds to the c-Myc transcriptional activation domain and suppresses its
activity. We sought to characterize the transforming activity and transcriptional properties of lymphoma-
derived mutant MYC alleles. Alleles encoding c-Myc proteins with missense mutations in the transcriptional
regulatory domain were more potent than wild-type c-Myc in transforming rodent fibroblasts. Although the
mutant c-Myc proteins retained their binding to p107 in in vitro and in vivo assays, p107 failed to suppress
their transcriptional activation activities. Many of the lymphoma-derived MYC alleles contain missense mu-
tations that result in substitution for the threonine at codon 58 or affect sequences flanking this amino acid.
We observed that in vivo phosphorylation of Thr-58 was absent in a lymphoma cell line with a mutant MYC
allele containing a missense mutation flanking codon 58. Our in vitro studies suggest that phosphorylation of
Thr-58 in wild-type c-Myc was dependent on cyclin A and required prior phosphorylation of Ser-62 by a
p107-cyclin A-CDK complex. In contrast, Thr-58 remained unphosphorylated in two representative mutant
c-Myc transactivation domains in vitro. Our studies suggest that missense mutations in MYC may be selected
for during lymphomagenesis, because the mutant MYC proteins have altered functional interactions with p107
protein complexes and fail to be phosphorylated at Thr-58.
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The MYC proto-oncogene encodes a helix-loop-helix—
leucine zipper (HLH-Z) transcription factor that participates
in the regulation of cell proliferation, cell differentiation, and
apoptosis (13, 17, 18, 21, 43, 58). Deregulation of MYC expres-
sion appears to be involved in the pathogenesis of a variety of
human neoplasms. Two regions of the Myc protein required
for its biological activities are the N-terminal transcription
activation domain (TAD) and the C-terminal basic-HLH-Z-
specific DNA-binding domain (18, 67). The HLH-Z domain
mediates dimerization of Myc with its partner, Max, and aligns
the adjacent basic regions in the major groove of DNA for
recognition of the specific E-box sequence, CAC(A/G)TG (2,
3,7,10-13, 17, 29, 44, 46, 50, 57, 58, 69). The TAD of Myc has
been shown to activate transcription in the chimeric GAL4
system as well as through E-box sequences with full-length Myc
(6, 33,42, 46, 55, 62, 63). Myc may also interact with TFII-I and
impede transcription that is dependent on the initiator (Inr)
element (49, 55, 62, 63). Although the Myc TAD has been
shown to contact the TATA-binding protein (TBP), the mech-
anisms by which Myc regulates transcription in normal and
neoplastic cells remain poorly understood (36, 52).
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Clues to the importance of the Myc N-terminal TAD in
neoplastic transformation were recognized through studies of
Myc mutants and related TADs of L-Myc and B-Myc (4, 61).
L-Myc, which is less potent than c-Myc in transforming fibro-
blasts, contains a weaker TAD than c-Myc, as determined by
using the heterologous yeast GAL4 DNA-binding domain as-
say. B-Myc is a short protein whose entire length is homolo-
gous to the Myc TAD; it does not contain a recognizable
DNA-binding motif. B-Myc is capable of squelching c-Myc
transactivation and inhibiting c-Myc-mediated transformation.
These studies suggest a correlation between Myc transactiva-
tion and transforming activities, although there are mutants of
Myc that are capable of transactivation but incapable of trans-
formation (42).

Recently, closer examination of Burkitt and AIDS-related
lymphomas reveal that in addition to translocated MYC alleles,
MYC exon 2 encoding the TAD is also the target for multiple
point mutations (8, 9, 16, 60, 70). These mutations, which are
also found in comparable positions in retroviral v-myc (54),
occur in more than 50% of Burkitt lymphomas and cluster in
hot spots involving Glu-39, Thr-58, Ser-62, and Phe-138 (Fig.
1). The high prevalence of these mutations suggests a biolog-
ical role for these alterations in the genesis of lymphomas. A
recent study of three such mutants indicates that the retino-
blastoma protein (pRB)-related protein p107 binds to the Myc
TAD and inhibits wild-type but not mutant Myc-GAL4 chi-
meric proteins (5, 32). p107 is a cellular protein that was first
identified through its association with simian virus 40 large T
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FIG. 1. Frequency of MYC coding sequence mutations in v-myc and in Bur-
kitt and AIDS-related lymphomas. The bar depicts the c-Myc protein encoded by
MYC exons 2 and 3. Numbers above and below the bar represent amino acid
positions. The number of diamonds (height) above the bar corresponds to the
number of mutations at the indicated amino acid position. Hot spots involving
Glu-39, Thr-58, Ser-62, and Phe-138 are highlighted by the numbers above the
bar. Data were derived from studies of Albert et al. (1), Bhatia et al. (8, 9), Clark
et al. (16), Papas and Lautenberg (54), Rabbitts et al. (60), and Yano et al. (70).

antigen and adenovirus E1A protein (22, 26, 35, 71). Similar to
pRB p105, p107 causes cellular growth arrest in late G, and
was found to be associated with the transcription factor E2F
(65). Unlike pRB, however, p107 binds directly to cyclins A
and E (25, 27, 48) and causes G, arrest in a cell line, C33A,
which resists pRB-mediated growth arrest (72). The physiolog-
ical significance of the Myc-p107 interaction remains, however,
undetermined. Additionally, the transforming activities of lym-
phoma-derived Myc mutants and the mechanism of p107-me-
diated suppression of Myc transactivation remain unknown.
In this report, we demonstrate that a group of lymphoma-
derived mutant MYC alleles has increased transforming activ-
ity unassociated with an attenuated potential to induce apop-
tosis. These alleles encode mutant Myc proteins that resist
p107-mediated suppression of Myc transactivation. These mu-
tations cluster in MYC exon 2 hot spots that encode in vivo
phosphorylation sites (Thr-58 and Ser-62) in the Myc TAD.
Our studies suggest that the resistance of mutant Myc proteins
to p107 suppression does not result from the disruption of a
physical interaction between Myc and p107. Rather, disruption
of a p107-mediated phosphorylation of these Myc mutants may
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be responsible for their transforming and transactivation prop-
erties.

MATERIALS AND METHODS

Plasmid constructions. (i) Myc, p107, and pRB in expression vectors. The
wild-type Myc expression vector driven by the Moloney murine leukemia virus
long terminal repeat is as described previously (67). Expression vectors contain-
ing tumor-derived MYC mutations were generated by exchanging the wild-type
414-bp Pst1-Pst] region in MYC exon 2 with the corresponding mutant fragments
of cloned PCR-amplified lymphoma DNA (70). Thus, only mutations between
amino acids (aa) 41 to 178 are included; mutations excluded are in parentheses
in Fig. 2A. Expression of full-length p107 (gift from M. Ewen) is driven by a
cytomegalovirus promoter in pCMVneo (24). The simian virus 40 promoter-
driven pSG5RB (pRB) expression vector was a gift from W. Kaelin.

(ii) GAL4 fusion and GALA4 reporter constructs. Constructs encoding a chi-
meric GAL4 DNA-binding domain fused to various TADs are as described
previously: GAL4-Myc and GAL4-VP16 (42) and GAL4-NF1 (NF1 aa 220 to
499) (39).

To create chimeric GAL4-mutant MYC (designated by B followed by a num-
ber [70]) constructs, PCR-amplified MYC exon 2 DNA (750 bp) fragments (5’
primer, GCGCGCGC CATATGCCCCTCAACGTTAG; 3’ primer, ACCACC
AG CAGCGACTCTTAAGGATCCGCG) containing missense mutations from
B3 to B19 alleles were subcloned into pGALM (42) via the Ndel and BamHI
sites. GAL4-MTA (Thr-58—Ala) was constructed by PCR-assisted site-directed
mutagenesis of GAL4 fused to wild-type Myc aa 1 to 262.

To generate the chimeric GAL4-p107 plasmid, a 3-kb Eagl-PstI-restricted
p107 cDNA fragment (in which the Eagl end was blunted by Klenow enzyme
fill-in) was subcloned into pGALO (42) between the Sma and PstI sites in the
polylinker region. The chimeric protein contains p107 aa 34 through 1127.

The GALA-TBP fusion was constructed by fusing in frame full-length human
TBP cDNA (1.5-kb NdeI-BamHI fragment) from pT7hTF2D (gift from D. Haw-
ley [66]) to pPGALO through compatible Ndel-BamHI sites.

pGALA4-RB was constructed by subcloning a 1.6-kb EcoRI retinoblastoma
gene cDNA fragment (encoding aa 379 to 928) into the EcoRI site of pGALO.
The retinoblastoma gene cDNA and pE7-VP16 were gifts from W. Kaelin.

GAL4-Myc proteins purified from bacteria were expressed from an expression
vector containing hexahistidine-tagged GAL4 sequences (residues 1 to 147)
fused to either wild-type or mutant c-Myc sequences. The expression vector
pET156-GAL4 was a gift from R. Wisdom. Partially digested Xhol-BamHI
fragments containing wild-type or mutant GAL4-MYC sequences were sub-
cloned into pET156-GALA4 to produce pH6GAL4-Myc, pH6GAL4-MycB3S, and
pH6GAL4-MycB19.

The GSE1bCAT reporter construct (gift from J. Lillie and M. Green) (42) and
the GSTATALUC and G5InrLUC reporter constructs (gifts from C. Chang and
J. Gralla) (15) are as described elsewhere.
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FIG. 2. Expression of wild-type or lymphoma-derived mutant MYC in stably transfected Rat 1a fibroblasts. (A) The top bar depicts wild-type Myc, with the TAD
and DNA-binding domain (B/HLH/Z) indicated. Sites of missense mutations (arrows) in seven MYC alleles derived from six different lymphomas are shown below
wild-type Myc. Mutants B3 and B3s are derived from two separate clones from the same tumor. Mutations in parentheses in each case are not included in the full-length
Myc expression plasmid (see Materials and Methods). (B) Western blot showing the presence of the 64-kDa human c-Myc protein (arrow) in extracts from equivalent
numbers of Rat 1a cells stably transfected with wild-type or mutant Myc (indicated above each lane). Positions (in thousands) of prestained molecular weight markers

are indicated on the left.
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(iii) MYC-VP16 fusion constructs. MYC-VP16 was generated by subcloning an
800-bp Ndel-Xbal MYC fragment from GM(1-262) (42) into compatible sites in
pNLVP (19, 28). MTA-VP16 was subcloned in a similar manner. To create VP16
fusion constructs containing other lymphoma-derived MYC mutations (B3 to
B19), fragments containing missense mutations were subcloned from GALA4-B3
through GAL4-B19 via Sall-Xbal sites into the pNLVP expression vector.

(iv) Expression plasmids for in vitro transcription and translation. Full-
length wild-type MYC from pSP64myc (15a) was subcloned downstream of an
SP6 promoter into the pGEM-11Zf vector (Promega) via compatible EcoRI and
Xbal sites to create pGEM-11Zf-myc. Fragments containing MYC mutations
from GAL4-B11, GAL4-B19, and GAL4-MTA were excised via internal PstI-
Pstl restriction sites (aa 41 to 178) and subcloned into the corresponding sites in
wild-type MYC (pGEM-11Zf-myc). The MYC deletion mutant D41-178 was
generated by removal of the internal PstI-PstI fragment and religation. MYC
deletion D1-100 has been described elsewhere (51).

Expression and purification of GST-p107 and GST-myc100 fusion protein.
GST-p107 was constructed by subcloning the ~3-kb EcoRI-PstI (blunt ended
with Klenow enzyme) fragment from GAL4-p107 into compatible EcoRI-Smal
sites of pGEX1 (Pharmacia). The GST-p107 fusion protein was produced in
transformed Escherichia coli JM89 by isopropylthiogalactopyranoside (IPTG)
induction for 4 h prior to purification as described elsewhere (41). Briefly, after
IPTG induction, JM89 grown in 1 liter of LB broth was spun down and resus-
pended in 10 ml of phosphate-buffered saline (PBS), sonicated for 30 s, and then
solubilized with 1% (vol/vol) Triton X-100. Following centrifugation, the super-
natant was incubated with 2 ml of a 50% slurry of GS-Sephacyl beads (Pharma-
cia) for 10 min at room temperature. The beads were then washed thrice with 50
ml of cold PBS and resuspended into 1.25 ml of PBS. GST-myc100 was con-
structed and purified as described previously (51).

Expression and purification of GAL4-Myc fusion proteins. E. coli B3CL was
transformed with pH6GAL4-Myc plasmids and induced to express the proteins
with IPTG. Bacterial lysates were denatured in 6 M guanidinium-HCI, and the
His-tagged proteins were purified as previously described (44).

In vitro Myc-p107 binding assay. Myc proteins were produced by coupled in
vitro transcription and translation in rabbit reticulocyte lysate reactions as de-
scribed by Promega. DNA template (1 pug) was added to transcription-translation
lysate (50 pl) containing 40 wCi of [>*S]methionine, and the mixture was incu-
bated at 30°C for 2 h. 3*S-labeled product (4% of the total) was suspended into
20 pl of 2X Laemmli buffer, heated, and then electrophoresed (10% sodium
dodecyl sulfate [SDS]-polyacrylamide gel). The resultant gel was fixed, treated
with Amplify (Amersham), dried, and exposed to Hyperfilm at —70°C for 14 h.

To determine MYC interaction with GST-p107 in vitro, an aliquot (4% of total
lysate described above) of programmed lysate was added to 50 pl of either GST
or GST-p107 beads equilibrated with kinase reaction buffer (KB; 50 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES; pH 7.3], 10 mM
MgCl,, 3 mM MnCl,, 1 mM dithiothreitol, 20 mM B-glycerophosphate). Fol-
lowing 1 h of incubation at 4°C, the beads were washed thrice with NETN buffer
(0.5% Nonidet P-40, 20 mM Tris-HCI [pH 8], 0.1 M NaCl, 1 mM EDTA),
resuspended in 20 pl of 2X Laemmli buffer, and heated prior to SDS-polyacryl-
amide gel electrophoresis (PAGE) analysis.

Western blotting (immunoblotting) and immunoprecipitation. For Western
blot analysis, total cell lysates collected from plates of exponentially growing cells
at 70% density were boiled in 2X Laemmli buffer (47). Polypeptides from 1/10
of total cell lysates from each plate (100 by 20 mm) were resolved by SDS-PAGE
(10% gel) and subjected to immunoblot analysis using rabbit anti-Myc polyclonal
antibody MC1 (1:5,000 dilution) (gift from P. Devreotes). This antibody was
generated against a human C-terminal Myc sequence. Detection was achieved
with a secondary goat anti-rabbit horseradish peroxidase-conjugated antibody
(1:10,000 dilution) (Bio-Rad) and enhanced chemiluminescence (Amersham).

Chinese hamster ovary (CHO) cells transiently transfected with 4 pg of the
different GALA4 fusion constructs per 100-mm-diameter plate were metabolically
labeled 48 h posttransfection with [*°S]methionine for 4 h. Immunoprecipitation
was performed with a rabbit polyclonal anti-GAL4 antibody (gift of I. Sadowski)
as described previously (44).

Cell lines. Rat 1a fibroblasts carrying wild-type or mutant MYC were generated
by cotransfection (Lipofectin; Bethesda Research Laboratories) with the differ-
ent Moloney murine leukemia virus long terminal repeat-driven genomic MYC
alleles (B3 through B19) (10 pg of DNA per 100-mm-diameter plate) and a
neomycin resistance marker plasmid (pSV2neo) (1 pg of DNA per 100-mm-
diameter plate). Cells were selected with the antibiotic G418 (400 pg of active
G418 per ml in Dulbecco’s minimal essential medium [DMEM] with 10% fetal
calf serum). More than 100 G418-resistant clones from each separate transfec-
tion were pooled for subsequent analyses.

Soft agar growth assay. For the soft agarose transformation assay, 10° cells in
twofold-concentrated DMEM and 20% fetal calf serum were mixed with an
equal volume of 0.8% agarose (45°C) (SeaKem) and poured onto a bed of 1.4%
agarose (SeaKem). The plates were fed every 3 days with 2 ml of DMEM
containing 10% fetal calf serum. At 14 days after plating, photomicrographs of
colonies were obtained. Photographs of various microscopic fields were enlarged,
and the diameters of all colonies within the fields were measured. For each
pooled cell line, at least 160 colonies were measured, and colony sizes are shown
as normalized histograms.
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Transient transfection and CAT assay. To determine the effect of p107 on
GAL4-MYC or GAL4-MYC mutants, CHO cells in 100-mm-diameter plates
were transiently transfected by using DEAE-dextran as described previously
(42). The amounts of plasmid DNA transfected per 100-mm-diameter plate were
2 pg of reporter chloramphenicol acetyltransferase (CAT) construct, 1 pg of
GALA4 fusion, and 3 pg of pl07 or pRB expression plasmid. CAT assays were
performed as described previously (42), and CAT activities were normalized to
the amount of cellular protein (Bradford assay; Bio-Rad) recovered.

Mammalian two-hybrid assay. Determination of MYC-p107 interaction in vivo
was performed by transient transfection using CHO cells (19, 28). The amounts
of plasmid DNA used per 100-mm-diameter plate were 1 pg of CAT or lucif-
erase reporter, 1 pg of GAL4-p107 or GAL4-TBP, and 2 pg of wild-type or
mutant MYC-VP16 expression plasmid. Luciferase activity was determined by
using a Promega assay kit. CAT and luciferase activities were corrected for total
amounts of cellular protein recovered.

In vitro phosphorylation assay. c-Myc chimeric or full-length proteins were
subjected to phosphorylation reactions using three different experimental de-
signs. In the first design, immobilized glutathione S-transferase (GST)-p107 or
GST alone was incubated with reticulocyte lysate programmed with pSP6-cyclin
A (kindly provided by T. Hunter and J. Pines) (56) or control lysate to form a
p107-cyclin A-CDK complex. Purified Myc protein was then incubated with the
immobilized complex or control in KB as described by Lutterbach and Hann
(51). The Sephadex-GST-p107 or GST-alone beads were washed thrice with KB,
and the resultant material was analyzed by SDS-PAGE.

In the second protocol, Myc proteins were incubated with control lysate or
reticulocyte lysate programmed with cyclin A in KB for 30 min. The resultant
products were incubated with Sephadex-GST-p107 to recover Myc protein. The
bound material was separated on an SDS-polyacrylamide gel, and phosphory-
lated Myc proteins were subjected to phosphopeptide analysis.

In the third design, an equal volume of a 50% Sephacyl slurry containing either
GST-p107 or GST alone was incubated (1 h at 4°C) with rabbit reticulocyte
transcription-translation lysate (50 pl) programmed with or without cyclin A.
After incubation, the slurry was washed thrice with NETN buffer, and the
GST-p107-cyclin A-CDK complex was eluted from Sephadex beads by addition
of 5 mM reduced glutathione (pH 7.5). An in vitro phosphorylation assay was
then performed in 25 pl of 1X KB with or without GST-myc100 (1 wg) and 10
wCi of [y-*2P]ATP. The resultant product was suspended in 2X Laemmli buffer,
boiled, and subject to SDS-PAGE (10% gel) analysis.

Phosphopeptide mapping. To determine the in vivo phosphorylation status of
Myc, approximately 5 X 107 cells were metabolically labeled with 12.5 pCi of 3%P;
(ICN, Costa Mesa, Calif.) for 2 h at 37°C in phosphate-free medium. Cellular
lysates were then prepared, and the Myc proteins were immunoprecipitated as
described previously (51). Briefly, labeled cells were washed twice with 10 mM
Tris-HCl (pH 8)-150 mM NaCl and lysed in cold antibody lysis buffer (51)
containing 10 mM iodoacetamide, 50 mM NaF, and 0.1 mM Na;VO,. Lysates
were then sonicated and precleared with Staphylococcus aureus membranes (Im-
muno-Precipitin; Bethesda Research Laboratories), and the Myc proteins were
immunoprecipitated with 5 g of affinity-purified anti-Myc peptide antibody or 5
wl of anti-GST-myc100 serum and Immuno-Precipitin. Samples were subjected
to SDS-PAGE (10% gel) and transferred to nitrocellulose. The phosphorylated
Myc proteins were then digested with proteases, and phosphopeptides were
processed as described previously (14). The recovered phosphopeptides were
subjected to electrophoresis in a Hunter thin-layer electrophoresis chamber in
pH 1.9 buffer (1.5 kV, 20 min) and ascending chromatography in phosphochro-
matography buffer (14). Autoradiography of electrophoretic plates was per-
formed as described elsewhere (51).

RESULTS

Lymphoma-derived Myc mutants have increased transform-
ing activity. The prevalence of MYC exon 2 mutations in Bur-
kitt lymphomas and tumor-derived cell lines, and comparable
mutations in v-Myc, suggests that these mutations may provide
a growth advantage for cells containing them (8, 9, 16, 60, 70).
The growth advantage conferred by MYC missense mutations
may result from enhanced MYC-induced cellular proliferation
or may result from attenuation of Myc-mediated apoptosis (23,
67). To test these hypotheses, we isolated mutated sequences
from six translocated Burkitt lymphoma MYC alleles by PCR
(Fig. 2A) (70). PstI-restricted exon 2 DNA fragments were
subcloned into Myc expression vectors to produce Myc pro-
teins containing mutations around Thr-58 (between aa 41 and
178).

For transformation assays, we chose Rat la fibroblasts,
which show anchorage-independent growth in the presence of
overexpressed MYC alone (67), in contrast to primary fibro-
blasts, which require both MYC and an activated RAS gene.
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FIG. 3. Transformation of Rat 1a fibroblasts stably transfected with wild-type or mutant MYC alleles. Representative phase-contrast photomicrographs of Rat la
colonies expressing wild-type Myc (Myc-wt) or mutant Myc were taken 16 days after plating in soft agarose (A). Shown below for each pooled cell line are histograms
representing the distribution of colony sizes obtained at 8 days after plating. For each pooled cell line, colony sizes from at least 160 colonies were measured from
duplicate experiments and normalized to the value for 100 colonies (B). Striped bars represent colony sizes frequently found in the parental Rat 1a mocked-transfected

cell line; filled bars represent large colonies.

This choice avoids the confounding factor contributed by RAS
and allows measurement of Myc protein levels in stably trans-
fected Rat 1a cells. Our choice of the Rat la cell transforma-
tion assay further allows us to assess Myc-induced apoptosis,
which does not occur in primary cells transformed by both
MYC and activated RAS. Therefore, Rat 1a fibroblasts were
stably transfected with mutant or wild-type MYC alleles. The
levels of Myc proteins in stably transfected Rat 1a cells were
comparable, as determined by immunoblot analysis using an
antibody specific for human c-Myc protein (Fig. 2B).

To determine the transforming potential of the mutant MYC
alleles, anchorage-independent growth properties of pooled
Rat 1a cell lines expressing mutant Myc proteins were com-
pared with those of a cell line expressing the wild-type protein
(Fig. 3A). Expression of these mutant MYC alleles, except B3,
resulted in enhanced transformation of Rat la cells, as evi-
denced by an increase in the number of large colonies (Fig.
3B). The mutant alleles caused an increase in the formation of
colonies that were 12 pm or greater in diameter compared with
colonies containing wild-type MYC at 8 days in culture. The
increases were as follows: B3S, 32%; BS, 62%; B11, 32%; B17,
31%; and B19, 51%. The anchorage-independent growth as-
says were performed in duplicate and yielded similar results in
three separate experiments. It is notable that the most preva-
lent coding sequence alteration of MYC (Fig. 1) in Burkitt

lymphomas, AIDS-related lymphomas (8, 9, 16, 60, 70), and
three separate myc transducing retroviruses (54) involves
Thr-58 (mutant MTA in Fig. 2). Mutations affecting this resi-
due have been previously shown to augment c-Myc transform-
ing activity (37, 59). Thus, mutations affecting or flanking
Thr-58 result in enhanced Myc transforming potential.

Since augmented transforming activities of mutant MYC al-
leles may result from an increase in the rate of cellular prolif-
eration or decrease in Myc-induced apoptosis, we determined
whether the mutations attenuate Myc-induced apoptosis,
thereby increasing Myc transforming activity. This issue is par-
ticularly important as we have observed cell death in the center
of colonies of Myc-expressing Rat 1a cells in agarose but not in
cells expressing both Myc and Bcl-2 (38, 38a). When serum was
withdrawn, the extent of Myc-induced apoptosis was not atten-
uated by mutant MYC alleles compared with wild-type MYC
(data not shown) (23). At 24 h after serum withdrawal, dereg-
ulated expression of wild-type or mutant MYC alleles induces
death in 20 to 30% of the cells, as determined by trypan blue
dye exclusion or in situ end labeling of nicked DNA (31) (data
not shown). These observations suggest that mutant MYC al-
leles derived from lymphomas have an increased transforming
capability without loss of the ability to induce apoptosis.

Selective suppression of Myc transactivation by p107. The
majority of the tumor-derived MYC mutations are present
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FIG. 4. Selective suppression of Myc transactivation by the pRB-related protein p107. (a) The schematic drawing depicts suppression of TADs by p107. The reporter
CAT construct contains five GAL4 binding sites upstream of an adenoviral E1b TATA box. Bar graphs show relative reporter activities resulting from duplicate
experiments with chimeric GAL4 proteins containing Myc, acidic VP16, or proline-rich NF1 TADs in the presence of p107 (black bars) or pRB (striped bars). The
weight ratios of p107 or pRB expression plasmids to those of GAL4 chimeras were 3:1. Control (gray) bars denote reporter CAT activity in the presence of the individual
GALA4-TAD fusion constructs. (b) Effect of p107 on the activities of GAL4 chimeric proteins containing wild-type Myc (Myc-wt) or mutant Myc transactivation domains.
The schematic drawing is similar to that in panel a. The percent activity of each chimeric GAL4 protein with increasing amounts of p107 expression plasmid is shown.
Each datum point is an average from four experiments. Errors were less than 10% of the reported value.

within the Myc N-terminal TAD that was originally identified
through studies of GAL4-Myc chimeric proteins (42). Re-
cently, Gu et al. (32) reported that a labeled c-Myc N-terminal
protein fragment interacted with the pRB-related protein
p107. Furthermore, studies by Beijersbergen et al. (5) demon-
strated that p107 interacts with the Myc TAD both in vitro and
in vivo. A consequence of this interaction is suppressed Myc-
mediated transactivation.

Since the previous study by Gu et al. (32) compared Myc
only with a very potent transactivator, VP16, that may resist
suppression by p107 by virtue of its potency, we studied the
transactivation domains of Myc, the herpes simplex virus VP16
protein, and the NF1 (CTF1) transactivator (39, 53). Figure 4a
shows that both the potent VP16 acidic transactivation domain
and the weaker NF1 proline-rich domain were unaffected by
p107, whereas the Myc domain was inhibited. Moreover, p107
also failed to inhibit the transactivation domain of USF, a
Myc-related HLH-Z protein that has the same MYC consensus
binding site (21a). In contrast to p107, an expression vector for
PRB, did not inhibit any of the chimeric GAL4 activators (Fig.
4a) but is capable of inhibiting GAL4-E2F (data not shown) as
previously reported (5, 30, 32). These results suggest that p107
selectively inhibited Myc-mediated transactivation.

Mutant Myc TADs resist suppression by p107. The various
mutant c-Myc TADs tethered to the GAL4 DNA-binding do-
mains did not display activities that have a consistent pattern of
change compared with the wild-type c-Myc TAD. The relative
activities of the GAL4-Myc chimeric proteins (in relative light
units [mean * standard deviation] from quadruplicate exper-
iments using 1 wg of activator plasmid) were as follows: wild
type, 105,754 + 19,787 (100%); B3, 158,423 = 10,147 (149%);
B3S, 175,567 = 12,976 (166%); BS, 95,364 + 13,015 (90%);

B11, 97,814 * 22,423 (92%); B17, 174,737 = 60,773 (165%);
B19, 105,715 = 2,998 (99.9%); and MTA, 158,346 = 28,689
(150%). Because an altered pattern of basal transcriptional
activities of chimeric GAL4-Myc proteins was not apparent, we
sought to determine whether there is a differential suppression
of Myc-mediated transactivation by pl07 as previously re-
ported for three Myc mutants (32). Mutant Myc TADs fused to
GALA4 (42) were expressed from chimeric GAL4 expression
vectors and tested for susceptibility to inhibition by p107. All
chimeric proteins were expressed comparably in transiently
transfected CHO cells, as determined by immunoprecipita-
tions with an anti-GAL4 antibody (data not shown). By titrat-
ing with increasing amounts of p107 expression plasmid, wild-
type Myc transactivation was suppressed by p107, whereas
transactivation activities of all seven mutants were relatively
resistant to suppression by p107 (Fig. 4b). These results con-
firm and extend the previously reported observation that lym-
phoma-derived mutant Myc proteins resist suppression of
transactivation by p107 (32). It is notable, however, that all
mutants studied to date except mutant B3 have alterations
around Thr-58.

Mutant Myc TADs do not have decreased binding to p107 or
increased binding to TBP. The resistance of mutant Myc to
pl107-mediated suppression suggests at least two possible and
readily testable mechanisms of altered interaction. Mutations
in the Myc transactivation domain may directly abrogate the
interaction of Myc with p107. Alternatively, since TBP has
been demonstrated to interact with the Myc TAD in vitro and
perhaps also in vivo (36, 52), the mutations may increase the
affinity of the interaction between the Myc TAD and TBP.
Such increases in the binding of Myc mutants to TBP may
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FIG. 5. In vitro interaction between Myc and GST-p107. (a) Diagram de-
picting the assay for interaction between Myc and GST-p107 immobilized on
Sephadex beads. (b) Autoradiogram of an SDS-polyacrylamide gel of wild-type
Myc (Myc-wt) or mutant Myc products derived from [**S]methionine-labeled in
vitro transcription-translation reactions. The D1-100 mutant has an N-terminal
deletion from aa 1 to 100. The D41-178 mutant represents an internal deletion
from aa 41 to 178. Positions (in thousands) of molecular weight markers are
shown at the right. (c) Autoradiogram of Myc proteins bound to GST-p107. The
amount of bound protein was 4 to 10% of total input material (b) as determined
from two separate binding assays. (d) Autoradiogram of Myc proteins bound to
control GST-Sephadex. The amounts of proteins were identical to those incu-
bated with GST-p107 (c), and the Sephadex beads were washed identically.
Autoradiographic and photographic exposure times were identical for experi-
ments with GST-p107 (c) and GST (d).

thereby sterically preclude the access of p107 to mutant Myc
TADs.

We examined first the in vitro interaction between p107 and
wild-type or mutant Myc proteins. Myc proteins were expressed
by in vitro coupled transcription and translation and then sub-
jected to a binding assay using an immobilized GST-p107 fu-
sion protein (Fig. 5a). Figure 5b represents an autoradiogram
of [>*S]methionine-labeled Myc polypeptides separated by
SDS-PAGE. Note that the full-length Myc polypeptides (wild-
type Myc, B11, B19, and MTA) migrate with apparent molec-
ular weights of 64,000, whereas prematurely terminated poly-
peptides migrate at about 45,000 in each lane. While binding of
Myc proteins was virtually undetectable with immobilized GST
alone (Fig. 5d), we found that the binding of Myc mutants to
p107 was similar to that observed with wild-type Myc (Fig. 5¢).
In addition, deletion of almost the entire Myc TAD (aa 41 to
178; D41-178 in Fig. 5b and c) resulted in loss of p107 binding,
whereas removal of the first 100 aa (D1-100 in Fig. 5b) did not
abrogate binding. These results suggest that residues 100 to
178 may be important for p107 binding. They contrast, how-
ever, with the finding by Gu et al. (32) that transactivation by
GALA4 fused to Myc residues 1 to 100 is suppressible by p107,
an observation which we are not able to verify (data not
shown).

To substantiate the in vitro studies, we further determined
the interaction of p107 with either wild-type or mutant Myc
TADs in vivo, using a mammalian two-hybrid system (19, 28).
In this system, chimeric GAL4-p107 and Myc-VP16 proteins
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interact to reconstitute a competent GAL4 transactivator that
activates a GALA4-dependent reporter construct (Fig. 6a).
Whereas an interaction of the wild-type Myc TAD with p107 in
the two-hybrid system is detectable (compare bar H with bars
A, B, and C in Fig. 6a), an interaction between Myc and pRB
(bar G) was undetectable. In control experiments, both GALA4-
pRB and GAL4-p107 chimeric proteins interact very effec-
tively with the papillomavirus E7 protein fused to VP16 (bars
F, P, and Q). Moreover, in control studies, GAL4-p107 did not
interact with either the VP16 TAD alone or the Fos leucine
zipper fused to VP16 (bars D and E) (19). As observed in vitro
(Fig. 5), mutant Myc TADs interacted with p107 as well as or
better than wild-type Myc in the two-hybrid system (bars H
through O). These observations are consistent with the results
of previously reported immunoprecipitation experiments using
three Burkitt lymphoma cell lines (32). In those experiments,
the wild-type and all three MYC mutant proteins associated
comparably with p107 in cell extracts. Taken together, these
findings indicate that these Myc mutations do not disrupt the
physical interaction between Myc and p107.

We tested the possibility that tumor-derived Myc mutations
enhance an interaction between TBP and the Myc TAD. Such
enhanced interaction may cause steric hindrance that accounts
for the resistance of the mutant Myc TADs to suppression by
pl07. An expression vector producing GAL4 fused to full-
length human TBP (Fig. 6b) was constructed. To demonstrate
the interaction between the Myc TAD and TBP in a two-hybrid
system, we used a luciferase reporter driven by upstream
GALA4 binding sites and an Inr element (15). The Inr element
was chosen to avoid any potential direct interaction of the
chimeric GAL4-TBP protein with TATA elements. Although
GALA-TBP yielded significant transactivation of the Inr-driven
reporter above the background level (compare bars A and Cin
Fig. 6b), an interaction with the Myc TAD fused to VP16 was
readily detectable (bars B, D, and F). Control experiments with
either the expression vector producing the VP16 domain alone
or VP16 fused to the Fos leucine zipper (Fos-VP16) indicated
no detectable interaction of VP16 or Fos-VP16 with TBP (bars
D and E). Although these experiments provided evidence for a
specific interaction between the Myc TAD and TBP in vivo, the
lymphoma-derived Myc mutations in the context of chimeric
GALA proteins did not augment the interaction with TBP (bars
F through M). These experiments indicate that enhanced in-
teractions between Myc mutants and TBP neither occur nor
account for the resistance of these mutants to p107 suppres-
sion.

Lack of Thr-58 phosphorylation in a lymphoma-derived mu-
tant Myc in vivo. Given that the resistance of Myc mutants to
p107 suppression cannot be explained simply by disruption of
a physical interaction between Myc and p107 or by altered
interaction of Myc with TBP, we sought to determine whether
altered phosphorylation of Myc was associated with the escape
from p107 regulation. In support of this hypothesis is the high
prevalence of mutations altering Myc (Fig. 1) at two major Myc
phosphorylation sites, Thr-58 and Ser-62, in Burkitt and AIDS-
related lymphomas (37, 51, 59). In addition, many of the lym-
phoma-derived Myc mutants contain alterations of amino ac-
ids surrounding Thr-58, but in these instances Thr-58 remains
unaltered.

We hypothesize that such mutations flanking Thr-58 also
affect its in vivo phosphorylation status. Thus, the in vivo phos-
phorylation maps of wild-type and two Burkitt lymphoma mu-
tants were examined. Since only two Burkitt lymphoma cell
lines that are relevant to the mutant MYC alleles considered in
our study are available, our analysis was limited to these mu-
tants. As a control, the Jurkat T-cell line was used to examine
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A= G5-LUC/CAT (GS)

B= G5+GAL4-p107

C= G5+Myc(wt)-VP16

D= G5+GAL4-p107+VP16

E= G5+GAL4-p107+Fos-VP16
F= G5+E7-VP16

G= G5+GAL4-Rb+Myc-VP16

H= G5+GAL4-p107+Myc-VP16
I=  G5+GAL4-p107+B3-VP16
J= G5+GAL4-p107+B3s-VP16
K= G5+GAL4-p107+B5-VP16
L= G5+GAL4-p107+B11-VP16
M= G5+GAL4-p107+B17-VP16
N= G5+GAL4-p107+B19-VP16
O= G5+GAL4-p107+MTA-VP16
P= G5+GAL4-p107+E7-VP16

Q= G5+GAL4-Rb+E7-VP16

A

GS5lnrluc (GS)
G5+Myc(wt)-VP16

C= G5+Gal-TBP

D= G5+Gal-TBP+VP16

E= G5+GalTBP+Fos-VP16

@
n

F= G5+Gal-TBP+Myc(wt)-VP16
G= G5+Gal-TBP+B3-VP16

H= G5+Gal-TBP+B3s-VP16

I= G5+Gal-TBP+B5-VP16

J= G&5+Gal-TBP+B11-VP16
K= G5+Gal-TBP+B17-VP16
L= G5+Gal-TBP+B19-VP16
M= G5+Gal-TBP+MTA-VP16

FIG. 6. In vivo interaction between Myc and p107 or TBP as determined by the two-hybrid assay. (a) The diagram depicts the chimeric proteins GAL4-p107 and
Myc TAD-VP16 interacting to transactivate the reporter GSE1bCAT or GSTATALUC (luciferase [Luc]) construct. The bar graph represents relative reporter activities
resulting from the cotransfection of the reporter with chimeric plasmids defined in the figure. The notation G5 represents the reporter construct. Controls (A to G)
are grouped. All values averaged from triplicate experiments are normalized to the GAL4-p107 activity, which is arbitrarily defined as unit activity. Errors were less
than 10% of the reported value. (b) The diagram depicts the chimeric proteins GAL4-TBP and Myc TAD-VP16 interacting to transactivate the reporter G5Inr-
luciferase construct. The bar graph represents relative reporter activities as shown in panel a. Controls (A to E) are grouped. All values averaged from duplicate
experiments are normalized to the GAL4-TBP activity, which is arbitrarily defined as unit activity. Errors were less than 10% of the reported value. Myc(wt), wild-type

Myc.

the phosphorylation of wild-type Myc. One of the mutants,
B3CL (known as ST486; courtesy of I. Magrath), corresponds
to the Myc mutant B3S (Gln-36—Leu, Pro-57—Phe, Thr-
95—Pro, Ala-183—Val) that has been shown to have increased
transforming activity and resist p107 suppression (Fig. 2). The
other cell line, B7CL (known as DW6), was also studied be-
cause its mutations (Val-5—Ile, Thr-95—Ala, Phe-115—Leu)
are relatively distant from Thr-58. The B7CL Myc mutant
notably does not resist pl07 suppression of Myc-mediated
transactivation (69a). As evident from the phosphopeptide
maps (Fig. 7), phosphopeptide b containing phospho-Thr-58 is
absent from the B3CL map, suggesting that a mutation adja-
cent to Thr-58 alter the phosphorylation of this residue in vivo.
In contrast, Myc derived from B7CL retains phosphorylation
of Thr-58. These observations suggest the hypothesis that al-
teration of phosphorylation of Myc, perhaps mediated through
its interaction with p107, is associated with the resistance of
certain lymphoma-derived Myc mutants to suppression by
p107.

p107- and cyclin A-dependent in vitro phosphorylation of
Myc at Thr-58 and Ser-62. From observations presented
above, we hypothesize that p107-mediated phosphorylation of
Myc inhibits the function of Myc. We examined the ability of

p107-cyclin-CDK complexes to phosphorylate Myc in vitro,
specifically since p107 has been found to be associated with
either cyclin A or cyclin E (48). To determine whether a p107-
cyclin-CDK complex could phosphorylate the Myc N-terminal
TAD in vitro, a GST-p107 fusion protein was produced and
affinity purified on glutathione-Sepharose beads. In vitro-
translated cyclin A and its associated kinase present in rabbit
reticulocyte lysate were allowed to bind with immobilized
GST-p107. The resultant GST-p107-cyclin A-CDK complexes
were subsequently eluted from the beads with glutathione.
These cyclin A-dependent kinase complexes were able to me-
diate the phosphorylation at Ser-62 of a purified GST-Myc
fusion protein (51) containing the Myc amino-terminal domain
(peptide c in Fig. 8). Some as yet unidentified cyclin A-depen-
dent phosphopeptides migrating anodic to the origin were also
observed (data not shown). Note that identification of all in
vitro phosphorylation sites was verified by comigration of the
in vitro-generated phosphopeptides with those derived in vivo
as previously described (data not shown) (51). This in vitro
phosphorylation of c-Myc Ser-62 by a p107-cyclin A-dependent
kinase is consistent with the previously reported in vitro phos-
phorylation pattern of this GST-Myc fusion protein with cdc2
kinase alone (51).
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FIG. 7. (A) Phosphopeptide map of c-Myc from wild-type Myc (Jurkat con-
trol) and two Burkitt lymphoma cell lines (B3CL and B7CL). B3CL contains
mutations at positions 8 (T—S), 36 (Q—L), 57 (P—T), 95 (T—P), and 183
(A—V); B7CL is mutated at positions 5 (V—I), 95 (T—A), 115 (F—L), and 249
(S—G). Two-dimensional electrophoresis and chromatography were performed
on thymolysin (Th)-digested c-Myc products previously in vivo labeled with *?P;
and purified by immunoprecipitation. (B) Identities and positions of three phos-
phopeptides, a, b, and c, along with the wild-type c-Myc peptide sequence from
aa 45 to 75. Phosphopeptide a is singly phosphorylated at Ser-71. Phosphopep-
tide c is singly phosphorylated at Ser-62, and phosphopeptide b is doubly phos-
phorylated at Thr-58 and Ser-62.

Because phosphorylation of Myc Thr-58 has been reported
to be dependent on the prior phosphorylation of Ser-62 (51,
59), we determined whether phosphorylation of both Ser-62
and Thr-58 could occur in a cyclin A-dependent fashion in
reticulocyte lysate. We used full-length bacterially synthesized
Myc lacking the HLH domain as a substrate, since deletion of
the HLH domain appears to yield a product that is more
soluble than wild-type Myc (20). We observed that the full-
length Myc protein could be phosphorylated in a p107- and
cyclin A-dependent fashion in vitro in the absence of reticulo-
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FIG. 8. Invitro phosphorylation reaction of Myc with purified GST-p107 and
cyclin A-CDK complexes. (A) Autoradiogram of an SDS-polyacrylamide gel of
GST-myc100 (fusion protein of GST and the first 100 N-terminal residues of
Myc) phosphorylated by purified p107-cyclin A-CDK complex (arrowhead).
Above each lane, + or — denotes the inclusion or exclusion of GST-myc100 in
the kinase reaction. The dot denotes the position of autophosphorylated GST-
p107 (M,, ~120,000). (B) Phosphopeptide map of phosphorylated GST-myc100
product purified by SDS-PAGE and subjected to thymolysin digestion as for Fig.
7. The position of phosphopeptide c is marked. Additional unidentified phos-
phopeptides are also evident close to the origin of the map.
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FIG. 9. p107- and cyclin A-dependent phosphorylation of c-Myc in vitro. An
autoradiogram of phosphorylation products after separation by SDS-PAGE is
shown. Purified human Myc protein produced in bacteria was incubated with
either immobilized GST or GST-p107 preloaded with either unprogrammed
reticulocyte lysate (—) or lysate containing in vitro-translated human cyclin A
(+) as indicated at the top. Alternating lanes represent phosphorylation reac-
tions in the absence (—) or presence (+) of Myc protein. Note that in the
absence of c-Myc, cyclin A mediates a detectable autophosphorylation of GST-
p107. c-Myc was phosphorylated and bound to the GST-p107 only when both
p107 and cyclin A were present. M, values are indicated in thousands.

cyte lysate (Fig. 9). This purified Myc protein was incubated
with reticulocyte lysates that were either mocked programmed
or programmed with cyclin A transcripts. Although the extents
of c-Myc protein phosphorylation with rabbit reticulocyte ly-
sate appear similar in the presence and absence of cyclin A
(Fig. 10A), the sites of Myc phosphorylation were dramatically
different. By phosphopeptide mapping, we found that in vitro
phosphorylation of the Myc transactivation domain residues
Thr-58, Ser-62, and Ser-71 has an absolute requirement for
cyclin A (Fig. 10B). These Myc residues, which are found
phosphorylated in vivo (51), remained unphosphorylated by
rabbit reticulocyte lysate in the absence of cyclin A. We have
observed variability in the ascending chromatographic migra-
tion of c-Myc phosphopeptides generated in vitro. Therefore,
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FIG. 10. Cyclin A-dependent in vitro phosphorylation of Thr-58, Ser-62, and
Ser-71. (A) Autoradiogram of an SDS-polyacrylamide gel showing phosphory-
lated products derived from reacting purified full-length bacterial Myc protein
with rabbit reticulocyte lysate programmed with or without SP6-driven cyclin A
template DNA. Above each lane, + or — denotes the inclusion or exclusion of
bacterial Myc protein in the kinase reaction. The phosphorylated Myc proteins
were retrieved from the reaction mixture with GST-p107 prior to SDS-PAGE.
The dot and arrowhead mark the positions of autophosphorylated GST-p107
(M, ~120,000) and Myc (lacking the HLH domain; M,, ~62,000), respectively.
(B) Maps of thermolytic Myc phosphopeptides obtained in the absence (—) or
presence (+) of cyclin A. Phosphopeptides are labeled as in Fig. 7.
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FIG. 11. Mutant GAL4-Myc chimeric proteins lack a cyclin A-dependent
phosphorylation of Thr-58 in vitro. (A) Coomassie blue-stained SDS-polyacryl-
amide gel of purified His-tagged GAL4-wild-type Myc (wt), GAL4-B3S (B3S),
and GAL4-B19 (B19) proteins. Positions (in thousands) of prestained molecular
weight markers are shown on the left. (B) Autoradiogram of GAL4 chimeric
proteins phosphorylated in cyclin A-programmed reticulocyte lysate separated by
SDS-PAGE. Phosphorylated proteins were recovered on GST-p107 beads prior
to SDS-PAGE as described for Fig. 10. (C) Thermolytic phosphopeptide maps of
GALA4-Myc proteins shown in panel B. Note that only the wild-type Myc trans-
activation displays the thermolytic phosphopeptide b, which contains phospho-
Thr-58. Phosphopeptides are labeled as in Fig. 7.

comigration experiments of in vitro-phosphorylated c-Myc
peptides with in vivo-derived phosphopeptides were per-
formed (data not shown) to verify the identities of thermolytic
phosphopeptides a, b, and c. These observations suggest that
Myc Ser-62 can be phosphorylated by a p107-cyclin A-CDK
complex, and the ensuing phosphorylation of Thr-58 and
Ser-71 may occur in a cyclin A-dependent fashion.

To correlate the transcriptional properties of wild-type or
mutant GAL4-Myc chimeric proteins in the presence of p107
in vivo with their in vitro phosphorylation patterns, we pro-
duced and purified GAL4 proteins fused to c-Myc residues 1 to
252 in bacteria (Fig. 11A). These proteins were subjected to
phosphorylation reactions (Fig. 11B) as described for Fig. 10.
Phosphopeptide mapping of each protein (Fig. 11C) indicates
that the wild-type c-Myc transactivation domain fused to
GALA4 displays a cyclin A-dependent phosphorylation pattern
that is reminescent of the in vivo phosphorylation pattern. The
thermolytic phosphopeptide b in GAL4-wild-type Myc con-
tains both phosphoserine and phosphothreonine (data not
shown). In contrast, both the Myc-B3S and Myc-B19 mutants
in identical phosphorylation reactions to the wild-type c-Myc
lack the thermolytic phosphopeptide b that contains phospho-
Thr-58. These results are fascinating in that mutations affecting
either Pro-57 (B3S) or Pro-63 (B19) are associated with the
lack of a cyclin A-dependent phosphorylation of Thr-58 in
vitro. It should be noted, however, that other mutations also
present in the B3S and B19 alleles (Fig. 2) may contribute to
alterations in the phosphorylation of Thr-58. Our results sug-
gest a correlation between resistance of c-Myc mutants to p107
suppression and the lack of cyclin A-dependent phosphoryla-
tion of Thr-58 in vitro.
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DISCUSSION

Our results suggest that a group of lymphoma-derived mu-
tant MYC alleles has increased transforming activity unassoci-
ated with an attenuated potential to induce apoptosis. This
group encodes Myc proteins that resist pl07-mediated sup-
pression of Myc transactivation. These mutations cluster in
MYC codons that encode in vivo phosphorylation sites (Thr-58
and Ser-62) in the Myc TAD. Our studies suggest that the
resistance of mutant Myc proteins to p107 suppression is not
due to the disruption of the physical interaction between Myc
and p107. Rather, the results are compatible with the hypoth-
esis that disruption of a pl07-mediated phosphorylation of
Myc may be responsible for the transforming and transactiva-
tion properties of lymphoma-derived Myc mutants.

Transforming activities of lymphoma-derived mutant MYC
alleles. We sought to identify the biological significance of
somatic mutations clustering in exon 2 of translocated MYC
alleles frequently found in Burkitt and AIDS-related lympho-
mas (8, 9, 16, 60, 70). The high prevalence of these MYC
mutations suggests that their acquisition by the tumor cells
may confer either a proliferative advantage or prolonged cell
survival. Therefore, we determined the transforming potential
of these mutant MYC alleles in Rat 1a fibroblasts, which can be
transformed by deregulated expression of Myc protein alone.
The anchorage-independent growth of Rat 1A cells stably
transfected with mutant MYC alleles was more robust than
growth of cells expressing wild-type MYC. An exception was
mutant B3, which contains three missense mutations in exon 2.
The subcloned B3 mutation, Thr 95—Pro, which is included in
the expressed full-length c-Myc protein, appears insufficient to
increase transforming activity (Fig. 2 and 3). However, inclu-
sion of all three mutations of B3 in the chimeric GALA4 protein
appears to cause resistance to p107 suppression (Fig. 4b). It is
unclear whether the other two B3 mutations (Gln-36—Leu
and Ala-183—Val) play a role in transformation. Nevertheless,
acquisition of an additional mutation (Pro-57—Phe) in a sub-
set of tumor cells (B3S) from the same patient increases the
transforming potential of c-Myc. It is notable that mutations in
many of these selected MYC alleles are clustered around two
major Myc phosphorylation sites, Thr-58 and Ser-62 (37, 51,
59). Mutation of Thr-58 has been shown by several studies to
augment MYC transforming activity in anchorage-independent
growth assays (37) as well as to transform primary cells in
cooperation with an activated RAS gene (59). Since augmented
transforming activities of mutant MYC alleles may result from
attenuation of Myc-induced apoptosis (23, 38), we determined
the extent of Myc-induced apoptosis associated with serum
withdrawal and found it unaltered by enforced expression of
mutant Myc compared with wild-type Myc. Thus, a selected
group of lymphoma-derived Myc mutants studied herein dis-
play increased transforming activities without attenuated abil-
ities to induced apoptosis.

Lack of a pattern of altered transactivation by Myc mutants.
To determine the molecular biological consequences of muta-
tions in MYC exon 2, which encodes the Myc TAD, we studied
the properties of Myc-mediated transactivation in a chimeric
GAL4 protein system (42). The wild-type and mutant Myc
TADs were fused to the yeast GAL4 DNA-binding domain to
assess the activities of these Myc TADs. The mutant Myc
TADs did not display a consistent alteration in activity; i.e.,
some mutants were less active whereas others were more active
than the wild-type Myc domain. These findings are compatible
with results from several other studies. A study by Albert et al.
(1) suggests that Myc transactivation is attenuated by exon 2
mutations. Further, a study by Gupta et al. (34) suggested that
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mutation of either Thr-58 or Ser-62 led to decreased Myc-
mediated transactivation. Neither of these studies, however,
controlled for the levels of Myc proteins produced in trans-
fected cells. The studies by Henriksson et al. (37) and Lutter-
bach and Hann (51) indicate that mutations at Thr-58 or
Ser-62 do not result in detectable alteration of Myc-mediated
transactivation. Although the basis for the differences between
these studies remains to be established, our results are com-
patible with the observations that there is no consistent pattern
of altered transactivation by Myc mutants.

Myc mutants resist suppression of transactivation by p107.
Because of the lack of a pattern of altered basal transactivation
capabilities of chimeric mutant Myc-GALA4 proteins, we sought
to determine the effect of p107 on these mutants. Three se-
lected lymphoma-derived Myc mutants were previously shown
to resist suppression of Myc-mediated transactivation by p107
(32). Both GAL4 chimeric proteins as well as full-length mu-
tant Myc proteins resist suppression by p107 (17a). All seven
Myc mutants studied by us also resist suppression by p107 in
transfection experiments. Mutations affecting Phe-115 or Phe-
138 distal to Thr-58, however, do not confer resistance of Myc
to p107 suppression of transactivation (69a). These observa-
tions suggest that selected lymphoma-derived mutations in
MYC exon 2 result in mutant Myc proteins that resist suppres-
sion by p107. Since p107 suppresses growth of transfected cells,
these results suggest that disruption of a functional interaction
between p107 and mutant Myc may cause deregulated prolif-
eration in the genesis of lymphomas. Future studies will be
required to delineate the exact role of Myc-p107 interaction in
cell cycle kinetics.

Wild-type and mutant Myc proteins bind p107 and TBP
comparably. Both wild-type and mutant Myc proteins were
found associated with p107 in immunoprecipitation studies
with metabolically labeled lymphoma cell lines (32). These
observations suggest that the altered association of p107 to
mutant Myc proteins could not be detected by such method-
ologies or that mutations in the Myc TAD do not disrupt
binding to p107. Thus, we sought to determine the mechanism
by which p107 suppresses Myc-mediated transactivation activ-
ity. In vitro binding of p107 to Myc appears uninterrupted by
Myc mutations. Furthermore, the interaction of all of the Myc
mutants with p107 in our study was not abrogated in vivo, as
determined by transfection studies using a mammalian two-
hybrid system (19, 28). Our findings suggest that lymphoma-
derived mutations in the Myc TAD do not disrupt the direct
physical interaction of p107 and Myc.

We also examined the potential effect of mutations on the
interaction of Myc with the TBP, because Myc has been shown
to associate with TBP in vitro (36) and in vivo by cross-linking
experiments (52). This interaction appears to involve the Myc
transactivation domain. Although the significance of Myc-TBP
interaction has not been thoroughly established, we sought to
determine whether Myc mutations may enhance an interaction
of Myc to TBP and thereby prevent the binding of p107. The
Myc mutations did not dramatically augment an interaction of
Myc with TBP, suggesting that this physical association is un-
altered and is not responsible for resistance of Myc mutants to
p107 suppression.

Phosphorylation of the Myc TAD and Myc function. Since
we were unable to detect alterations in the physical association
of Myc with either p107 or TBP, we sought to determine
whether a functional association of p107 with Myc is perturbed
by lymphoma-derived mutations. Such a putative functional
interaction involving p107-mediated phosphorylation of Myc is
suggested by several observations. The tumor-derived muta-
tions considered in our studies are notably clustered around
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two phosphorylation sites of c-Myc, Thr-58 and Ser-62. Ser-62
is within a CDK consensus phosphorylation site and is phos-
phorylated by cdc2 kinase or mitogen-activated protein kinase
in vitro (51). Phosphorylation of Thr-58 appears to be depen-
dent on the prior phosphorylation of Ser-62 (37, 51, 59).

Other studies indicate that p107 binds either cyclin A or
cyclin E and the associated kinases (25, 48). Such a homolo-
gous complex containing cyclin A-dependent protein kinase
regulates the E2F-1 transcriptional heterodimers by phosphor-
ylation (45).

From these observations, we hypothesize that p107-cyclin-
CDK complexes phosphorylate Myc specifically at Ser-62,
causing subsequent phosphorylation of Thr-58. Because muta-
tions directly affecting Thr-58, frequently found in Burkitt lym-
phomas, augment Myc transforming activity, we envision that
phosphorylation of Ser-62 and Thr-58 attenuates Myc func-
tion. Our in vivo phosphorylation studies suggest that a muta-
tion flanking Thr-58 found in a Burkitt lymphoma cell line
dramatically inhibits the phosphorylation of Thr-58. It is nota-
ble that mutations directly affecting Ser-62 are also observed in
Burkitt lymphomas (8, 70) and that mutation of Ser-62 results
in the lack of Thr-58 phosphorylation (37, 51). These observa-
tions suggest that alterations of the phosphorylation of c-Myc
Ser-62 or Thr-58 may confer growth advantage to lymphoma
cells. This inference is corroborated by previous in vivo exper-
iments in which mutation at Ser-62 appears to enhance the
ability of c-Myc to transform Rat 1a fibroblasts (37), although
its ability to transform primary fibroblasts in cooperation with
an activated RAS gene may be attenuated (59).

Implications of in vitro phosphorylation of Myc by a p107-
cyclin A-CDK complex. We also sought to determine whether
a p107-cyclin A-CDK complex phosphorylates the Myc trans-
activation domain. Using an affinity-purified cyclin A-CDK
complex associated with GST-p107 and a Myc substrate, we
observe that Ser-62 is specifically phosphorylated. In addition,
we found that Myc protein is phosphorylated in vitro at Thr-58,
Ser-62, and Ser-71 in a cyclin A-dependent fashion, using re-
ticulocyte lysate. Phosphorylation of Myc by unprogrammed
reticulocyte lysate did not result in modifications of these res-
idues. All three of these residues are also phosphorylated in
vivo, suggesting that cyclin A-CDK may mediate a priming
phosphorylation reaction at Ser-62. Such a priming reaction
presumably allows other kinases to modify Thr-58 and thereby
inactivate Myc function, perhaps by disrupting its interaction
with TBP-associated factors (68). This model does not account
for results from two studies reporting different transactivation
properties of Myc altered at either Thr-58 or Ser-62 (34, 51).
Thus, studies designed to specifically address these issues will
be necessary to test further our proposed model.

Although our results are compatible with the hypothesis that
p107 regulates Myc function through phosphorylation, a num-
ber of questions must be considered. Why would a p107-cyclin-
CDK complex inactivate a protein (c-Myc) that promotes cel-
lular proliferation? From the observations that Myc expression
augments cyclin A expression (38, 40) and presumably allows
cells to enter and traverse through S phase, we speculate that
a feedback mechanism involving cyclin A to attenuate Myc
function during or at the end of S phase would be compatible
with this view. The attenuation of Myc function at the end of
S phase would lead to a normal and timely down-modulation
of cyclin A expression. Analogously, cyclin A kinase associates
with E2F-1 and phosphorylates the partner protein DP-1 to
inactivate E2F-1-dependent transactivation in late S phase
(45). It is speculated that the inactivation of E2F-1 would lead
to the down-modulation of E2F-1-dependent S-phase-specific
gene expression. Although mutation of Thr-58 augments Myc
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transforming activity, why do mutations of Thr-58 and Ser-62
not augment Myc transactivation potential in a consistent fash-
ion? This issue remains to be resolved; however, we expect that
carefully designed studies to examine cell cycle-specific events
and the use of elutriate cells will shed light on this matter.
Considered with these limitations, the hypothesis that we pro-
posed provides a testable model for future studies and suggests
a mechanism of interaction between a growth-suppressing pro-
tein, p107, and the product of the proto-oncogene MYC.
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