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The oncogenic transcription factor c-Myc causes transformation and
tumorigenesis, but it can also induce apoptotic cell death. Although
tumor suppressors are necessary for c-Myc to induce apoptosis, the
pathways and mechanisms are unclear. To further understand how
c-Myc switches from an oncogenic protein to an apoptotic protein,
we examined the mechanism of p53-independent c-Myc-induced
apoptosis. We show that the tumor suppressor protein ARF medi-
ates this switch by inhibiting ubiquitylation of the c-Myc transcrip-
tional domain (TD). Whereas TD ubiquitylation is critical for c-Myc
canonical transcriptional activity and transformation, inhibition of
ubiquitylation leads to the induction of the noncanonical c-Myc tar-
get gene, Egr1, which is essential for efficient c-Myc-induced p53-
independent apoptosis. ARF inhibits the interaction of c-Myc with
the E3 ubiquitin ligase Skp2. Overexpression of Skp2, which occurs
in many human tumors, inhibits the recruitment of ARF to the Egr1
promoter, leading to inhibition of c-Myc-induced apoptosis. Thera-
peutic strategies could be developed to activate this intrinsic apo-
ptotic activity of c-Myc to inhibit tumorigenesis.
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he c-Myc protein plays a pivotal role in cell growth, cell cycle

progression, and tumorigenesis. Although oncogenic c-Myc
protein has been assigned several molecular functions, strong ev-
idence suggests that c-Myc mediates its diverse biological func-
tions through its ability to transcriptionally regulate target genes
(1). c-Myc can activate and repress many target genes through
several mechanisms, but the best characterized is activation of
targets containing the canonical CACGTG Myc E box DNA-
binding motif. Both the C-terminal basic region/helix-loop-helix/
leucine zipper (b/HLH/LZ) domain and the N-terminal transcrip-
tional domain (TD) are essential for activation and repression of
target genes. The TD is not well defined but includes two con-
served regions termed Myc box (MB)I and MBII that are necessary
for full transcriptional activity (2).

Oncogenic activation of c-Myc occurs when c-Myc is overex-
pressed or deregulated in tumors. Oncogenic c-Myc causes trans-
formation in cultured cells and tumorigenesis in animal models. In
apparent contradiction, oncogenic c-Myc also induces growth in-
hibition or apoptosis through both p53-dependent and -independent
mechanisms that prevent tumorigenicity, but these mechanisms are
not well understood (2). The tumor suppressor protein ARF, which
is induced by oncogenic c-Myc, plays roles in both mechanisms. In
a p53-dependent mechanism, ARF inhibits the E3 ubiquitin ligase
Mdm?2, leading to stabilization of p53 (3). Independently of p53, on
c-Myc activation, ARF becomes nucleoplasmic and directly binds to
c-Myc protein. We previously demonstrated that ARF blocks the
ability of c-Myc to activate transcription of canonical target genes
at promoters and inhibits c-Myc—induced hyperproliferation
and transformation (4). However, ARF is essential for p53-in-
dependent c-Myc-induced apoptosis (4-7). Recently, we have
shown that ARF is also necessary for induction of the direct non-
canonical c-Myc target gene Egrl, which is a transcription factor
necessary and sufficient for p53-independent c-Myc-induced apo-
ptosis (6). Therefore, ARF binding essentially switches c-Myc from
a proliferative to an apoptotic protein.

978-983 | PNAS | January 15,2013 | vol. 110 | no.3

Here we show that ARF controls this apoptotic switch by in-
hibiting ubiquitylation of the c-Myc TD. In these studies, we
demonstrate that TD ubiquitylation is critical for canonical target
gene induction and transformation. Surprisingly, loss of TD
ubiquitylation is sufficient for induction of the noncanonical Egr!
target gene and apoptosis. Furthermore, we show that the loss of
TD ubiquitylation caused by ARF is due to the inhibition of the
interaction of c-Myc with the oncogenic E3 ubiquitin ligase Skp2.
Inhibition of endogenous Skp2 expression and ubiquitylation
mimics the action of ARF, leading to enhanced Egrl expression
and c-Myc-mediated apoptosis. Conversely, overexpression of
Skp2, which commonly occurs in many human tumors (8),
inhibits the recruitment of ARF to the Egrl promoter, leading to
inhibition of Egrl expression and subsequent c-Myc-induced
apoptosis. These studies suggest that ubiquitylation controls the
intrinsic transcriptional and biological activity of c-Myc.

Results

ARF Inhibits Skp2-Mediated Ubiquitylation of the c-Myc TD Through
Competitive Interaction. ARF is known to interact with and inhibit
the activities of several critical cellular proteins in addition to
c-Myc, such as Mdm?2 and E2F (9). Because ARF is known to
enhance the ubiquitylation and proteolysis of several of its binding
partners, including E2F (10), we investigated whether this mech-
anism was responsible for ARF inhibition of c-Myc activity. In vivo
ubiquitylation analyses of both full-length c-Myc protein and an
N-terminal c-Myc fragment with or without ARF expression were
performed. Surprisingly, the analyses demonstrated that ARF in-
hibited c-Myc ubiquitylation (Fig. 14). ARF also inhibited en-
dogenous c-Myc ubiquitylation (Fig. 1B). We then determined the
effects of ARF on c-Myc proteolysis by performing cycloheximide
chase assays. c-Myc protein was coexpressed with ARF or a vector
control, cells were treated with cycloheximide to inhibit protein
synthesis, and c-Myc protein degradation was monitored over
time. Consistent with the inhibition of ubiquitylation, ARF
inhibited the proteolysis of c-Myc (Fig. 1C, Upper). In contrast,
there was no stabilization of c-Jun protein when coexpressed with
AREF, suggesting that ARF does not cause a generalized inhibition
of cellular proteolysis (Fig. 1C, Lower). We previously showed
that high levels of endogenous ARF in p53~~ mouse embryo
fibroblasts (MEFs) inhibits transformation induced by oncogenic
c-Myc using a hydroxytamoxifen (OHT)-activated fusion
c-MycER protein (4). Consistent with the results from transient
overexpression of ARF and Myc, the proteolysis of c-MycER
in these p53~~ MEFs was inhibited compared with c-MycER in
ARF~"p537~ (DKO) MEFs (Fig. 1D). In addition, ubig-
uitylation of c-MycER protein was lower relative to total c-Myc
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Fig. 1. ARF inhibits c-Myc TD ubiquitylation and proteolysis. (A) In vivo
ubiquitylation assays of c-Myc in Cos7 cells transiently transfected with HA-
tagged ubiquitin and empty vector, c-Myc, or c-MycN143, with or without
ARF. (B) In vivo ubiquitylation assay of endogenous c-Myc in Hela cells
transiently transfected with HA-Ub and ARF or empty vector. (C) Cyclohex-
imide chase analyses in Cos7 cells cotransfected with c-Myc or Jun and empty
vector or ARF. (D) Cycloheximide chase analyses of c-MycER in DKO MycER
and p53~~ MycER MEFs treated with 2 pM OHT for 24 h.

protein in p53~~ MEFs compared with DKO MEFs as demon-
strated by in vivo ubiquitylation analyses (Fig. S14). Taken to-
gether, these results suggest that ARF inhibits ubiquitylation and
proteolysis of c-Myc protein.

One explanation for the inhibition of ubiquitylation by ARF is
that ARF inhibits one or more E3 ubiquitin ligases. Considering
that the E3 ubiquitin ligase Skp2 interacts with similar c-Myc
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Fig. 2. ARF inhibits Skp2 binding to c¢-Myc and Skp2-mediated c-Myc
ubiquitylation. (A) Coimmunoprecipitation performed with anti-Myc fol-
lowed by immunoblot analyses in Cos7 cells transfected with constant
amounts of T7-Skp2 and ¢-MycN167 and increasing amounts of ARF. (B)
Coimmunoprecipitation performed with anti-Myc followed by immunoblot
analyses in Cos7 cells transfected with Flag-Fbow7a, ¢-MycN167, and in-
creasing amounts of ARF. Fbw7a was detected using anti-Flag. (C) In vivo
ubiquitylation assay of endogenous c-Myc in HelLa cells transfected with HA-
ubiquitin with or without T7-Skp2 and increasing amounts of ARF. (D) In vivo
ubiquitylation assay of HA-tagged N- or C-terminal c-Myc in Cos7 cells
transfected with HA-ubiquitin and either empty vector or Skp2.
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domains as ARF and has opposing effects on c-Myc target gene
expression and cell cycle progression compared with ARF (4, 11,
12), we investigated whether ARF inhibits the interaction of Skp2
with c-Myc. Skp2 and either full-length c-Myc or the N-terminal
167 amino acids (c-MycN167) containing the TD were coex-
pressed, and an in vivo coimmunoprecipitation (coIP) assay was
performed using c-Myc antibody. To determine whether ARF
competes with Skp2 for c-Myc binding, increasing amounts of
AREF were expressed in a competitive colP assay. As ARF levels
increased, the amount of Skp2 that coimmunoprecipitated with
the c-Myc TD decreased dramatically, whereas the amount of
ARF that coimmunoprecipitated with c-Myc increased (Fig. 24).
Similar results were found when the full-length c-Myc protein was
used (Fig. S1B). To determine whether ARF inhibits the binding
of another c-Myc E3 ubiquitin ligase, we performed the same
competitive colP experiment using Fbw7a, which also interacts
with the TD of c-Myc (13-15). In contrast to the inhibition of
Skp2 binding, increasing amounts of ARF did not influence the
interaction of Fbw7a with c-Myc (Fig. 2B). We next determined
whether ARF inhibited the Skp2-mediated ubiquitylation of
c-Myc. First we verified that overexpression of Skp2 efficiently
ubiquitylates endogenous c-Myc (Fig. S1C), which was previously
observed (11). We then expressed Skp2 with increasing amounts
of ARF and observed that the ubiquitylation of endogenous
c-Myc greatly decreased (Fig. 2C). These results suggest that
ARF competitively inhibits the interaction of Skp2 with the TD of
c-Myc, resulting in less ubiquitylation of c-Myc.

Although Skp2 has been shown to interact with both the TD
and HLH/LZ domains of c-Myc (11, 12), the sites of Skp2-
mediated ubiquitylation have not been identified. To determine
whether Skp2 does ubiquitylate the c-Myc TD and to determine
the relative ubiquitylation of c-Myc N and C-terminal domains
by Skp2, we expressed the two different halves of c-Myc with and
without Skp2 and examined their ubiquitylation status. Although
the C-terminal half of mouse c-Myc has the majority of the lysine
residues (20 of 27 total), the N-terminal domain was more effi-
ciently ubiquitylated by Skp2 (Fig. 2D). Skp2-induced ubiquitylation
was approximately threefold greater on the N-terminal half of c-
Myc compared with the C-terminal half. The c-Myc167 N-ter-
minal fragment, which includes the TD, was also efficiently
ubiquitylated by Skp2 (Fig. S1D).

Ubiquitylation of the c-Myc TD Is Essential for c-Myc-Induced
Transformation. To directly examine the effects of ubiquitylation
on c-Myc function, we used site-directed mutagenesis to change
lysines to arginines, which retain the positive charge but are unable
to be ubiquitylated. Because ARF primarily binds to the TD and
inhibits c-Myc target gene induction (4), we targeted the 6 lysines in
the TD, which leaves 21 lysines in the remainder of c-Myc protein.
All six lysines (51, 52, 127, 144, 149, and 158) are in or near MBI
and MBII. We examined the ubiquitylation of this c-Myc protein,
termed c-Myc™®R and found that it was less ubiquitylated com-
pared with the c-Myc protein (Fig. 34). To examine the effects of
loss of c-Myc TD ubiquitylation on c-Myc protein_stability, we
performed a cycloheximide chase assay. The c-Myc R protein
was more stable than c-Myc (Fig. 3B). These results suggest that
both the N-terminal and C-terminal domain lysines are involved in
c-Myc ubiquitylation and proteolysis.

To determine whether loss of TD ubiquitylation also influ-
ences c-Myc functions, we generated DKO MEFs expressing
either c-MycER or ¢c-MycER™*®_ Immunoblot analysis con-
firmed that the proteins were expressed at comparable levels
and that the exogenous levels were comparable to endogenous
c-Myc levels (Fig. S24). To determine the effect of loss of TD
ubiquitylation on the ability of c-Myc to transform DKO MEFs,
we performed an anchorage-independent growth assay using
soft agar with or without OHT activation. In contrast to the
robust transformation induced by activated c-MycER, activated
¢-MycERN®R had only weak transforming activity (Fig. 3C). In
addition, the size of the foci induced by c-MycERN*R was rela-
tively small compared with the foci induced by c-MycER (Fig. 3D).
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Fig. 3. Ubiquitylation of the c-Myc TD is essential for c-Myc-induced
transformation. (A) In vivo ubiquitylation assays of c-Myc in Cos7 cells
transiently transfected with HA-ubiquitin and c-Myc“®® or c-Myc. (B) Cy-
cloheximide chase analyses of c-Myc in Cos7 cells transiently transfected with
c-MycV®® or c-Myc. (C) Anchorage-independent growth analyses of DKO
MycER and DKO MycERN®*R MEFs. Asterisk indicates a statistically significant
increase in colony formation in OHT-treated DKO MycER cells compared with
those treated with ethanol. (D) Representative microscopic images of an-
chorage-independent growth analyses.

These effects on c-Myc—-induced transformation in DKO MEFs
due to the loss of c-Myc TD ubiquitylation are similar to the effects
of ARF interaction with c-Myc observed previously in p53~/~
MEFs (4), suggesting that loss of TD ubiquitylation mimics the
inhibitory effects of ARF and that TD ubiquitylation is necessary
for c-Myc-mediated transformation.

Inhibition of c-Myc TD Ubiquitylation Is Sufficient for c-Myc to Induce
Apoptosis. The inhibition of c-Myc-induced transformation caused
by loss of TD ubiquitylation may be due to an increase in apo-
ptosis. Therefore, we next examined whether the loss of ubig-
uitylation is sufficient for c-Myc to induce apoptosis without the
need for ARF or p53. We compared the ability of c-MycER and
c-MycERN¥R t0 induce apoptosis in the DKO MEFs shifted to
low serum. In contrast to the inability of activated c-MycER to
induce cell death without ARF and p53, activated c-MycERN*R
was very efficient in inducing cell death (Fig. 44). We confirmed
that the observed cell death was indeed apoptosis by measuring
the cleavage of caspase 3 following activation of c-MycER com-
pared with c-MycERN*® (Fig. 4B). Because p53-independent
apoptosis induced by c-Myc has been linked to an increase in Bim
(16), we also compared the ability of c-MycER and c-MycERNKR
to cause an increase in Bim expression in DKO MEFs. Bim mRNA
(Fig. 4C) and protein levels (Fig. 4D) were both substantially in-
creased by c-MycER™*R_ but Bim expression was poorly induced
by c-MycER. Taken together, these results suggest that inhibition
of TD ubiquitylation is essential for c-Myc—-mediated apoptosis.
Considering the dramatic apoptotic effects of inhibiting c-Myc
TD ubiquitylation and the ability of ARF to inhibit Skp2-medi-
ated ubiquitylation of c-Myc, we next examined whether Skp2
overexpression could counter ARF-dependent c-Myc—induced
apoptosis by performing apoptotic assays with p53~7"MycER
MEFs stably overexpressing Skp2. Immunoblot analysis demon-
strated that comparable levels of c-MycER were expressed
with and without Skp2 overexpression (Fig. S2B). There was
little cell death without activation of c-MycER in the presence or
absence of Skp2 overexpression (Fig. 4E). In contrast, apoptosis
was induced by OHT activation of c-MycER, and this apoptosis
was substantially reduced in the OHT-activated cells with Skp2
overexpression (Fig. 4F). In contrast, Skp2 was unable to reduce
apoptosis induced by c-MycERN*F in p53~/~ MEFs (Fig. 4F)
or DKO MEFs (Fig. S34). Immunoblot analysis confirmed that
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comparable levels of c-MycERNR were expressed with and

without Skp2 overexpression (Fig. S2B). Conversely, to de-
termine whether loss of Skp2-mediated ubiquitylation mimicked
the apoptotic effects of ARF, we reduced endogenous Skp2
expression in the DKO MycER MEFs (Fig. S2C). There was
little cell death observed on activation of c-MycER with OHT in
cells treated with control siRNA, as expected in cells without
ARF and p53, but there was an approximately fourfold induction
in c-Myc-mediated apoptosis in Skp2 siRNA treated cells (Fig.
4G). Without activation of c-MycER, we detected a smaller in-
crease in the amount of cell death when Skp2 expression was
inhibited (Fig. 4G), suggesting Skp2 loss also influences endog-
enous c-Myc and/or other apoptotic targets.

We also examined the effect of inhibiting Skp2-mediated
ubiquitylation on apoptosis in HeLa cells, an epithelial carci-
noma line with high endogenous c-Myc and Skp2 expression.
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Fig. 4. Loss of c-Myc TD ubiquitylation is sufficient for c-Myc-induced p53-
independent apoptosis and Skp2 controls c-Myc-mediated p53-independent
apoptosis. (A) DKO MycER and DKO MycERV®KR MEFs were assayed for ap-
optosis in low serum with or without 2 uM OHT. There was a statistically
significant increase in cell death in cells expressing MycERV®“® when treated
with OHT by day 2. (B) Immunoblot showing active caspase-3 in DKO MycER
and MycERN®R MEFs following activation with OHT in low serum. (C) Real-
time RT-PCR analysis of Bim expression in DKO MycER and MycERN®R MEFs
following activation with 2 pM OHT in low serum. (D) Immunoblot analysis
of Bim in DKO MycER and MycERN®*® MEFs following activation with 2 uM
OHT in low serum. (E) p53~'~ MycER MEFs and p53~"~ MycER/Skp2 MEFs were
assayed for apoptosis 2 d following 2 uM OHT activation in low serum. As-
terisk indicates a statistically significant decrease in p53~~ MycER cell death
with T7-Skp2 overexpression. (F) p53~~ MycERN®R MEFs and p53~/~
MycERN®KR/Skp2 MEFs were assayed for apoptosis following 2 yM OHT ac-
tivation in low serum. (G) DKO MycER MEFs treated with control siRNA
(siCon) or Skp2 siRNA (siSkp2) for 24 h were assayed for apoptosis in high
serum 3 d after activation with 2 uM OHT or ethanol (ETOH). Asterisk indi-
cates a statistically significant increase in DKO MycER cell death with Skp2
siRNA compared with the siCon control. (H) Egr1~'~ and parental WT MEFs
expressing MycERNKR were assayed for apoptosis in low serum 2 d after 2
pM OHT activation. Asterisk indicates a statistically significant increase in cell
death of WT MEFs treated with OHT compared with the ethanol control.
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Cells were treated with Skp2 siRNA in media with low serum or
in high serum, and reduced Skp2 expression was confirmed by
immunoblot analysis (Fig. S1E). In addition, ubiquitylation of
endogenous c-Myc protein was reduced as demonstrated by
immunoblot and ubiquitylation analyses (Fig. S1E). Inhibition of
Skp2 expression enhanced apoptosis in low serum by ~4-fold and
by ~2.5-fold in high serum (Fig. S3B). Taken together, the results
in both the DKO MycER MEFs and HeLa cells suggest the in-
hibition of Skp2 expression reduces c-Myc ubiquitylation, leading
to an increase in c-Myc-induced apoptosis. In addition, the
results suggest that the opposing actions of ARF and Skp2 that
regulate the ubiquitylation status of the TD control c-Myc—
driven p53-independent apoptosis.

Ubiquitylation of the c-Myc TD Controls c-Myc Canonical and Noncanonical
Transcriptional Activity. Previous studies have shown that ARF in-
hibits c-Myc target gene induction (4). Therefore, we examined
the effects of TD ubiquitylation on c-Myc target genes and tran-
scriptional activity. We first compared the ability of c-MycER and
¢-MycERN¥R in DKO MEFs to induce the expression of several
well-characterized c-Myc target genes containing the canonical
E-box Myc sequence (EMS) site using real-time RT-PCR. The
cells were serum starved to decrease the levels of endogenous
¢-Myc followed by OHT activation of c-MycER or c-MycER™*R,
WT c-MycER induced the expression of all four target genes,
nucleolin (Fig. 5A4), elF4E, cdk4, and rcl (Fig. S4 A-C), by two- to
fourfold, which is lt{ypical for these c-Myc target genes (4). In
contrast, c-MycN°*® failed to induce their expression (Fig. 54;
Fig. S4 A-C), suggesting that TD ubiquitylation is essential for
induction of c-Myc target genes. To examine the activity of

Fig. 5. c-Myc TD ubiqui-
tylation controls the induc-
tion of canonical target genes
and the noncanonical target
gene Egri. (A and B) Real-
time RT-PCR analysis of nu-
cleolin (A) and Egr1 (B) in DKO
MycER and MycERN®R MEFs
following OHT activation. (C)
Luciferase reporter assays of
Egr1 promoter activity in DKO
MycER, p53™~ MycER, and
p537"~ MycERN®*R MEFs. Data
are expressed in terms of rel-
ative fold activation (OHT/
ethanol). Asterisks indicate
data in which a statistically
significant increase in lucifer- MycER  MycERM®
ase activity was observed in p33* ps3*

OHT-treated cells compared
with the ethanol control. (D)
Real-time RT-PCR analysis of
elF4E and Egrl in p537/-
MycER/vector and MycER/
Skp2 MEFs following OHT
activation. Asterisks indicate
data in which a statistically
significant increase in mRNA
levels was observed after
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a canonical promoter, we performed luciferase reporter assays
using the Myc-responsive 4XEMS promoter with four tandem EMS
elements driving luciferase expression. As previously observed with
other canonical promoters (6), the 4XEMS promoter was induced
by c-MycER in DKO MEFs, but not by c-MycER in p53~'~ MEFs
or by c-MycERN*® in DKO or p53~~ MEFs (Fig. S4D). Consis-
tent with these results, transiently expressed c-Myc induced the
activity of the 4XEMS promoter by approximately twofold (Fig.
S4E), whereas c-Myc“°*R failed to induce 4XEMS (Fig. S4E).
Taken together, the results suggest that TD ubiquitylation is es-
sential for the canonical transcriptional activity of c-Myc.

In contrast to the ARF inhibition of c-Myc canonical target gene
induction (4), ARF is essential for induction of the noncanonical
c-Myc target gene, Egrl (6). To determine whether loss of TD
ubiquitylation of c-Myc mimics the necessity of ARF for c-Myc—
induced Egrl e)%%ression, we compared the ability of c-MycER
and c-MycERN®®R to induce Egrl expression in DKO MEFs in
low serum using real-time RT-PCR. Unlike c-MycER, activation
of c-MycERN*R caused a significant induction of Egr! (Fig. 5B).
In addition, luciferase reporter assays using an Egrl promoter
construct, which was previously shown to be activated by c-Myc in
an ARF-dependent manner (6), demonstrated that the activity of
the Egrl promoter was significantly induced in p53~~ MEFs by
both c-MycER and ¢-MycERN*R but not by c-MycER in DKO
MEFs (Fig. 5C). The Egrl promoter activity in p53~~ MEFs
having both ARF and c-MycERN®¥R was enhanced compared
with p53~/~ MEFs with ARF alone (Fig. 5 C and E). These results
suggest, as would be expected, that blocking TD ubiquitylation by
mutation is more efficient than inhibiting Skp2-mediated TD
ubiquitylation through competitive binding with ARF.
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treatment. (E) Luciferase reporter assays of Egr1 promoter activity in p53~~ MycER and p53~/~ MycERN®¥R MEFs transiently transfected with T7-Skp2 or empty
vector. Luciferase data are expressed as in C. Asterisk indicates a statistically significant decrease in induction of Egr1 activity in cells overexpressing Skp2. (F)
Luciferase reporter assays of Egr1 promoter activity in Rat1a or Rat1a/Myc cells with and without T7-Skp2 transient overexpression. The asterisk indicates
a statistically significant decrease in induction of Egr1 promoter activity in cells overexpressing T7-Skp2. (G and H) Luciferase reporter assays of Egr1 promoter
activity in DKO (G, Upper) and p53~"~ (H, Upper) MEFS transfected with siSkp2 or control siRNA (siCon). Asterisk indicates a statistically significant increase in
Egr1 promoter activity in cells transfected with siSkp2 compared with siCon. Immunoblot analysis of Egr1 expression in DKO (G, Lower) and p53~~ (H, Lower)
MEFs treated with siCon or siSkp2. (/ and J) ChIP analyses of Myc (/) and ARF (J) were performed using chromatin prepared from p53~'~ MycER/Skp2 and p53~/~
MycER/vector MEFs after treatment with OHT for 6 h. Asterisk indicates a statistically significant decrease in Myc or ARF binding at the target promoters in cells
stably expressing T7-Skp2. (K) Ubiquitylation controls the molecular and biological functions of c-Myc. Ubiquitylation of the c-Myc TD by Skp2 is essential for
canonical target gene expression that mediates c-Myc—induced proliferation and transformation. Inhibition of Skp2-mediated ubiquitylation of the c-Myc TD by
AREF is sufficient for induction of the noncanonical Egr1 target gene that mediates p53-independent c-Myc-induced apoptosis.
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Considering Skp2 overexpression countered the apoptotic
effects of endogenous ARF following activation of c-Myc in p53~'~
MycER MEFs (Fig. 4E), we next examined whether Skp2 over-
expression inhibited the ARF-dependent induction of Egrl
in these same cells. As previously described (6), activation of
c-MycER in p53~"MEFs induced the expression of Egrl (Fig.
5D), whereas Egrl induction by activated c-MycER was inhibited
when Skp2 was overexpressed (Fig. 5D). In contrast, Skp2 over-
expression up-regulated the canonical c-Myc target gene, elF4E
(Fig. 5D), as previously observed (11, 12), countering the in-
hibitory effects of ARF on canonical c-Myc target gene expres-
sion. Furthermore, we determined that overexpression of Skp2
caused a significant decrease in the ability of activated c-MycER
(Fig. 5E) and transiently expressed c-Myc (Fig. 5F) to induce the
Egrl promoter in luciferase reporter assays. In contrast, the ability
of c-MycERN®R to induce Egrl promoter activity was not sig-
nificantly influenced by Skp2 overexpression (Fig. 5E).

The increase in apoptosis on inhibition of Skp2 in DKO MEFs
without c-MycER activation (Fig. 4G) suggests that loss of ubig-
uitylation of endogenous c-Myc may also contribute in an increase
in Egrl expression. Indeed, we observed a significant increase in
both Egrl promoter activity (3.6-fold), measured by luciferase
reporter assays, and in Egrl protein levels when cells are treated
with Skp2 siRNA (Fig. 5G). As would be expected, the presence
of high ARF levels in the p53~~ MEFs results in a higher level of
Egr1 protein compared with DKO MEFs, and thus the inhibition
of Skp2 expression caused a relatively smaller increase in Egr!
promoter activity (2.1-fold) and Egrl protein levels (Fig. 5H). In
addition, inhibition of Skp2 expression by treating with siRNA in
HeLa cells resulted in an increase in Egrl protein expression (Fig.
S4F), which also correlated with the increase in apoptosis with
Skp2 siRNA treatment (Fig. S3B). Taken together, we showed by
three mechanisms—Iloss of c-Myc TD ubiquitylation by inhibition
of Skp2 expression, ARF competition with Skp2 for c-Myc bind-
ing, and expression of a c-Myc with a nonubiquitylatable TD—
that inhibition of TD ubiquitylation induces the Egr! target gene.

To determine whether the inhibition of ARF-dependent Egr!
expression by Skp2 due to competitive interaction with c-Myc
occurs at the Egrl promoter, we used real-time ChIP analysis to
examine the recruitment of c-Myc and ARF to the Egrl pro-
moter in the presence of overexpressed Skp2. We have pre-
viously shown that both c-Myc and ARF, but not ARF alone, are
recruited to a region ~1 kb upstream of the transcriptional start
site in the Egrl promoter, which does not contain any canonical
Myc binding sites (6). The recruitment of c-Myc to the canonical
tert promoter was not influenced by the overexpression of Skp2,
whereas c-Myc recruitment to the noncanonical Egrl/ promoter
was reduced by the overexpression of Skp2 in the p53~~ MycER
MEFs (Fig. 5I). These observations are consistent with our
previous findings that ARF enhances c-Myc recruitment to the
Egrl promoter (6). The recruitment of ARF to the Egrl pro-
moter, as well as the tert promoter, was substantially reduced in
the p53~~ MycER MEFs cells overexpressing Skp2 (Fig. 5J).
Similarly, ARF recruitment to the Egr!/ promoter and the fert
promoter was also significantly reduced in the p53~~ MycERNKR
MEFs cells overexpressing Skp2 (Fig. S4G), suggesting that the
presence of the lysine mutations in the c-Myc TD did not in-
fluence the binding of ARF or Skp2 to c-Myc and confirms that
the activity of MycERNR in inducing Egrl and apoptosis is not
dependent on the binding of ARF. Taken together, the results
suggest Skp2 regulates c-Myc ubiquitylation and induction of
canonical and noncanonical target gene promoters through
competitive interaction with ARF. The results also suggest that
ubiquitylation of the c-Myc TD enhances activity and not re-
cruitment of c-Myc at canonical promoters, whereas recruitment
and activity of c-Myc to the noncanonical Egrl promoter are both
enhanced by inhibition of TD ubiquitylation.

Egr1 Mediates Apoptosis Induced by Loss of c-Myc TD Ubiquitylation.

Finally, we determined whether Egrl is necessary for apoptosis
induced by loss of TD ubiquitylation of c-Myc, as it is for ARF-
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dependent c-Myc-induced aPOptosis in p537~ MEFs (6). We gen-
erated WT MEFs (EgrI*'*) and Egrl~'~ MEFs expressing
c-MycERN®®R and confirmed similar expression levels by immu-
noblot analysis (Fig. S2D). On activation, c-MycERN*®induced
apoptosis in the WT MEFs but was significantly compromised in
its ability to induce apoptosis in the Egrl~'~ MEFs (Fig. 4H). As
another approach, we treated DKO MEFs expressing c-Myc <R
with Egrl siRNA or control siRNA following activation with OHT
and observed a substantial inhibition of c-MycN**R—induced ap-
optosis (Fig. S4H). Reduction of Egrl protein expression was
confirmed by immunoblot analysis (Fig. S4H). These results sug-
gest that Egrl is a key mediator of p53-independent apoptosis
induced by loss of TD ubiquitylation of c-Myc.

Discussion

Previous studies have implicated ubiquitylation in influencing
c-Myc proliferative and canonical transcriptional activity in ad-
dition to proteolysis (15, 17-19). Our results directly show that
ubiquitylation of the c-Myc TD is necessary for canonical c-Myc
target gene induction and efficient c-Myc-induced transformation.
Our results also suggest that the ability of ARF to inhibit canonical
transcriptional activity is due to its ability to inhibit Skp2-mediated
ubiquitylation of the c-Myc TD. In addition, the loss of ubig-
uitylation not only inhibits canonical activity but also allows the
acquisition of a new noncanonical activity, specifically the induction
of the noncanonical c-Myc target gene, Egrl, which then mediates
p53-independent c-Myc—induced apoptosis. Therefore, the ca-
nonical oncogenic activity of c-Myc, which is enhanced by Skp2, and
the noncanonical apoptotic activity induced by ARF are controlling
a unique mechanism dependent on ubiquitylation of the c-Myc TD.

Our results suggest that Skp2 preferentially ubiquitylates the
c-Myc TD rather than the C-terminal half of c-Myc. In growing
cells, it has been shown that half of the lysines in the TD, including
52, 149, and 158, are ubiquitylated (20); however, it is unknown
whether the various c-Myc ubiquitin ligases have preferences for
specific lysines or domains. Although the c-Myc degron has been
mapped to the TD (21, 22), our data suggest that ubiquitylation
of both the N- and C-terminal domains contribute to c-Myc
proteolysis. Unlike Skp2, which behaves as an oncogene that
stimulates c-Myc transcription and proliferation, other c-Myc E3
ubiquitin ligases, such as Fbw7 and TRPC4AP/TRUSS, act as
tumor suppressors that inhibit c-Myc transactivation and trans-
formation (14, 23). In contrast to enhanced apoptosis observed
upon inhibition of Skp2, loss of Fbw7 binding and ubiquitylation,
due to mutation at the Thr58 phosphorylation site of c-Myc, results
in less apoptosis (14, 16, 24). Therefore, we conclude that ubig-
uitylation of the TD regulated by Skp2 and ARF competitive in-
teraction is a key factor controlling c-Myc transcriptional and
biological activity, rather than just the levels of c-Myc regulated
by proteolysis.

Our model is that the ubiquitylation of the TD is critical for
the induction of canonical c-Myc target genes, such as cdk4,
cyclin D2 and elF4E, which mediate c-Myc-induced cell cycle
progression under normal conditions (Fig. 5K). Oncogenic c-Myc
induces ARF expression, which then blocks the binding of Skp2
and perhaps other ligases, preventing TD ubiquitylation neces-
sary for c-Myc-mediated proliferation and transformation. Si-
multaneously, the loss of ubiquitylation triggers a transcriptional
switch that allows c-Myc to induce the noncanonical Egr] target
gene, which then mediates c-Myc-induced p53-independent ap-
optosis (Fig. 5K). Tumorigenesis could occur if either the ex-
pression of ARF or Egrl is suppressed or if Skp2 expression or
activity is increased, all of which have been found in many dif-
ferent types of human tumors (8, 25-28). Since Skp2 is a c-Myc
target gene, positive feedback would enhance c-Myc activity and
compete with ARF (29). Conversely, loss of Skp2 would cause
growth inhibition (30) or apoptosis. This idea is supported by
studies in glioblastoma and laryngeal cancer that demonstrates
an inhibition of Skp2 induces apoptosis (31, 32). Therefore, the
ubiquitylation of the c-Myc TD, which controls the intrinsic
transcriptional and apoptotic activities of c-Myc, can be targeted
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to develop novel therapeutic strategies to eradicate tumor cells
and prevent c-Myc-driven tumorigenesis. Since the Myc-ARF-
Egrl pathway is p53-independent, unlike other c-Myc-induced
apoptotic pathways, the ubiquitylation-dependent apoptotic ac-
tivity of c-Myc can be activated in tumors that have lost p53,
which represent half of all human tumors.

Materials and Methods

colP and Immunoblot Analysis. colP analyses were performed as described
previously (33), except the immunoprecipitation (IP) was performed with
anti-Myc (C-33; Santa Cruz) followed by immunoblotting with the indicated
antibodies. Myc IBs were performed with anti-MycN100 (34), unless other-
wise described. The other antibodies used for immunoblotting were anti-
Skp2 (H-435; Santa Cruz), anti-mouse ARF (54-75; Millipore), anti-human p14
ARF (Bethyl Laboratories), anti-HA (12CAS5), anti-T7 (69522; Novagen), anti-
Flag (M5; Sigma), anti-Egr1(C-19; Santa Cruz), anti-Jun (Millipore), anti-Bim
(BD Pharmingen), anti-p-actin (Sigma-Aldrich), or caspase-3 (BD Pharmingen).

In Vivo Ubiquitylation Analysis. In vivo ubiquitylation assays were performed
as described previously (22) with some modifications. Briefly, cells were
transiently transfected with CMV-ubiquitin-HA and the indicated vectors.
The cells were then treated with proteasome inhibitor MG132 (10 pM) for
4 h posttransfection, lysed, and boiled for 10 min in lysis buffer with 1% SDS.
Lysates were diluted 1:2 with lysis buffer without SDS and incubated with
4 ug of anti-Mycfl (Millipore) overnight at 4 °C. Precipitates were analyzed
by immunoblotting with anti-HA.

Cycloheximide Chase Analysis. Cycloheximide chase analysis was performed as
described previously (33). Detailed methods are in S/ Materials and Methods.

Anchorage-Independent Growth Assays. MEFs were plated at a density of 1.5 x
10* cells/60-mm dish in soft agar containing DMEM plus 10% FCS. The cells
were fed with media containing 10% FCS with 2 pm OHT or ethanol every
other day. Four weeks after seeding, cells were stained with 0.005% crystal
violet, and colonies >190 um were counted from triplicate plates.
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Apoptosis Assays. Apoptosis assays were performed as described previously (4,
6) with some modifications described in S/ Materials and Methods.

ChIP Analyses. MEFs were plated at 6 x 10° cells/150-mm dish and the next
day were treated with 2 pM OHT or ethanol for 6 h. Cross-linking and ChIP
analyses were performed as described previously (6) with anti-Myc (C-33),
anti-mouse ARF, and normal rabbit 1gG (Upstate). Purified DNA was sub-
jected to real-time RT-PCR using the primers listed in S/ Materials and
Methods. Results are reported as the mean of enrichment over 1gG calcu-
lated by dividing the percent of input from the IP by the percent of input
from the IgG control + SD.

Quantitative Real-Time RT-PCR. MEFs were plated at 3.5 x 10° cells/10-mm
dish, and 24 h later the cells were shifted to media containing 0.1% (vol/vol)
calf serum (CS) for 72 h. cDNA was prepared, real-time RT-PCR was per-
formed, and results were calculated as previously described (33). All real-
time RT-PCR analyses were performed in triplicate with the primers listed in
SI Materials and Methods. Results are reported as the mean of target gene
mRNA levels relative to p-actin mRNA levels. Each time point is normalized
to time 0 to give the relative fold induction + SD.

Luciferase Assays. Luciferase assays for analysis of Egr1 promoter activation
were performed as described previously (6). Detailed methods can be found
in SI Materials and Methods.

Data Analysis and Statistics. All data generated are the product of no less than
three independent experiments. Statistical significance was assessed through
pairwise comparisons using Student t test. Comparisons of data sets yielding
P < 0.05 were considered to have statistically significant differences.
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