Multiple Ras-dependent phosphorylation
pathways regulate Myc protein stability
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Our recent work has shown that activation of the Ras/Raf/ERK pathway extends the half-life of the Myc
protein and thus enhances the accumulation of Myc activity. We have extended these observations by
investigating two N-terminal phosphorylation sites in Myc, Thr 58 and Ser 62, which are known to be
regulated by mitogen stimulation. We now show that the phosphorylation of these two residues is critical for
determining the stability of Myc. Phosphorylation of Ser 62 is required for Ras-induced stabilization of Myc,
likely mediated through the action of ERK. Conversely, phosphorylation of Thr 58, likely mediated by GSK-3
but dependent on the prior phosphorylation of Ser 62, is associated with degradation of Myc. Further analysis
demonstrates that the Ras-dependent PI-3K pathway is also critical for controlling Myc protein accumulation,
likely through the control of GSK-3 activity. These observations thus define a synergistic role for multiple
Ras-mediated phosphorylation pathways in the control of Myc protein accumulation during the initial stage of

cell proliferation.
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Considerable effort devoted to elucidating the intracel-
lular signaling pathways that control cellular prolifera-
tion has identified the Ras and Myc proteins as two criti-
cal components that are key for the control of normal
cell growth. Moreover, various studies of oncogenic
events that disrupt normal cell growth regulation have
revealed the frequent alteration of Myc and Ras and have
further suggested a synergistic relationship between
these two activities. However, despite these efforts, the
precise manner in which the pathways controlled by
these two proteins might interact to synchronously regu-
late cell growth is still poorly understood.

The ras proto-oncogene encodes a small GTP-binding
protein that plays a critical role in cell growth control as
a central component of mitogenic signaling events
(White et al. 1995). Ras activation initiates a complex
array of signal transduction pathways including the Raf/
MAPK (ERK) pathway, primarily involved in plasma
membrane-to-nucleus signaling crucial for mitogen-in-
duced cell proliferation (Seger and Krebs 1995; Lavoie et
al. 1996), the PI3 kinase/AKT pathway, which is in-
volved in cell survival signaling (Kauffmann-Zeh et al.
1997), the Rac/Rho pathway, involved in cytoskeletal
remodeling (Lamarche et al. 1996), and the Rac/JNK and
Rac/p38 pathways, both of which appear to be involved
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in cell stress responses, growth inhibition, and apoptotic
signals (Coso et al. 1995; Minden et al. 1995; Xia et al.
1995). Activation of Ras-signaling pathways has been
shown to be essential for cells both to leave a quiescent
state and to pass through G, phase of the cell cycle
(Peeper et al. 1997).

c-Myc is the most ubiquitous and best studied mem-
ber of a family of proteins that includes N-Myc, L-Myc,
S-Myc, and B-Myc. The N terminus of Myc proteins con-
tains the transcriptional activation domain, within
which are two 20-amino acid segments termed Myc
boxes 1 and 2 that are conserved in most Myc family
proteins and appear in most cases to be crucial for all
biological activities (Sakamuro and Prendergast 1999).
The C terminus of Myc includes the basic/helix-loop-
helix/leucine zipper (b/HLH/Z) motif that mediates
oligomerization with the small b/HLH/Z partner protein
Max and sequence-specific DNA recognition of E-box
motifs (Luscher and Larsson 1999). The Max protein also
acts as a heterodimeric partner for the Mad family of
b/HLH/Z proteins that form transcriptional repressors
on the same E-box sequence elements and that can an-
tagonize Myc function (Foley and Eisenman 1999). While
Max is ubiquitously and constitutively expressed, both
Myc and Mad expression is tightly regulated in relation
to cell growth; Myc levels are high in cycling cells but
decrease as cells cease to proliferate and differentiate,
and Mad expression follows the opposite pattern. Thus,
precise regulation of the levels of Myc and Mad expres-
sion is critical to determine the formation of either Myc/
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Max or Mad/Max heterodimers and consequently cell
growth or inhibition, respectively.

A variety of studies demonstrate that tight regulation
of Myc protein levels is essential for normal cell func-
tion. Whereas homozygous deletion of myc genes results
in embryonic lethality (Charron et al. 1992; Davis et al.
1993), constitutive overexpression of Myc proteins in
cultured cells as well as in transgenic animals blocks
differentiation, induces neoplastic transformation, and
can initiate apoptosis (Coppola and Cole 1986; Evan et
al. 1992). Moreover, a wide variety of naturally occurring
tumors exhibit both chromosomal translocations and
amplification of the c-myc locus that result in constitu-
tive overexpression of Myc proteins (Cole 1986; Spencer
and Groudine 1991). Perhaps some of the best evidence
demonstrating the important role that fluctuations in
Myec protein levels play in Myc function comes from
studies in mice carrying inducible myc transgenes. It
was observed that enforced expression of c-Myec in either
skin or hematopoietic lineages in transgenic mice leads
to neoplastic premalignant and malignant phenotypes,
respectively, but when Myc expression is turned off in
these systems, spontaneous regression of the neoplastic
and malignant changes occurs (Felsher and Bishop 1999;
Pelengaris et al. 1999).

Numerous studies have documented the growth-regu-
lated accumulation of myc RNA (Kelly et al. 1983;
Luscher and Eisenman 1990) resulting from increases in
myc gene transcription and an increase in myc RNA sta-
bility (Jones and Cole 1987; Luscher and Eisenman 1990).
However, posttranslational control of Myc protein levels
has also recently been shown to contribute to the regu-
lated accumulation of Myc activity. Myc protein exhib-
its an extremely short half-life, ~30 min in growing cells
(Hann and Eisenman 1984; Ramsay et al. 1986), because
of its regulated destruction via the ubiquitin/26S protea-
some pathway (Ciechanover et al. 1991; Flinn et al. 1998;
Gross-Mesilaty et al. 1998; Salghetti et al. 1999). More-
over, Myc turnover by the ubiquitin/proteasome system
appears to be regulated. It was shown that Myc half-life
is decreased during erythroleukemia cell differentiation
(Spotts and Hann 1990), and our recent work has dem-
onstrated stabilization of Myc protein following stimu-
lation of cell growth in vivo (Sears et al. 1999). In further
experiments we demonstrated that the serum-induced
increase in Myc half-life levels was mediated by Ras ac-
tivation, involving the Raf/ERK kinase pathway and
leading to inhibition of Myc ubiquitin-mediated degra-
dation. Taken together, these results show that the in-
crease in Myc protein normally observed following
growth stimulation as cells enter the G,-phase of the cell
cycle reflects both an increase in mRNA synthesis and a
concomitant Ras-mediated stabilization of the newly
translated Myc protein. Our results provide one mecha-
nism to explain the synergistic activity of Ras and Myc
for cell growth and transformation.

We now show that Myc protein stability is regulated
by two adjacent N-terminal phosphorylation sites, Thr
58 and Ser 62, that exhibit opposing roles in the control
of Myc protein stability. We find that phosphorylation of
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Ser 62 is involved in stabilizing Myc, while phosphory-
lation of Thr 58, which is dependent on prior Ser 62
phosphorylation, promotes Myc degradation through the
ubiquitin/proteasome pathway. Moreover, we show that
phosphorylation at these sites is regulated by mitogens
and can be controlled by two Ras effector pathways, Raf/
ERK and PI-3K/AKT. Our data points to a precise Ras-
mediated regulatory mechanism controlling Myc protein
stability and accumulation.

Results

N-terminal phosphorylation sites affect Myc
protein stability

Our recent work has demonstrated a role for Ras-acti-
vated ERK kinases in mediating the stabilization of Myc
protein (Sears et al. 1999). One mechanism for this sta-
bilization could involve a direct phosphorylation of Myc
by ERK. Indeed, many important cell cycle regulatory
proteins turned over by the ubiquitin/proteasome path-
way are targeted for degradation by specific growth-regu-
lated phosphorylation events (King et al. 1996; Hoyt
1997). There are two phosphorylation sites in the N ter-
minus of c-Myc, Thr 58 and Ser 62, that account for the
majority of induced phosphorylation following stimula-
tion of cell proliferation (Lutterbach and Hann 1994).
These sites fall within the highly conserved Myc box I
region and are absolutely conserved between c-Myc, N-
Myc, B-Myc, and S-Myc (Fig. 1A). Both sites can be phos-
phorylated by the ERK/MAPKs in vitro, although Ser 62
is a more perfect consensus site (Seth et al. 1992; Pul-
verer et al. 1994). Several observations suggest a poten-
tial role for these phosphorylation sites in the control of
Myc protein accumulation. First, the region including
these sites is a mutational hot spot found in myc alleles
isolated from Burkitt’s lymphomas, AIDS-associated
lymphomas, and mouse plasmacytomas, with the major-
ity of mutations involving Thr 58 (Bhatia et al. 1993;
Clark et al. 1994; Smith-Sorensen et al. 1996). Second,
Thr 58 is mutant in all v-Myc proteins and restoration of
the wild-type threonine severely inhibits the transforma-
tion properties of v-Myc (Palmieri et al. 1983; Papas and
Lautenberger 1985). Third, mutagenesis of Thr 58 to ala-
nine dramatically potentiates focus formation in a co-
transformation assay of primary rat embryo fibroblasts
with Ras, while mutation at Ser 62 severely inhibited
transformation (Pulverer et al. 1994).

To directly examine a role for Thr 58 and Ser 62 phos-
phorylation in the regulation of Myc protein stability,
we created recombinant adenoviruses that express mu-
tant Myc proteins containing an alanine substitution at
position 58 or 62. To measure the half-life of each of
these mutant Myc proteins in quiescent cells, fibroblasts
were infected with the recombinant Myc adenoviruses
and incubated in low serum for an additional 16-18 h to
allow for maximal expression of the adenoviral ex-
pressed proteins, and then the infected cells were pulse
labeled with ®>S-methionine and chased in media con-
taining unlabeled methionine. As shown by the data in
Figure 1B and C, both the wild-type c-Myc protein and
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Figure 1. Role of phosphorylation sites in
determining the stability of Myc protein.
(A) Schematic representation of the c-Myc
protein. Translation start sites for Mycl
and Myc2 are shown. The helix-loop-
helix (HLH)/leucine zipper (LZ) dimeriza-
tion domains, the basic (B) DNA binding
domain, the nuclear localization domain,
and the two highly conserved Myc box 1
and 2 are shown. N-terminal phosphoryla-
tion sites Threonine 58 and Serine 62 are
indicated. Depicted below is a comparison
of the amino acid sequences surrounding
the Thr 58 and Ser 62 residues in several
related Myc proteins. Thr 58 and Ser 62 are
in bold and divergent sequences are under-
lined. (B) Quiescent REF52 cells were in-
fected with either Ad-Myc, Ad-MycT>84
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or Ad-MycS%?A, each at an MOI of 25. In-
fected cells were maintained in low serum
(0.25%) medium. Eighteen hours postin-
fection, cells were labeled in vivo with 3°S-
methionine for 30 min and chased in low-
serum medium containing excess unla-
beled methionine for the indicated times.
Labeled c-Myc was immunoprecipitated
from equal cell numbers for each time
point and analyzed by SDS-PAGE. (C) Im-
munoprecipitated 3°S-labeled c-Myc from
each sample shown in panel B was quan-
titated by Phosphorlmager. Background
was calculated from an equivalent area in
each lane and subtracted from the value
for labeled Myc in that lane. Time 0 was
set at 100. Data is plotted on a semilog
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of 13 and 9 min, respectively. In contrast, the Myc
mutant has a substantially longer half-life of 63 min, a
result consistent with other recent data (Salghetti et al.
1999; Gregory and Hann 2000).

Opposing roles for Ser 62 and Thr 58 phosphorylation
in determining Myc protein stability

To further explore the role of Ser 62 in the control of Myc
protein stability, we have assayed the effect of growth
stimulation, expression of Ras, or inhibition of protea-
some function on the accumulation of the MycS®*# mu-
tant protein. Myc RNA levels expressed from the recom-
binant adenoviruses are not affected by these treatments
(Sears et al. 1999). As shown in Figure 2A, wild-type
c-Myc encoded by the Ad-Myc virus accumulates to a
very low level in quiescent fibroblasts (lane 1), but is
dramatically increased by either coexpression of acti-
vated Ras (lane 2), serum stimulation for 4 h (lane 4), or
specific inhibition of the 26S proteasome with lactacys-
tin (lane 3; Fenteany et al. 1995). In sharp contrast, while
the accumulation of the Myc®°** mutant protein is also
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very low in quiescent fibroblasts, it is not increased by
either coexpression of activated Ras or serum stimula-
tion (Fig. 2A, cf. lane 5 with lanes 6,8). The level of
MycS?A is, however, enhanced in the presence of the
proteasome inhibitor (Fig. 2A, lane 7), demonstrating
that the observed low-level expression in quiescent cells
is caused by rapid turnover by the ubiquitin/proteasome
system.

We have also directly measured the half-life of the
MycS®** mutant protein in the presence or absence of
activated Ras in comparison with wild type. As shown in
Figure 2B and C, wild-type c-Myc is stabilized by acti-
vated Ras, with a change in half-life from 17 min with
control virus to 120 min with activated Ras virus. In
sharp contrast, the half-life of the MycS®** protein is
unchanged by the presence of activated Ras, yielding a
half-life of 18 min with control virus and 15 min with
Ad-Ras®'t. These results strongly imply that phosphory-
lation at Ser 62 in c-Myc is responsible for stabilizing
Myec following either Ras activation or serum stimula-
tion and is consistent with a role for ERK in mediating
this stabilization (Sears et al. 1999), as Ser 62 lies within
a perfect consensus site for ERK phosphorylation.
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Figure 2. Role of Serine 62 phosphorylation in Ras-mediated stabili-
zation of Myc. (A) Quiescent REF52 fibroblasts were infected with
either Ad-Myc or Ad-MycS®*A (MOI = 25) together with either Ad-
Ras®'* (+R) or a control virus (Ad-Con; all other samples; MOI = 200).
Infected cells were maintained in low-serum medium (0.25%) for an
additional 18 h and then harvested for Western blot analysis. Ad-Con-
infected cells were either untreated (-), treated with 20% FCS for 4 h
before harvesting (+S), or treated with 10 mM lactacystin for 4 h before
harvesting (+L). Western blot analysis used the C-33 monoclonal c-
Myc antibody. (B) Quiescent REF52 cells were infected with Ad-Myc
(MOI = 25) together with either Ad-Con (upper panel] or Ad-Ras®'™
(lower panel; MOI = 200). Infected cells were maintained in low-serum
(0.25%) medium. Eighteen hours postinfection, cells were labeled in
vivo with ®°S-methionine for 30 min and chased in low-serum me-
dium containing excess unlabeled methionine for the indicated times.
Labeled ¢c-Myc was immunoprecipitated from equal cell numbers for
each time point and analyzed by SDS-PAGE. 3°S-labeled c-Myc from
each sample was quantitated by PhosphorImager. Background was cal-
culated from an equivalent area in each lane and subtracted from the
value for labeled Myc in that lane. Time zero was set at 100. Data is
plotted on a semi-log scale and best-fit lines were calculated using
linear regression with the SigmaPlot program. (C) Quiescent REF52
cells were infected with Ad-MycS%?# (MOI = 25) together with either
Ad-Con (upper panel) or Ad-Ras®'* (lower panel). Pulse/chase analyses
were performed on the infected cells and immunoprecipitated 3°S-
labeled Myc was quantitated as described for panel B.

The role of Thr 58 phosphorylation in the control of
Myec stability was studied in a similar manner. In con-
trast to results with the mutant c-MycS%?# protein, we
find that accumulation of the Myc™ % protein is much
higher than wild-type Myc under quiescent conditions
(Fig. 3A, cf. lanes 1 and 5). This increased accumulation
coincides with a four- to fivefold increase in the half-life
of the Myc™>#4 protein compared to wild type under se-
rum-starved conditions (Fig. 1D). Moreover, while the
accumulation of the mutant Myc™®# protein is some-
what increased by coexpression of Ras, serum stimula-
tion, or proteasome inhibition (Fig. 3A, cf. lane 5 with
lanes 6-8), this effect is minor compared to the effect
observed with wild-type Myc (Fig. 3A, cf. lane 1 with
lanes 2-4). Likewise, pulse/chase experiments demon-
strate only a small increase in the half-life of the mutant
MycT®84 protein in the presence of activated Ras, from
37 min in quiescence to 47 min with Ras (Fig. 3B). The
half-life of wild-type Myc in this experiment was 11 min
in quiescent cells and 45 min when coexpressed with
Ras (data not shown). Thus, the MycT®” mutation ap-
pears to mimic Ras activation in that it results in an
inhibition or substantial reduction in the normally rapid
ubiquitin-mediated degradation of Myec.

On the basis of these results, we conclude that Ser 62
is required for stabilization of Myc in response to Ras,
whereas Thr 58 is required for the normal degradation of
Myc. The opposing roles that phosphorylation at either
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Ser 62 or Thr 58 play in Myc protein stability could pro-
vide a molecular explanation for previous results in
which mutation at Thr 58 resulted in a more oncogenic
protein, while mutation of Ser 62 yielded a Myc protein
with severely compromised transforming ability (Pul-
verer et al. 1994).

Changes in the phosphorylation status of Thr 58
and Ser 62 in c-Myc correlate with changes in Myc
protein stability

To further elucidate the roles that phosphorylation at
Thr 58 and Ser 62 might play in controlling Myc protein
stability, we performed two-dimensional phosphopep-
tide mapping to examine the phosphorylation status of
these two sites in wild-type c-Myc under various cell
growth conditions where Myec protein stability is altered.
These experiments relied heavily on previous experi-
ments that have mapped these phosphorylation sites in
32P-labeled c-Myc (Lutterbach and Hann 1994). Quies-
cent REF52 cells were infected with the Ad-Myc recom-
binant adenovirus plus either the control virus Ad-Con
or the Ad-Ras®'" virus. Where indicated, cells infected
with control virus were serum stimulated with 20% FCS
for 4 h before harvesting. Cells were then in vivo labeled
with 3?P-orthophosphate, and equal counts of radio-la-
beled ¢c-Myc was digested with thermolysin and sub-
jected to two-dimensional separation.
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Figure 3. Role of Threonine 58 in controlling Myc stability. (A)
Quiescent REF52 fibroblasts were infected with either Ad-Myc
or Ad-Myc™#4 (MOI = 25) together with either Ad-Ras®'" (+R)
or Ad-Con (all other samples; MOI = 200). Infected cells were
maintained in low-serum medium (0.25%) for an additional 18
h and then harvested for Western blot analysis. Ad-Con-infected
cells were either untreated (=), treated with 20% FCS for 4 h
before harvesting (+S), or treated with 10 mM lactacystin for 4 h
before harvesting ( +L). Western blot analysis used the C-33
monoclonal ¢c-Myc antibody. (B) Quiescent REF52 cells were
infected with Ad-MycT>%* (MOI = 25), together with either Ad-
Con (upper panel) or Ad-Ras®'" (lower panel; MOI = 200). In-
fected cells were maintained in low-serum (0.25%) medium.
Eighteen hours postinfection, cells were labeled in vivo with
35S-methionine for 30 min and chased in low-serum medium
containing excess unlabeled methionine for the indicated times.
Labeled c-Myc™®* was immunoprecipitated from equal cell
numbers for each time point and analyzed by SDS-PAGE. 3°S-
labeled c-Myc™>#4 from each sample was quantitated by Phos-
phorImager. Background was calculated from an equivalent area
in each lane and subtracted from the value for labeled Myc in
that lane. Time O was set at 100. Data is plotted on a semi-log
scale and best-fit lines were calculated using linear regression
with the SigmaPlot program.

Typical results from phosphopeptide mapping experi-
ments are shown in Figure 4. The positions of thermo-
lysin cleavage sites within the c-Myc sequence sur-
rounding Thr 58 and Ser 62 are depicted in Figure 4A.
The phosphopeptide profile of wild-type c-Myc ex-
pressed under various cell growth conditions is shown in
Figure 4, panel B. The four spots, a, b, ¢, and e, are labeled
according to corresponding spots in phosphopeptide
maps described by Lutterbach and Hann (1994) and rep-
resent the phosphorylated thermolytic peptides dia-
grammed in panel A. The composition of each of the
labeled spots in the phosphopeptide maps was deter-
mined by additional experiments including two-dimen-

Ras-dependent control of Myc stability

sional analysis of Myc proteins with mutations at Thr 58
or Ser 62, secondary digest of isolated peptides with pro-
line endoprotease and subsequent two-dimensional
analysis, and acid hydrolysis of specific spots to deter-
mine the phosphoserine and phosphothreonine content
(data not shown). Spots ¢ and b, which fall along a diago-
nal line characteristic of different phosphoisoforms of
the same peptide, represent the thermolytic peptide from
amino acids 56 to 68, containing either one phosphate at
Ser 62 (spot c) or two phosphates at Ser 62 and Thr 58
(spot b). Spot e also lies along this diagonal and most
likely represents the same thermolytic peptide with
three phosphates at Ser 62, Ser 64, and Ser 67. Hann and
colleagues reported that spot e is eliminated on mutation
of Ser 64/67 (Lutterbach and Hann 1994), and we have
been unable to detect any phosphothreonine in this spot.
Spot a represents another thermolytic fragment from
amino acids 69 to 74, with a single phosphorylation
likely at Ser 71.

By comparing the three different maps for wild-type
Myc shown in Figure 4, panel B, quiescent cells (upper
panel), coexpression of activated Ras (middle panel), and
4 h of serum stimulation (lower panel), it is clear that the
phosphorylation status of the thermolytic fragment en-
compassing Thr 58 and Ser 62 changes with changing
growth conditions that are known to alter Myc protein
stability. Specifically, spot ¢, which represents a single
phosphorylation at Ser 62, is enhanced in wild-type Myc
with either coexpression of activated Ras or serum
stimulation, both of which increase Myc stability, as
compared to quiescent cells. In contrast, spot b, which
represents double phosphorylation at Ser 62 and Thr 58,
is markedly decreased in wild-type Myc in the presence
of activated Ras or serum compared to quiescence, sug-
gesting that secondary phosphorylation at Thr 58 is re-
pressed under conditions that increase Myc stability. We
also note that spot e is decreased with serum stimula-
tion. It is not clear what the significance of this is except
to suggest that a single phosphorylation at Ser 62 pre-
dominates under conditions where Myc protein is stable.
We have not explored the importance of phosphoryla-
tions at Ser 64 or 67.

We also performed phosphopeptide mapping on both
the mutant Myc™®®* and MycS?2 proteins under vari-
ous cell growth conditions in parallel with the analysis
of the wild-type protein. A comparison of the phospho-
peptide map of the Myc™>84 protein with wild-type Myc
under quiescent conditions (Fig. 4B,C, upper maps) re-
veals two specific differences. Most obvious is the fact
that spot b is missing in the Myc™>®* phosphopeptide
maps. This is not surprising as spot b appears to repre-
sent a peptide doubly phosphorylated at Thr 58 and Ser
62, which cannot exist when Thr 58 is mutated. The
second difference is that spot ¢ is enhanced in the
MycT>#4 mutant compared to wild-type Myc under qui-
escent conditions. Hann and colleagues made a similar
observation with the same Myc mutant (Lutterbach and
Hann 1994). The increase in spot c is interesting as the
mutant MycT>®4 protein is inherently stable, and spot c
is enhanced in wild-type Myc under conditions where it
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Figure 4. Phosphopeptide mapping of c-
Myc under various cell growth conditions.
(A) Amino acid sequence of c-Myc be-
tween residues 51 and 75. Threonine and
serine residues are in bold type and num-
bered. Thermolysin cleavage sites are in- Th

o Mj,-cTS&l’l.

56 62 64 67 T173
KKFELLPTPPLSPSRRSGLCSPSYV ®C

Th Th

dicated with arrows. Thermolytic peptides :
shown in the phosphopeptide maps are in-

dicated (a,b,c,e. (B) Quiescent REF52 cells B

were infected with Ad-Myc (MOI = 25 to- ohyc
gether with either Ad-Ras®'" (c-Myc + Ras) a
or Ad-Con (all other samples; MOI = 200).
Infected cells were maintained in low-se-
rum medium for 18 h and then in vivo
labeled with 1 mCi/mL 3?Pi for 2 h and
harvested. Where indicated, Ad-Con-in-
fected cells were stimulated with 20%
FCS for 4 h before harvesting (c-
Myc + Serum). 32P-labeled c-Myc was im-
munoprecipitated from cell lysates, frac-
tionated by SDS-PAGE, transferred to Im-
mobilon P membrane, and digested off the
membrane with thermolysin. Thermo- c-Myc + Ras
lytic fragments were recovered and subject a
to two-dimensional separation. First-di-
mension electrophoresis was performed in
buffer pH 1.9, and ascending chromatogra-
phy was in phosphochromatography
buffer. Chromatography and electrophore-
sis directions are shown, and the origin is
indicated by an arrowhead. The same con-
ditions were used for all two-dimensional
maps shown. Thermolysin-digested phos-
phopeptides a, b, ¢, and e, described in
panel A, are indicated. (C) Quiescent
REF52 cells were infected and treated as
described for panel B, except that Ad- Myc
was replaced with Ad-Myc™®®4, Infected
cells were in vivo labeled with *?Pi, and
labeled Myc™®84 was subjected to thermo-
lysin cleavage and phosphopeptide map-
ping as described for panel B. (D) Quies-
cent REF52 cells were infected and treated
as described for panel B, except that Ad-
Myc was replaced with Ad-MycS%?A, In-
fected cells were in vivo labeled with 32Pi,
and labeled MycS%%4 was subjected to ther-
molysin cleavage and phosphopeptide
mapping as described for panel B.

Chromatography —=
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is stable. In addition, an examination of the phosphopep-
tide map of Myc™®* following serum stimulation (Fig.
4C, lower panel) reveals that in contrast to wild-type
Myc, spot ¢ from the Myc™®84 protein is not enhanced by
serum stimulation or coexpression of Ras (data not
shown), consistent with the fact that the Myc™>®4 pro-
tein stability is not significantly changed with either of
these cell growth conditions. Thus, the analysis of both
wild-type c-Myc and the mutant Myc™>®4 protein indi-
cates that an increase in the proportion of Myc protein
that is singly phosphorylated on Ser 62 correlates with
stable Myc protein, and mutation of Thr 58 to alanine
mimics the effects of mitogen stimulation on both Myc
stability and the phosphorylation status of Ser 62.
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Phosphopeptide mapping of the Myc protein
shows a loss of both spots b and ¢ under quiescent con-
ditions, as well as in the presence of serum (Fig. 4D) or
activated Ras (data not shown). This result suggests that
in the absence of Ser 62 there is no singly or doubly
phosphorylated form of the thermolytic fragment span-
ning amino acids 56-68, which would mean that phos-
phorylation of Thr 58 requires prior phosphorylation of
Ser 62 and that phosphorylation of Ser 64/67 does not
exist alone. A similar observation was reported by Hann
and others, who first suggested a hierarchical ordering to
phosphorylation at Ser 62 and Thr 58 (Lutterbach and
Hann 1994). We also note that there is a spot in a similar
position to spot e that is unlikely to be a triple phos-



phorylation of the thermolytic fragment aa 56-68, since
in the absence of Ser 62 and Thr 58 phosphorylation
there are not enough sites left to make a triple phos-
phorylated peptide. The significance of this spot is not
known.

Myc degradation is controlled by the hierarchical
phosphorylation of Ser 62 and Thr 58

S62A

The phosphopeptide analysis of the mutant Myc pro-
tein suggests a hierarchical ordering to phosphorylation
of Ser 62 and Thr 58 whereby phosphorylation of Thr 58
requires prior phosphorylation at Ser 62. We have now
used two phospho-specific peptide antibodies that recog-
nize Myc protein phosphorylated at either Thr 58 or Ser
62 to more clearly demonstrate this hierarchy. An anti-
body raised against a Myc peptide doubly phosphorylated
at Ser 62 and Thr 58 (P-S62/P-T58; New England Biolabs)
fortuitously recognizes Myc that is singly phosphory-
lated at Thr 58 and doubly phosphorylated at Thr 58 and
Ser 62 but does not recognize Myc that is singly phos-
phorylated at Ser 62 or that is unphosphorylated (data
not shown); we refer to this as «a-Myc(T58-P). Con-
versely, a second peptide-purified antibody was pro-
duced, directed specifically to a Myc peptide singly phos-
phorylated at Ser 62, that recognizes the doubly phos-
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phorylated Myc as well as Myc singly phosphorylated at
Ser 62 but does not recognize Myc either singly phos-
phorylated at Thr 58 or unphosphorylated Myc (data not
shown); we refer to this as a-Myc(S62-P). Thus, while the
specificity of these two antibodies overlaps in terms of
their recognition of doubly P-T58/P-S62-phosphorylated
Myec, they have the ability, when used together, to dis-
tinguish Myc protein that is singly phosphorylated at
Thr 58 or Ser 62.

Using these antibodies, we performed Western blot
analysis of wild-type Myc, Myc*>®4, or MycS®?2 under
quiescent conditions and in the presence of the protea-
some inhibitor lactacystin to allow Myc to accumulate.
As shown in Figure 5A, wild-type Myc is phosphorylated
on both Ser 62 (upper panel, lane 1) and Thr 58 (middle
panel, lane 1) when expressed in quiescent cells. Inter-
estingly, only the a-Myc (T58-P) antibody was able to
recognize slower migrating bands of Myc that accumu-
late in the presence of lactacystin (middle panel, brack-
eted), likely representing ubiquinated forms of Myec.
Analysis of the Myc™®* protein shows that it is phos-
phorylated on Ser 62. Moreover, the enhanced phos-
phorylation of Ser 62 in the Myc™®®4 mutant under qui-
escent conditions compared to wild-type Myc, observed
in the phosphopeptide maps, is also evident in this
analysis (Fig. 5, cf. lanes 1 and 2, upper panel). In con-
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Figure 5. Hierarchical phosphorylation of Serine 62 and Threonine 58 residues controls ¢c-Myc ubiquitin-mediated degradation. (A)
Quiescent REF52 cells were infected with either Ad-Myc, Ad-MycT>%4, or Ad-MycS®*4 (MOI = 25). Infected cells were maintained in
starvation medium for an additional 18 h. Four hours before harvesting, infected cells were treated with lactacystin. Each sample was
analyzed by Western blotting with three separate antibodies: the monoclonal C-33 ¢-Myc antibody (lower panel), a polyclonal phos-
phospecific antibody that recognizes phosphorylated Thr 58 (middle panel), and a polyclonal phosphospecific antibody that recognizes
Ser 62 (upper panel). Overlapping bands are indicated with arrows. Slower-mobility Myc bands are bracketed. (B) Quiescent REF52 cells
were infected with Ad-Myc (MOI = 50). Infected cells were maintained in starvation medium for an additional 20 h. Six hours before
harvesting, infected cells were treated with lactacystin. Ubiquitinated proteins were immunoprecipitated from harvested cell lysates
with an anti-Ubiquitin antibody (Zymed; lane 4) or control extracts were mock treated and precipitated with proteinA/+G beads alone
(lane 3). Immunoprecipitates along with one-tenth volume of the original extract (lane 1) or one-tenth volume of the supernatant
following immunoprecipitation with anti-Ubi (lane 2) were all subjected to Western blot analysis with either the C-33 c-Myc antibody
(upper panel) or the Thr 58 phosphospecific antibody (lower panel). C-Myc protein is indicated along with the IgG heavy chain from
the anti-Ubi antibody. (C) Quiescent REF52 cells were infected with Ad-Myc™34 (MOI = 50). Infected cells were treated as described
in panel B. Ubiquitinated proteins were immunoprecipitated from harvested cell lysates, and Western blot analysis with the C-33
c-Myec antibody was performed on extract, supernatant, and immunoprecipitates as described for panel B.
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trast, the MycS®** protein is not phosphorylated on Thr
58 when expressed in quiescent conditions or in the pres-
ence of activated Ras (data not shown), clearly demon-
strating the requirement of Ser 62 phosphorylation for
Thr 58 to become phosphorylated.

Our data strongly indicate a role for the phosphoryla-
tion of Thr 58 in promoting Myc degradation. As Myc is
degraded by the ubiquitin proteasome pathway, we have
examined the relationship of Myc Thr 58 phosphoryla-
tion and ubiquitination. Quiescent REF52 cells were in-
fected with Ad-Myc and incubated with lactacystin for 6
h before harvesting. Ubiquitinated Myc was then immu-
noprecipitated with an «-ubi antibody and visualized
with either the monoclonal aMyc antibody or the
aT58-P phosphospecific antibody. As shown in Figure
5B, wild-type Myc could be specifically immunoprecipi-
tated with the a-ubi antibody (lane 4, upper panel). Im-
portantly, the «-ubi-immunoprecipitated Myc is phos-
phorylated on Thr 58 (lower panel, lane 4). In contrast to
wild-type Myc, the mutant Myc™>®* protein is not pre-
cipitated by the a-ubi antibody (Fig. 5C, lane 4), indicat-
ing that the targeting of Myc for ubiquitination is depen-
dent on phosphorylation at Thr 58 at least when Ser 62 is
wild type. Taken together, these data indicate that c-
Myec degradation is controlled by a progression of phos-
phorylation events from phosphorylation at Ser 62 to
Thr 58 phosphorylation leading to ubiquitin-mediated
destruction.

Distinct Ras effector pathways, Raf/ERK and
PI-3K/AKT, regulate Myc protein degradation

The phosphorylation of Ser 62, resulting in stabilization
of the Myc protein, is likely mediated by ERK kinase. In
particular, Ser 62 is within a perfect ERK consensus se-
quence and the ERK inhibitor PD098059 blocks Ras-me-
diated Myc stabilization (Sears et al. 1999). A candidate
for the kinase responsible for Thr 58 phosphorylation is
the glycogen synthase kinase, GSK-3. Previous work has
shown that both isoforms of GSK-3 can phosphorylate
c-Myc on Thr 58 and Ser 62 in vitro (Lutterbach and
Hann 1994; Pulverer et al. 1994). However, it is likely
that Thr 58 is the preferred in vivo target for GSK-3 as it
lies within a better consensus site and GSK-3 appears to
normally act in a processive fashion, phosphorylating
sites adjacent to previously phosphorylated amino acids
(DePaoli-Roach 1984). A role for GSK-3 in phosphoryla-
tion of Thr 58, and thus in promoting Myc degradation,
is intriguing as GSK-3 activity is regulated by the PI-3K/
AKT effector arm of the Ras pathway (Cross et al. 1995),
thus providing a second mechanism for Ras to control
Myec protein stability.

To test for the involvement of the PI-3K signaling
pathway in the regulation of Myc stability, we made use
of the chemical inhibitor Wortmannin, which specifi-
cally inactivates PI-3K but has no effect on MAPKs (Ui et
al. 1995). Quiescent REF52 cells were infected with Ad-
Myc together with either a control virus or the activated
Ras virus, Ad-Ras®'™. Eight hours postinfection, cells
were either mock treated or treated with either the
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chemical inhibitor PD098059 to block activation of ERK
kinases (Dudley et al. 1995) or Wortmannin to block PI-
3K activity. Ten hours later cells were harvested and the
amount of Myc accumulation was measured by Western
blot analysis. As we have observed previously, activated
Ras enhances Myc accumulation (Fig. 6A, cf. lanes land
2, and lanes 4 and 5) and treatment with the PD098059
inhibitor severely impairs Ras-mediated stabilization of
Myec (Fig. 6, cf. lanes 2 and 3). Treatment with Wortman-
nin also specifically inhibits the ability of Ras to increase
Myc accumulation at all doses tested. Wortmannin had
no effect on the accumulation of Myc protein in the ab-
sence of Ras activation (data not shown). Thus, inhibi-
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Figure 6. Role of ERK and GSK-3 in Myc phosphorylation and
stability. (A) Quiescent REF52 cells were infected with Ad-Myc
(MOI = 25) together with either Ad-Ras®'" (Ras, +) or Ad-Con
(Ras, —; MOI = 200). Infected cells were maintained in low-se-
rum medium for an additional 18 h. Where indicated, the MEK
inhibitor PD 098059 (lane 3, 10 uM), or the PI-3K inhibitor
Wortmanin (lanes 6-8, at the indicated mM concentrations),
were added for 10 h before harvesting. Western blot analysis was
performed on cell lysates with the C-33 ¢-Myc antibody. (B)
Quiescent REF52 cells were infected with Ad-Myc (MOI = 25)
together with Ad-Con (lane 1, MOI = 20; lane 3, MOI = 500),
Ad-GSK (lanes 2-5, MOI =20), and Ad-GSKPN (lanes 4,5,
MOI = 100[+] or 500[++]). Infected cells were maintained in star-
vation medium for 20 h and then harvested for Western blot
analysis with either the C-33 ¢c-Myc antibody (lower panel) or
the phosphospecific Thr 58-P antibody (upper panel). (C) Qui-
escent REF52 cells were infected with Ad-Myc (MOI = 25), to-
gether with either Ad-Con (lane 1), Ad-Raf“*#X (lane 2), Ad-
GSK (lane 3), or Ad-GSKPN (lane 4; MOI = 200). Infected cells
were maintained in low-serum medium and harvested for West-
ern blot analysis 18 h later with the C-33 c-Myc antibody.



tion of PI-3K activity also impairs the ability of Ras to
enhance Myc accumulation, indicating that both the
ERK pathway and the PI-3K pathway are involved in con-
trolling Myc protein levels.

The role of PI-3K could be explained through an effect
on GSK-3 activity. To more directly study a role for
GSK-3 in phosphorylating Thr 58 and affecting Myc pro-
tein stability, we have made use of two recombinant
adenovirus vectors, one that expresses wild-type GSK-3,
which is constitutively active in the absence of inhibi-
tory phosphorylation by AKT, and the other expressing a
GSK-3PN mutant that is catalytically inactive and has
been shown to function as a dominant negative mutant
(Dominguez et al. 1995; Diehl et al. 1998). As shown by
the data in Figure 6B, coinfection of Ad-Myc with the
Ad-GSK-3 virus in quiescent REF52 cells leads to en-
hanced phosphorylation of Myc at Thr 58, as measured
by Western blotting with the Thr 58 phosphospecific an-
tibody (Fig. 6, cf. lanes 1 and 2, upper panel). Moreover,
coexpression of increasing amounts of the dominant
negative GSK-3 mutant protein together with GSK3 in-
hibits phosphorylation at Thr 58 (Fig. 6, cf. lane 3 with
lanes 4 and 5, upper panel). The lower panel in Figure 6B
shows the total amount of Myc, which does not signifi-
cantly change in this experiment as cells were treated
with the proteasome inhibitor Lactacystin to increase
and normalize the expression level of Myc.

We also examined Myc protein accumulation follow-
ing infection with Ad-Myc and either control viruses,
Ad-Raf*2X (which expresses a mutant activated Raf ki-
nase), Ad-GSK-3, or Ad-GSK-3PN. As we have reported
previously, Myc accumulation in serum-starved cells is
very low, whereas in the presence of activated Raf, Myc
is stabilized and accumulates to high levels (Fig. 6C, cf.
lanes 1 and 2; Sears et al. 1999). In contrast to activation
of the Ras/Raf/ERK kinase pathway that stabilizes Myc,
expression of active GSK-3 kinase does not significantly
affect the level of Myc accumulation in quiescent fibro-
blasts (Fig. 6C, cf. lanes 1 and 3). However, inhibition of
endogenous GSK-3 activity in serum-starved cells with
the GSK-3P™ mutant results in a dramatic increase in
Myc accumulation (Fig. 6C, cf. lanes 1 and 4). This result
suggests that the rapid turnover of Myc protein in qui-
escent cells is dependent on endogenous GSK-3 activity,
which is constitutively active under these conditions. In
summary, our data supports a dual mechanism for Ras-
activated Myc stabilization. Ras activation, via the Raf/
ERK kinases or via the p13K/AKT-mediated inactivation
of GSK-3 kinase, can enhance Myc protein stability and
allows high-level Myc accumulation (Fig. 6C, lanes 2,4).

GSK-3 activity is required for the normal
down-regulation of Myc protein accumulation

To further explore the specific role of GSK-3 in regulat-
ing Myc protein levels following a growth response, we
have analyzed the kinetics of endogenous Myc protein
accumulation in the presence or absence of GSK-3 activ-
ity. After growth stimulation of normal fibroblasts, Myc
protein rapidly accumulates because of both an increase
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in myc gene transcription and an increase in the stability
of the newly synthesized Myc protein. Myc protein ac-
cumulation reaches maximal levels approximately 4 h
after mitogen stimulation and then decreases to half-
maximal levels in mid-G,; this level of Myc is then
maintained as the cell continues to grow. The initial
accumulation of Myc can be attributed in part to the
stabilizing effect of ERK-mediated phosphorylation, as
demonstrated by the fact that the PD098059 inhibitor
dramatically reduces the accumulation of endogenous
Myc protein 4 h after serum stimulation without affect-
ing myc RNA levels (Sears et al. 1999). Conversely, the
subsequent decline in Myc protein could be in part
caused by GSK-3-mediated phosphorylation of Thr 58.
GSK-3 activity is initially inhibited by the action of AKT
but then becomes active as AKT activity subsides. At
this time, GSK-3 could phosphorylate Myc at Thr 58 and
trigger its degradation. If correct, we would expect that
the inhibition of GSK-3 activity during a growth re-
sponse would result in a sustained elevated level of Myc
protein following the stimulation of cell growth. To test
this possibility, we have made use of the GSK-3P™ mu-
tant.

Briefly, quiescent REF52 fibroblasts were either in-
fected with control virus or Ad-GSK-3PN. Eighteen
hours later, cells were serum stimulated with 20% FCS
and endogenous Myc was concentrated by immunopre-
cipitation and then visualized by Western blot analysis
at various times following stimulation. As shown in Fig-
ure 7A, the accumulation of endogenous Myc protein
follows the expected pattern in control cells. In contrast,
while inhibition of GSK-3 activity did not alter the ini-
tial accumulation of Myeg, it did prevent the subsequent
decline, resulting in the maintenance of Myc at elevated
levels through 24 h after growth stimulation (Fig. 7B).
Myc RNA expression was not affected by the expression
of the GSK-3P™ protein compared to control cells (Fig.
7C).

On the basis of these results, we propose that the nor-
mal accumulation of c-Myc protein following the stimu-
lation of cell growth represents the concerted action of at
least two Ras-dependent phosphorylation events—a role
for ERK in augmenting the initial burst in Myc accumu-
lation and a role for GSK-3 in targeting Myc degradation.

Discussion

Our previous work has pointed to a role for Ras-mediated
control of Myc protein accumulation resulting from the
action of the Raf/ERK pathway in promoting the stabi-
lization of Myc (Sears et al. 1999). The data presented
here now demonstrate that the stabilizing effect of Raf/
ERK action coincides with the phosphorylation of Ser 62
in the N-terminal domain of Myc. In addition, our re-
sults show that there is a second N-terminal phosphory-
lation site, Thr 58, that has an opposing effect on Myc
stability, targeting Myc for ubiquitin-mediated protea-
some degradation. Moreover, our experiments also dem-
onstrate that the role of Ras in controlling Myc protein
accumulation is complex, with a second Ras effector

GENES & DEVELOPMENT 2509



Sears et al.

A Control

F'* S P E 8 -«

] 3 -] 9 12 24
Hrs. + Serum

!:‘.!'.—lgﬁ
Q

3 -] 9 12 24

Hrs. + Serum
C Control GSKDN
| L 1
Y T F = —c-Myc
s o BB B R e ©  _GAPDH

o 3 & 9 12 0 3 &6 9 12
Hrs. + Serum

Figure 7. GSK-3 regulates c-Myc accumulation following a
growth response. (A) Quiescent REF52 cells were infected with
Ad-Con (MOI = 200). Infected cells were maintained in starva-
tion medium for 15 h and then stimulated with 20% FCS. Cells
were harvested at the indicated times after serum stimulation,
and endogenous c-Myc from cell lysates was concentrated by
immunoprecipitation with the C-33 ¢-Myc antibody. Immuno-
precipitated c-Myc was then visualized by Western blot analysis
with the same C-33 Myc antibody. C-Myc protein and the IgG
heavy chain from the immunoprecipitation are indicated. (B)
Quiescent REF52 cells were infected with Ad-GSK-3PN
(MOI = 200). Infected cells were treated as described for panel A.
Endogenous c-Myc from each time point was immunoprecipi-
tated and visualized as described for panel A. (C) Quiescent
REF52 cells were infected with Ad-Con (control) or AGSKPN
(MOI = 200). Infected cells were treated as described for panel A.
Poly A+ RNA was isolated from approximately 300 ng of total
RNA from each time point and subjected to Northern blot
analysis. The blot was probed for c-Myc and GAPDH (loading
control) as indicated.

pathway involving PI-3K/AKT also playing an important
role in the control of Myec stability apparently by down-
regulating the kinase GSK-3 that phosphorylates Thr 58
and promotes Myc degradation.

Distinct roles for two Ras pathways in the control
of Myc stability

Our previous finding of a role for Ras activation of ERKs
in mediating the stabilization of Myc can now be seen as

2510 GENES & DEVELOPMENT

the direct consequence of phosphorylation of Ser 62. The
amino acid sequence surrounding Ser 62 represents a
consensus ERK recognition sequence, and other work
has provided evidence that ERK can mediate the phos-
phorylation of Myc at Ser 62 (Seth et al. 1992; Lutterbach
and Hann 1994; Pulverer et al. 1994). The data we pre-
sent here show that mutation of Ser 62 prevents mito-
gen- and Ras-induced stabilization of Myc. Moreover,
phosphorylation at Ser 62 is enhanced under conditions
where Myc is stabilized. The importance of Ser 62 in the
control of Myc stability is seen not only from our experi-
ments, which demonstrate a strict requirement for the
stabilization of Myc by Ras, but also from other work
that has demonstrated an impaired transforming func-
tion when Ser 62 is altered (Pulverer et al. 1994).

In contrast, phosphorylation at Thr 58 coincides with
a decreased stability of Myc and mutations that prevent
Thr 58 phosphorylation lead to stable Myc protein. Once
again, this coincides with other work that has shown
that alteration of Thr 58 enhances the transforming ac-
tivity of Myc (Pulverer et al. 1994) and that mutations at
this site are common in Myc proteins derived from tu-
mors (Bhatia et al. 1993; Smith-Sorensen et al. 1996).
Various lines of work suggest that the GSK-3 protein
kinase is most likely responsible for the phosphorylation
of Myc at Thr 58. Thr 58 lies within an established con-
sensus, and GSK-3 has been shown to phosphorylate Thr
58 in Myc in vitro (Lutterbach and Hann 1994; Pulverer
et al. 1994). However, unlike ERK, which is tightly regu-
lated by cell growth, the level of GSK-3 protein is con-
stant and does not fluctuate with cell growth. Neverthe-
less, despite the continual presence of GSK-3 protein, the
activity of the kinase is regulated during the initial phase
of cell proliferation (He et al. 1995). In particular, GSK-3
activity is inhibited through the action of PI-3K/AKT
(Cross et al. 1995). Thus, as Ras initiates the PI-3K/AKT
pathway, GSK-3 activity is held in check, preventing the
phosphorylation of Thr 58. Only when AKT activity de-
clines would GSK-3 then have the capacity to phos-
phorylate Thr 58 to induce the degradation of Myec.
Thus, Ras activation elicits two responses within the
cell that can cooperate to enhance Myc stability: a direct
effect of ERK and an indirect effect of AKT (Fig. 8).

A mechanism to insure a transient accumulation of Myc

While activation of Ras results in stable Myc protein and
an increase in Myc protein levels in early G,, proper
control of Myc function requires this induction in Myc
to be transient such that Myc protein levels decline as
the cell continues to proliferate. The interplay between
the two Ras effector pathways (Raf and PI-3K), coupled
with the opposing effects of Thr 58 and Ser 62 phos-
phorylation on Myc stability and the hierarchical nature
of the phosphorylation at Ser 62 and Thr 58, creates a
mechanism that insures a transient accumulation of
Myc following the stimulation of cell growth. In short,
growth stimulation leads to a rapid activation of Ras and
accumulation of both Raf/ERK and PI-3K/AKT kinase
activities. Induction of Myc gene transcription follows
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Figure 8. Pathways controlling Myc phosphorylation and ac-
cumulation.

shortly, such that the initial Myc product would be sta-
bilized through the ERK-mediated phosphorylation of
Ser 62. The phosphorylation of Ser 62 also primes Myc
for degradation, as the ability of GSK-3 to phosphorylate
Thr 58 is dependent on the prior phosphorylation of Ser
62. But GSK-3 activity would be held in check by the
action of AKT. Then, as Ras activity subsides, resulting
in a decline of AKT activity, GSK-3 would become ac-
tive, leading to phosphorylation of Thr 58 and thus trig-
gering Myc degradation.

The mechanistic basis for how these phosphorylation
events actually control Myc degradation remains to be
determined. Certainly, our data and that of others points
to a mechanism involving ubiquitin-mediated degrada-
tion by the proteasome (Flinn et al. 1998; Gross-Mesilaty
et al. 1998; Salghetti et al. 1999). Moreover, other work
has clearly demonstrated a role for phosphorylation in
triggering recognition of target proteins by the ubiquiti-
nation machinery, particularly those proteins regulated
in the cell cycle (King et al. 1996; Hoyt 1997). Our data
show that ubiquitinated Myc is phosphorylated on Thr
58. As such, one possibility is that phosphorylation of
Thr 58 allows Myc to be recognized by a ubiquitin tar-
geting enzyme, thus directing degradation by the protea-
some. Nevertheless, it is likely that the actual mecha-
nism is more complex, as mutation of Ser 62, which
prevents phosphorylation at Thr 58, generates an un-
stable Myc protein that is degraded by the ubiquitin/
proteasome pathway. In addition, Myc proteins that lack
the first 100 amino acids (c-Mycs) have been shown to be
degraded by the ubiquitin system (Gregory and Hann
2000). Thus, in the absence of Ser 62 phosphorylation,
rapid degradation of Myc appears not to require Thr 58
phosphorylation.

Our data also indicate that high-molecular mass forms
of Myc, which accumulate in the presence of a protea-
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some inhibitor, may be singly phosphorylated on Thr 58.
This observation suggests the possibility that Myc deg-
radation may not be triggered by Thr 58 phosphorylation
per se, but rather by a subsequent dephosphorylation of
Ser 62. Our data, and those of others, also show that
mutation of Thr 58 results in an increase in Ser 62 phos-
phorylation, which could, in fact, be the mechanism be-
hind the stability of Myc proteins that are mutant at Thr
58. The enhanced Ser 62 phosphorylation of Myc pro-
teins mutant at Thr 58 also indicates that Thr 58 may in
fact facilitate Ser 62 dephosphorylation and, in this way,
play a positive role in promoting Myc degradation. In any
case, our data demonstrate that at least two events ap-
pear to be associated with the control of Myc protein
stability, phosphorylation of Ser 62, which protects Myc
from degradation, and phosphorylation of Thr 58, which
promotes Myc degradation. Our data demonstrate that at
least two events appear to be associated with the control
of Myc protein stability—phosphorylation of Ser 62,
which protects Myc from degradation, and phosphoryla-
tion of Thr 58 that promotes Myc degradation. The Thr
58 phosphorylation appears to override the protective ef-
fects of Ser 62 phosphorylation, perhaps by triggering Ser
62 dephosphorylation, and subsequent Myc ubiquitina-
tion and degradation.

Tight regulation of Myc protein turnover is essential
for normal cell function

Elevated Myc expression is observed in a wide variety of
human tumors (Nesbit et al. 1999). In many cases this is
caused, at least in part, by gene amplification and, in the
case of Burkhitt’s lymphoma and AIDS-associated lym-
phomas, involves a translocation of c-myc gene to the
immunoglobulin loci. In addition, point mutations are
frequently found in the coding region of c¢-myc both in
primary tumors and in the cell lines derived from these
lymphomas. Hot spots for these mutations are found
clustered around Thr 58, and many of these mutant Myc
proteins have increased transforming potential associ-
ated with an inability to phosphorylate Thr 58 (Bhatia et
al. 1993; Henriksson et al. 1993). Data presented here
now provide an explanation for the increased oncogenic
nature of Myc that cannot be phosphorylated on Thr 58,
as we and others have shown that mutation of Thr 58
creates a stable Myc protein (Salghetti et al. 1999; Greg-
ory and Hann 2000). Moreover, recent reports have dem-
onstrated that many mutant Myc proteins derived from
Burkitt’s cell lines with mutations at or around Thr 58
are stable (Gregory and Hann 2000).

The complex nature of the ordered phosphorylation of
Ser 62 and Thr 58 clearly allows for very tight regulation
of Myc protein levels. Given the important role that Myc
plays in controlling cell growth and the oncogenic nature
of Myc overexpression, it is not surprising that such a
tightly regulated mechanism has evolved. It is also in-
teresting to note that c-Jun, another important cell
growth regulator that has oncogenic potential when
overexpressed and has similar kinetics of protein accu-
mulation following cell growth stimulation, contains a
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sequence of six amino acids that is an exact match to
those found in Myc surrounding Thr 58 and Ser 62.
Moreover, c-Jun has been shown to be stabilized by
MAPK/ERK phosphorylation (Musti et al. 1997). Thus,
the ordered phosphorylation of two adjacent phosphory-
lated sites controlled by ERK and GSK-3 may be a more
common mechanism for the control of immediate early
protein accumulation following the stimulation of cell
growth.

Materials and methods

Antibodies

The C-33 c-Myc monoclonal antibody is from Santa Cruz. The
ubiquitin antibody is from Zymed. The Thr 58 phospho-specific
antibody is from New England Biolabs. The phospho-Ser 62—
specific antisera was raised against chemically synthesized,
KLH-conjugated phosphopeptide PLS (PO,;) PSRRSGC (amino
acids 60-68) as previously described (Kitagawa et al. 1996; Shieh
et al. 1997). The antisera was further affinity purified through a
phosphopeptide-conjugated Sepharose CL-4B column. To de-
plete antibodies that recognize unphosphorylated c-Myc, the
affinity-purified antibodies were then passed through a column
conjugated with corresponding unphosphorylated peptide. Puri-
fied antibodies thus obtained specifically recognized phosphory-
lated but not unphosphorylated peptides in ELISA test.

Cells and viruses

REF52 cells were grown in D-MEM containing 5% fetal calf
serum (FBS) and 5% calf serum (CS). To bring cells to quies-
cence, REF52 cells were plated at ~3500 cells/cm? and incu-
bated overnight. The next day the culture medium was replaced
with D-MEM containing 0.25% serum (FCS/CS) and cells were
incubated for an additional 48 h. Viral stocks were created and
virus purified as described previously (Nevins et al. 1997). Viral
titers were determined by an indirect immunofluorescent assay
specific for the viral 72K E2 gene product as described (DeGre-
gori et al. 1995). Quiescent REF52 cells were infected with virus
by incubation in D-MEM with 20 mM HEPES (pH 7.2) for 75
min at 37°C at a cell to volume ratio of 6 x 10° cells/mL. After
infection, four volumes of D-MEM/0.25% serum was added to
each plate and the cells were further incubated at 37°C for 18-
20 h before harvest and analysis. Where indicated, cells were
serum stimulated by the addition of 20% FCS directly to the
D-MEM/0.25% serum medium. The construction of Ad-Con,
Ad-Ras®'", and Ad Raf“*#X have been previously described (De-
Gregori et al. 1997; Leone et al. 1997; Sears et al. 1999). Ad-
GSK3p was constructed by digesting a pcDNA3 plasmid con-
taining the cDNA for GSK3g (a gift from Dr. Woodgett, Ontario
Cancer Institute) with Apal, creating a blunt end with a Klenow
fragment, and then finally digesting with Kpnl. The Kpnl/blunt
end fragment of GSK38 was then ligated into the Kpnl/EcorRV
sites in the AdTrack-CMYV plasmid used to construct recombi-
nant adenoviruses as described in He et al. (1995). Ad-GSKPN
was similarly constructed by cloning the ¢cDNA encoding a
catalytically inactive mutant GSK-3p protein, GSK3p K85R, (a
gift from Dr. Sokol, Harvard Medical School, Boston, MA;
Dominguez et al. 1995) into Kpnl/EcorRV-digested AdTrack-
CMV. Ad-Myc was similarly constructed by ligation of a
HindIII-Xbal (blunted with Klenow) fragment from the murine
c-Myc ¢cDNA from the CMV-Myc plasmid (Sears et al. 1997)
into the HindIII-EcoRV sites of the AdTrack-CMV plasmid. Ad-
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Myc™84 and Ad-Myc5®?4 were constructed by first making
point mutations in the murine c-Myc sequence in the CMV-
Myc plasmid using the GeneEditor kit (Promega) per manufac-
turer’s instructions. The oligonucleotides used in the site-di-
rected mutagenesis are as follows: MycT58A, 5'-CTGCTTC-
CCGCCCCGCCCCTGTC-3"; MycS62A, 5'-CACCCCGCC-
CCTGGCCCCGAGC-3'; selection oligo, 5'-CGCCGGTGAT-
ATCGATCACGATGCG-3'. The mutated c-Myc cDNAs were
then cloned into AdTrack-CMYV and recombinant adenoviruses
were created as described for Ad-Myc.

Measurement of protein stability

Infected cells were prestarved by replacing the culture media
with D-MEM without L-methionine and L-cysteine for 15 min.
Cells were labeled in vivo with [3**S]methionine/cysteine EX-
PRESS protein labeling mix from Dupont-NEN using 300 pCi/
mL at a cell to volume ratio of 8.7 x 10° cells/mL for 30 min.
After labeling, cells were immediately washed one time with
D-MEM containing 5 mM L-methionine, 3mM L-Cysteine, and
0.25% serum and then incubated in this same media for the
indicated chase times. Cells were harvested and labeled; Myc
proteins were immunoprecipitated as described below. Labeled
Myc was visualized by autoradiography and quantitated using a
Phosphorlmager (Molecular Dynamics).

Immunoprecipitations

Cells were harvested by washing 1x in cold (4°C) PBS, followed
by lysis in cold Myc Ab-lysis buffer (Hann et al. 1985) contain-
ing protease and phosphatase inhibitors. Myc proteins were im-
munoprecipitated from equal numbers of cells for each sample
at a cell to volume ratio of 1.3 x 10° cells/mL lysis buffer as
described previously (Sears et al. 1999) using a Myc monoclonal
antibody C-33 (Santa Cruz Biotechnology). Immunoprecipitated
Myc was separated by SDS-PAGE.

Western analysis

Cells were harvested by scraping in hot 1x SDS sample buffer at
a cell to volume ratio of 3.25 x 10° cells/mL. Protein concentra-
tions were determined for normalization purposes using the
ABC solutions (Pierce) per manufacturer’s instructions. Equal
protein for each sample was separated by SDS-PAGE, blotted to
Immobilon-P membrane (Millipore), and detected with HRP-
conjugated secondary antibodies and immunofluorescence us-
ing the ECL reagents from Amersham per the manufacturer’s
instructions.

Phosphopeptide mapping

Infected cells were labeled in vivo with [**PJorthophosphate for
2 h. 32P-labeled c-Myc was immunoprecipitated with the C-33
monoclonal Myc antibody (Santa Cruz Biotechnology), fraction-
ated by SDS-PAGE, and transferred to immobilon-P membrane.
Labeled Myc protein was then digested off the membrane with
10 pg Thermolysin and lyophilized as previously described
(Boyle et al. 1991; Lutterbach and Hann 1994; van der Geer and
Hunter 1994). Digested Myc was oxidized with performic acid (1
h at 4°C) followed by repeated lyophilizations. Yield was esti-
mated by Cerenkov counting. Myc peptides were resuspended
in pH 1.9 buffer (Boyle et al. 1991) and equal counts were spot-
ted onto 0.1-mm cellulose TLC plastic sheets without fluores-
cent indicator (EM Science). Electrophoresis in the first dimen-
sion was with a Hunter thin-layer electrophoresis chamber in
pH 1.9 buffer (1.5 kV, 25 min) and ascending chromatography
for the second dimension in phosphochromatography buffer for
6.5 h (Boyle et al. 1991).



Detection of ubiquitinated Myc

Cells were washed 1x with cold PBS and lysed with Ripa buffer
plus the following inhibitors: 5 mM N-ethylmaleimide (NEM;
Sigma), 8.6 mM iodoacetamide (IAA; Sigma), and protease and
phosphatase inhibitors at a cell to volume ratio of 1.25 x 107
cells/mL. Ubiquitinated proteins were immunoprecipitated
with anti-Ubiquitin antibody (Zymed). Following precipitation
with the protein A/+G-agarose beads, immunoprecipitates were
only washed 1x with low-stringency buffer containing PBS and
all inhibitors used with the Ripa buffer as well as 0.1% NP40
(Sigma). Immunoprecipitated proteins were then separated by
8% SDS-PAGE, blotted to immobilonP membrane, and de-
tected with the indicated Myc antibodies.

Detecting endogenous c-Myc

Quiescent REF52 cells were infected as described above (see
Cells and Viruses) except that after the infection four volumes
of the previously used DMEM/0.25% medium was added back
to each plate. Approximately 15 h later, the media was changed
to fresh DMEM/20%FCS and samples were collected at the in-
dicated times. Endogenous c-Myc was immunoprecipitated as
described under Immunoprecipitations, except cells were lysed
in Ab-lysis buffer at 7.5 x 10° cells/mL and precipitates were not
washed but were loaded directly onto 8% SDS-PAGE.

Northern blot analysis

Total RNA was isolated using the TRIzol Reagent (GIBCO
BRL). Poly(A)+ RNA was isolated from an equal amount of total
RNA (~300 pg) with a PolyATtract mRNA isolation system
(Promega) as described previously (DeGregori et al. 1995). RNAs
were electrophoresed, blotted to nylon membrane, and probed
with [32P]-labeled random-primed cDNAs as described (Sears et
al. 1997). cDNA probes include the mouse c-Myc ¢cDNA from
the CMV-Myc plasmid (Sears et al. 1997) and the GAPDH
c¢DNA obtained from the American Type Culture Collection.
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