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ABSTRACT

The Myc oncoprotein is tightly regulated at multiple levels including ubiquitin-
mediated protein turnover. We recently demonstrated that inhibition of Cdk2-mediated
phosphorylation of Myc at Ser-62 pharmacologically or through interferon (IFN)-
y-induced expression of p27Xr! (p27) repressed Myc’s activity to suppress cellular
senescence and differentiation. In this study we identified an additional activity of
p27 to interfere with Myc independent of Ser-62 phosphorylation. p27 is required
and sufficient for IFN-y-induced turnover of Myc. p27 interacted with Myc in the
nucleus involving the C-termini of the two proteins, including Myc box 4 of Myc. The
C-terminus but not the Cdk2 binding fragment of p27 was sufficient for inducing Myc
degradation. Protein expression data of The Cancer Genome Atlas breast invasive
carcinoma set revealed significantly lower Myc protein levels in tumors with highly
expressed p27 lacking phosphorylation at Thr-157 - a marker for active p27 localized
in the nucleus. Further, these conditions correlated with favorable tumor stage and
patient outcome. This novel regulation of Myc by IFN-y/p27X®! potentially offers new
possibilities for therapeutic intervention in tumors with deregulated Myc.

INTRODUCTION

Oncogenes of the Myc family, c-Myc, N-Myc and
L-Myc, are master regulators of cell proliferation [1-5].
The Myc genes encode basic region/helix-loop-helix/
leucine zipper (bHLHZip)-type of transcription factors,
which activate transcription as part of a binary complex
with the bHLHZip partner protein Max. The Myc:Max

complex binds to DNA sequences termed E-boxes and
stimulates transcription of a large group of specific
genes, which in turn influences global RNA and protein
synthesis [6-9]. In addition, Myc represses many genes
by interacting with the zinc finger protein Mizl [1-5, 10].
In this way Myc coordinates multiple fundamental cellular
processes, including cell cycle progression, cell growth,
apoptosis, senescence, metabolism and stem cell functions.
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When deregulated, Myc drives oncogenic transformation
and is associated with a variety of human cancers
[1-5, 11].

The Myc protein is short-lived, having a half-life
of around 30 min and is degraded through the ubiquitin-
proteasome pathway [12]. Phosphorylation of Thr-58
within the evolutionary conserved Myc box 1 (MB1) is
an important determinant of Myec stability [13, 14]. This
phosphorylation is carried out by glycogen synthase kinase
3B (GSK3p) and is dependent on prior phosphorylation
of Ser-62, which is mediated by Ras-MAPK signaling
through Erk and by cyclin-dependent kinases (Cdks)
[12, 15-17]. Whereas phosphorylation of Ser-62
alone is reported to stabilize Myc [17, 18], subsequent
phosphorylation of Thr-58 promotes Myc ubiquitylation
and degradation through binding of the E3 ubiquitin ligase
SCF™v7[19, 20]. The Myc protein is stabilized in many
tumors due to loss of Fbxw7, inactivation of GSK3f via
deregulation of the PI3K/Akt pathway or mutation of
Thr-58 [12]. In addition, Myc degradation and/or activity
are regulated by several other E3 ubiquitin ligases,
including SCFS%2, Huwe l/HectH9, SCFFT™? and SCFFbx2
[12,21-24].

We recently demonstrated that Cdk2-mediated
phosphorylation of Myc at Ser-62 plays an important
role in regulating a subset of Myc target genes involved
in suppression of cellular senescence and differentiation,
thereby contributing to malignant transformation [15, 25].
Senescence induction and differentiation could be restored
by pharmacological inhibition of Cdk2 or interferon-y
(IFN-y)-induced expression of the cellular Cdk?2 inhibitor
p27%P!l] from now on referred to as p27. Here we show
that p27 in addition to its inhibition of Cdk?2 also overrides
Myc’s suppression of senescence independent of Ser-62
and induces Myc degradation independent of Cdk2 by
binding Myc via its C-terminus. Further, high expression
of active p27 protein significantly correlated with low Myc
protein level in human breast cancer.

RESULTS

p27 overrides Myc’s suppression of senescence
independently of Myc Ser-62 status

We have previously reported that Myc cooperates
with Ras in transformation of primary rat embryo
fibroblasts (REFs) by suppressing Ras-induced
senescence, and that this function of Myc depends on
Cdk2-mediated phosphorylation of Ser-62 [15]. Further,
pharmacological inhibitors of Cdk2 or enforced expression
of p27 restored Ras-induced senescence. These studies
predicted that expression of a Ser-62 phospho-mimicking
Myc mutant would override the activity of Cdk2 inhibitors
and of p27.

To address this issue, primary REFs were
cotransfected with H-Ras together with wt Myc or a

phospho-mimicking Myc S62D mutant and exposed to the
Cdk2 inhibitor CVT-313 or enforced expression of p27,
after which senescence was measured. Ras alone induced
senescence-associated B-Gal (SA-B-Gal) activity and
coexpression of c-Myc suppressed senescence induction,
while treatment with CVT-313 or p27 cotransfection
restored senescence as expected (Figure 1A, 1B).
However, when cotransfecting a phospho-mimicking
S62D mutant with Ras, CVT-313 did not restore
senescence, suggesting that CVT-313 induces senescence
by inhibiting Ser-62 phosphorylation mediated by Cdk2.
Interestingly, enforced expression of p27 still induced
senescence in the presence of Myc S62D (Figure 1A, 1B).
This suggests that p27 can override Myc function also
independently of Cdk2-mediated Ser-62 phosphorylation.
Note that expression of p27 alone in the absence of Ras
and Myc did not induce senescence.

p27 induces ubiquitin-mediated degradation of
the Myc protein

To elucidate possible mechanisms by which p27
overrides Myc function, we first studied the effect of p27
overexpression on Myc protein expression. Enforced
expression of p27 reduced the expression of c-Myc in HeLa
cells in cotransfection experiments in a dose-dependent
manner (Figure 1C and Supplementary Figure S1A).
We next investigated if enforced expression of p27
affected protein turnover and ubiquitylation of Myc. In
order to avoid too high background from Fbxw?7, the main
E3 ubiquitin ligase targeting Myc [12, 19, 20], we utilized
HCT116 Fbxw7" cells, in which c-Myc was stabilized
(Figure 1D, 1E and Supplementary Figure S1B). However,
ectopic p27 expression enhanced c-Myc turnover without
affecting c-Myc mRNA levels. To study ubiquitylation
of c-Myc, the cells were cotransfected with expression
plasmids encoding c-Myc and HA-tagged ubiquitin,
together with p27, Fbxw7 or empty vector. Figure 1F
shows that cotransfection with p27 efficiently stimulated
c-Myc ubiquitylation almost to the same extent as Fbxw7
in this assay.

IFN-y increases degradation and ubiquitylation
of Myc through induction of p27

p27 expression is induced by growth inhibitory
cytokines like IFN-y and TGF-f [15, 26-28]. We have
shown previously that IFN-y restores TPA-induced
differentiation and senescence in U-937 monoblastic
tumor cells overexpressing v-Myc, a viral homolog of
c-Myc mutated at Thr-58 resulting in protein stabilization
[15, 29] (Figure 2A, 2B for an outline of the system).
As shown in Figure 2C and 2D, the induced expression
of the monocytic differentiation marker CD11c and the
reduced proliferation (measured as *H-TdR incorporation)
observed in response to TPA in parental U-937-GTB cells
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Figure 1: p27 overrides Myc’s suppression of senescence independently of Myc Ser-62 status and induces ubiquitin-
mediated degradation of the Myc protein. (A, B) p27 induces senescence in Myc+Ras-transformed rat embryo fibroblasts (REFs)
independent on Ser-62 status. Primary rat embryo fibroblasts (REFs) were transfected with indicated expression plasmids and treated with
the CDK2 inhibitor CVT-313 or vehicle. (A), micrographs showing transfected cells cultured for 5 days before analysis of senescence
by SA-B-Gal staining. (B), mean values and standard deviations of SA-B-Gal staining of at least three experiments are given based on
analysis of 50 randomly chosen cells. (C) Ectopic expression of p27 downregulates c-Myc. HA-tagged c-Myc was cotransfected with p27
into HeLa cells. Western blot (WB) analysis of total cell lysates was carried out using HA antibodies (upper panel), p27 BD Ab (middle
panel) and actin Ab (lower panel). (D, E) p27 or a control vector was transfected into HCT116 Fbxw7/Cdc4™ cells. (D) Myc turnover
was determined by CHX chase by adding CHX for the indicated times before harvest and WB analysis (E) Quantification of the analysis
in (D) was performed using a CCD camera. (F) p27 increases ubiquitylation of c-Myc. U20S cells were transfected using the expression
vectors indicated and the cells were treated with MG115. HA-Ub conjugated proteins were immunoprecipitated with HA antibodies and
the captured proteins were analyzed by western blot using pan-Myc antibodies. EV = empty vector. Fbxw7 expression vector was used as
reference.
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was strongly inhibited in U-937-myc-6 cells. However,
co-stimulation with IFN-y resulted in increased CD11c and
reduced proliferation in U-937-myc-6 cells to a similar level
as in TPA-treated parental cells, in accordance with previous
results [15]. Treatment with IFN-y alone did not induce
differentiation neither in parental nor in U-937-myc-6 cells,
but the v-Myc-expressing cells were sensitized to IFN-y-
induced growth inhibition (Figure 2C, 2D), in part due to
increased senescence [15].

Both IFN-y + TPA and [FN-y treatments induced p27
expression in U-937-myc-6 cells (Figure 2E) in agreement
with previous observations [15]. The upregulation of p27
occurred at the level of protein synthesis since the p27
mRNA level was essentially unaffected (data not shown).
We therefore addressed whether IFN-y + TPA or IFN-y
alone might regulate v-Myc and/or endogenous c-Myc
protein turnover by induction of p27. v-Myc runs slightly
faster than endogenous human c-Myc in SDS-page gels
[15] (compare v-Myc expressing U937-myc-6 cells and
parental U-937-GTB cells in Figure 2A). Thus both v-Myc
and c-Myc can be measured simultaneously.

U-937-myc-6 cells were treated with IFN-y+TPA
or left untreated for 24 hrs and then pulse/chased with
35S-Met (Figure 2F, 2G). In untreated cells, endogenous
c-Myc had an expected short half-life of around 30 minutes.
v-Myc exhibited a half-life of approximately 160 minutes
as a result of the stabilizing Thr-58 mutation [13, 14]. In
response to IFN-y+TPA treatment both c-Myc and v-Myc
turnover increased from approximately 30 to 20 and 150
to 50 minutes, respectively (Figure 2F, 2G). The non-linear
slopes of the curves might reflect the existence of different
subpopulations of Myc proteins with different stability,
as reported previously [30]. TPA treatment alone did not
alter c-Myc or v-Myc stability, while IFN-y alone had
similar effects on Myc turnover as had the combination
IFN-y+TPA (see below). Importantly, [IFN-y+TPA treatment
did not lead to reduced v-Myc mRNA levels, while
c-Myc mRNA levels decreased (Supplementary Figure
S2A). TPA is known to downregulate c-Myc mRNA in
U-937 cells [31]. Based on this we investigated whether
IFN-y would affect Myc turnover also in other cell types.
Enhanced c-Myc turnover in response to IFN-y treatment
was also observed in Colo-320 colon carcinoma cells
with amplified c-Myc (Supplementary Figure S2B, S2C)
and in human 2fTGH fibrosarcoma cells (Figure 4A, 4B),
showing that this phenomenon was not unique to U-937 cells.

To investigate the kinetics of [IFN-y +TPA-regulated
Myec turnover we blocked de novo protein synthesis in
U-937-myc-6 cells with cycloheximide (CHX) followed
by chase. In response to IFN-y + TPA, the turnover rate of
v-Myc and endogenous c-Myc began to increase already
within 4 hrs and was further accelerated after 8 hrs of IFN-y
+ TPA treatment as demonstrated by western blot analysis
(Supplementary Figure S2D, S2E). The increased v-Myc/c-
Myc turnover in response to IFN-y +TPA treatment is thus
an early event that coincides with induced p27 expression

and precedes effects on the cell cycle, which are not
apparent until after 24 hrs of treatment [15].

As expected, the increased turnover rate of Myc in
response to [IFN-y and IFN-y + TPA was accompanied by
increased Myc ubiquitylation (Figure 2H). Further, IFN-y-
induced degradation of both c- and v-Myc in U-937-myc-6
cells was inhibited by the proteasome inhibitor LLnL
(Figure 2I), suggesting that the increased Myc turnover
induced by this cytokine is mediated by the ubiquitin/
proteasome pathway.

These observations raised the question whether p27
mediates IFN-y-induced degradation of Myc. To clarify
this, wt and p27-deficient murine embryonic fibroblasts
(MEFs) were treated with IFN-y after which Myc levels
were determined by western blot analysis. While IFN-y
treatment strongly reduced Myc protein levels in wt
ME-Fs, no effect on the steady state levels of c-Myc was
seen in p277~ MEF cells, verifying that IFN-y mediated
turnover of c-Myc is indeed p27-dependent (Figure 2J).
IFN-y treatment had no effect on c-Myc mRNA levels in
wt MEFs (Supplementary Figure S2F).

Taken together, these results suggest that IFN-y
induces Myc ubiquitin/proteasome-mediated degradation
through induction of p27.

IFN-y-induces degradation of Myc in the nucleus
in complex with Max

To study Myc turnover and intracellular localization
after IFN-y in living cells, we expressed a c-Myc-eGFP
fusion protein together with an eCFP reporter protein in
2fTGH cells. IFN-y treatment decreased the c-Myc-eGFP
fluorescence signal to approximately 40% of control
within 4 hrs relative to the eCFP fluorescence signal
(Figure 3A, 3C). No apparent difference in the subcellular
localization of a c-Myc-GFP fusion protein was observed.
To determine if IFN-y affected the steady state level
of Myc:Max heterodimers, we applied Bimolecular
Fluorescence Complementation (BiFC) [24, 32]. The
c-Myc:Max BiFC fluorescence intensity was reduced with
similar kinetics and magnitude as the c-Myc-GFP intensity
after IFN-y-stimulation (Figure 3B, 3C), suggesting that
Myc was not protected from IFN-y-mediated degradation
in complex with Max. This was further confirmed by
coimmunoprecipitations in U-937-myc-6 cells, showing
that IFN-y + TPA enhanced turnover of both c- and v-Myc
in complex with Max (Figure 3D, 3E).

To study where ubiquitylation of Myc occurs in
response to IFN-y, a BiFC experiment was performed
in living 2fTGH cells using the c-Myc-YC and YN-
ubiquitin (Ub) fusion proteins to visualize conjugation
of ubiquitin to c-Myc. Increased c-Myc/Ub BiFC
fluorescence intensity, indicative of increased c-Myc
ubiquitylation, was observed in IFN-y stimulated
compared to non-stimulated cells after proteasome
inhibition (Figure 3F, 3G). The fluorescence seemed to
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Figure 2: IFN-y increases degradation and ubiquitylation of Myc through induction of p27. (A) Detection of v- and c-Myc
in v-Myc transformed U-937-myc-6 and c-Myc in parental U-937-GTB cells after **S-labeling as indicated. v-Myc migrates faster than
c-Myc in SDS-PAGE gels. (B) A schematic picture describing the U-937 monocytic differentiation model. v-Myc blocks TPA-induced
differentiation of U-937 cells and IFN-y reverses this block. (C and D) Parental U-937-GTB and v-Myc transformed U-937-myc-6 cells
were induced with TPA, IFN-y, or TPA + IFN-y and analyzed at day 5 after induction as indicated. (C) CD11c expression. The surface antigen
expression of CD11C was measured by fluorescence-activated cell sorter analysis by using specific antibodies. (D) *H-TdR incorporation.
Cells were labeled with 10 mCi of *H-TdR for 1 hour. (E) p27 expression is induced by IFN-y. U-937-myc-6 cells were stimulated with
IFN-y or IFN-y+TPA for 72 hrs after which p27 expression was determined by immunoblot analysis. (F-G) Combined IFN-y and TPA
treatment (24 hrs) increases degradation of v- and c-Myc in U937-myc-6 cells. v-Myc contains a point mutation at Thr-58, resulting in its
stabilization. 35S-Met pulse-chase was followed by IP using a pan-Myc antiserum and SDS-PAGE. (G) Quantitation of v-Myc (left) and
c-Myec (right) turnover by phosphor imager. Note the logarithmic scale of the Y-axis. (H) IFN-y increases c-Myc ubiquitylation. 2fTGH
cells were treated as indicated for 24 hours and cell lysates were immunoprecipitated with Myc antibodies followed by western blot using
Ub antibodies. Note that endogenous proteins are analyzed and none of the components was ectopically expressed. (I) [FN-y-induced Myc
degradation is proteasome-dependent. Pulse chase analysis was performed in U-937-myc-6 cells treated with [FN-y+TPA for 24 hours in
the presence or absence of the proteasome inhibitor LLnL as indicated. (J) IFN-y-induced degradation of c-Myc is p27-dependent. Wt and
p277~ MEF cells were stimulated with murine IFN-y for 24 hrs and the steady state level of c-Myc was determined as above.
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be predominantly localized to nucleoli, suggesting that
this could be a site of rapid Myc turnover, as previously
suggested [33].

IFN-y induces degradation of Myc in a
Jak/Stat-dependent but Thr-58-independent
manner

Many of the biological effects of signaling via the
IFN-y receptor are mediated through activation of the Jak/
Stat] pathway [34]. Indeed IFN-y treatment did not affect
Myec turnover in the 2fTGH sublines U3A and U4A that
lack Statl and Jak1, respectively, indicating that both Statl

and Jak1 are required for IFN-y-induced Myc degradation
(Figure 4A, 4B).

As mentioned in the Introduction, the Thr-58
phosphorylation site in MB1 plays a pivotal role in
the regulation of c-Myc degradation [12-14, 17, 18].
To examine whether Thr-58 is essential for IFN-y-
induced Myc degradation, the turnover of a TS8A c-Myc
mutant was studied by CHX chase after exogenous
expression in 2fTGH cells. IFN-y increased the rate
of degradation of the c-Myc-T58A mutant, despite its
low turnover rate in untreated cells (Figure 4C, 4D).
This was not due to decreased c-Myc mRNA
levels, which rather increased in response to IFN-y
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Figure 3: IFN-y induces degradation of Myc in the nucleus in complex with Max. (A-C) IFN-y treatment increases c-Myc
and c-Myc/Max degradation in 2fTGH cells. The micrographs show a time lapse for the indicated time points after [FN-y treatment of
2fTGH cells expressing a c-Myc-eGFP fusion protein together with an eCFP construct (A), and a BIFC experiment (B) with c-Myc-YC
and Max-YN. Quantification is shown in (C) with mean values and standard deviations of 50 cells analyzed. (D and E) Combined IFN-y
and TPA treatment increases degradation of v- and c-Myc in complex with Max in U937-myc-6 cells. ¥*S-Met pulse-chase was followed
by Myc/Max colP using a-Max C-17 antibody and SDS-PAGE. (E) Quantitation of v-Myc (left) and c-Myec (right) turnover by phosphor
imager. (F and G) IFN-y treatment increases c-Myc ubiquitylation in 2fTGH cells as determined by BiFC (c-Myc-YC and YN-Ub). (F) The
micrographs show 2fTGH cells pretreated with the proteasome inhibitor MG115 followed by IFN-y treatment for 4 hours or left untreated.
Quantification is shown in G with mean values and standard deviations of 10 cells analyzed.
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(Supplementary Figure S3A). This is consistent with
the IFN-y effect on v-Myc (Figure 2F, 2G, S2D, S2E),
which also carries a Thr-58 mutation.

Taken together these results suggest that IFN-y-
induced Myc degradation is Jak/Stat1- dependent but Myc
Thr-58-independent.

Myec stability is regulated by p27 independent of
the E3 ligases SCF™ " and SCF5k»?

As shown in Figure 1, 2, 4 and Supplementary
Figure S2, p27- and IFN-y-induced degradation of c- and
v-Myec is independent on Thr-58 and the E3 ubiquitin
ligase subunit Fbxw?7 that recognizes phosphorylated
Thr-58, suggesting that IFN-y/p27 operates via another
E3 ligase. Another possible candidate was SCFS?, which
promotes c-Myc degradation independent of MB1 [23, 24]
and targets p27 for degradation after phosphorylation by
Cdk2 [26-28]. To study if p27-induced Myc degradation
required Skp2, Myc was stabilized by the dominant-
negative Skp2AF mutant (Figure 4E). However, p27
coexpression increased Myc turnover irrespective of
the presence of Skp2AF, suggesting that Skp2 does not
participate in p27-induced Myc degradation. Notably,
increased Myc turnover occurred in the presence of
unchanged levels of Myc mRNA (Supplementary Figure
S3B). This indicates that another, yet to be identified, E3
ligase is involved in IFN-y/p27-induced Myc turnover.

p27 physically interacts with c-Myc in the
nucleus

The results above suggest that p27 targets Myc
at least in part independent of inhibition of Cdk2 and
Ser-62 phosphorylation. This raises the question whether
p27 carries out this function by interacting with some
other protein and possibly directly with Myc. We have
shown previously that IFN-y induced p27 associates
with Myc target genes, correlating with their reduced
expression [15]. This was confirmed by chromatin
immunoprecipitation in U-937-myc-6 cells using primers
covering an E-box-containing region of the Myc-regulated
cyclin D2 promoter (Figure 5A). IFN-y + TPA stimulation
led to increased binding of p27 to this region concomitant
with reduced Myc binding, consistent with increased
Myc turnover in response to treatment. Further, the
reduced association of Myc with the cyclin D2 promoter
correlated with reduced cyclin D2 expression as expected
(Figure 5B).

The ChIP experiments along with our previous results
from re-ChIP and co-immunoprecipitation experiments
indicated that Myc and p27 might interact directly or
indirectly [15]. To expand on these observations, p27 and
c-Myc were co-expressed in HCT116 Fbxw7—/— cells
followed by co-immunoprecipitation. Antibodies specific
for p27 but not control antibodies co-immunoprecipitated

c-Myc (Figure 5C). This supports further the suggestion
that p27 and c-Myc interact.

While c-Myec is mainly localized in the nucleus, p27
is known to shuttle between the nucleus and the cytoplasm
[26, 28]. To visualize the intracellular localization of the
c-Myc/p27 interaction in living cells, we utilized BiFC by
co-expressing Myc-YC and p27-YN fusion constructs.
The c-Myc/p27 BiFC signal was localized exclusively
in the nucleus, while no fluorescence was observed in
control cells expressing bFosYC and p27YN (Figure 5D),
indicating interaction between c-Myc and p27 in the
nucleus.

c-Myc binding to p27 requires amino acids
294-366 of Myc containing Myc box 4

To better understand the mechanism by which p27
promotes c-Myc protein turnover, we mapped the c-Myc
domains interacting with p27. Binding was measured
between full-length p27, and a series of N-terminal
deletion mutants of Myc (Figure 5E) [35]. In these
experiments, full-length c-Myc bound efficiently to p27
as described above. While constructs (AN1-4) lacking
MBI, MB2 and MB3 still bound to p27, reduced binding
was observed after removing amino acids 294-366 (ANY)
(Figure SE, 5F). This region contains Myc box 4 (MB4),
the nuclear localization signal (NLS) and the basic DNA
binding region of Myc. Hence, the region containing
amino acid residues 294-366 of c-Myc is required for
interaction with p27.

The C-terminal domain of p27 interacts with
c-Myc and is sufficient for its degradation

We next investigated which part of p27 was required
for interaction with c-Myc. Two p27 constructs were
used in co-transfections with wt c-Myc, one covering
the N-terminal 1-87 amino acids of p27 including the
cyclin A/Cdk2-binding/inhibitory domain (N100) and
the C-terminal part of p27 covering amino acids 82—198
(N101) (depicted in Figure 6A). The C-terminal fragment
of p27 includes several regulatory phosphorylation
sites. These include T187, which upon phosphorylation
is recognized by Skp2 leading to degradation [26-28],
and T157 and T198, which are targeted by Akt, Rsk and
Pim1 and direct p27 nuclear export [26, 28] (Figure 6A).
While wt p27 co-immunoprecipitated with c-Myc as
expected, immunoprecipitation of the N100 fragment
using antibodies directed against the N-terminal part
of p27 failed to immunoprecipitate c-Myc above the
level observed in cells lacking exogenous p27, which
presumably represents c-Myc binding to endogenous p27
(Figure 6B). In contrast, immunoprecipitation of the N101
C-terminal fragment of p27 using antibodies directed
against the C-terminal part of p27 co-immunoprecipitated
c-Myc to the same extent as wt p27 (Figure 6C).
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Figure 4: IFN-y induces degradation of Myc in a Jak/Stat-dependent but Thr-58- and Skp2-independent manner.
(A-B) Parental 2fTGH fibrosarcoma cells and U3A STAT-deficient and U4A JAK1-deficient sublines were treated with IFN-y for 24 hrs.
(A) 35-S pulse chase analysis performed as in Figure 2F. (B) Quantitation of c-Myc turnover in (A) by phosphor imager. (C—D) 2fTGH cells
were transfected with FLAG-tagged T58A c-Myc mutant, treated with or without IFN-y for 24 hr, and CHX added for the indicated times.
(C) c-Myc was immunoprecipitated with Flag antibodies followed by western blot analysis using pan-Myc antibodies. (D) Quantification of
the analysis in (C) was performed using a CCD camera. (E) p27 induces Myc degradation in Skp2-independent manner. Flag-tagged c-Myc
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Figure 5: p27 associates with c-Myc bound chromatin and interacts with c-Myc through the Myc MB4-region.
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and p27 antibodies (right panel) and primers specific for an E-box-containing region of the cyclin D2 promoter. Preimmune serum (Ig)
was used as negative control. (B) Cyclin D2 mRNA expression was analyzed by Q-RT-PCR in U-937-myc-6 cells treated with I[FN-y +
TPA. (C) p27 interacts with Myc. Lysates from HCT116 Fbxw77 cells transfected with Myc, p27 or Myc + p27 expression vectors were
immunoprecipitated with p27 C-19 or Gal4 control antibodies after which immunoblot analysis was performed using pan-Myc antibodies
(upper panel) and p27 BD antibodies (2nd panel from the top). Total protein in the lysates was examined with Myc N262 (3rd panel), p27
F-8 antibodies (4th panel) and actin (5th panel) antibodies. (D) BiFC analysis of Myc and p27 interaction. Cos7 cells were cotransfected
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was analyzed under a UV microscope. (E, F) The region around Myc MB4 is required for interactions with p27. (E), structure of c-Myc
and overview of HA-tagged c-Myc deletion derivatives, and summary of interaction results. (F), CoIP analysis of interactions between p27
and indicated c-Myc deletion derivatives. wt c-Myc and mutants were cotransfected with p27 into Cos 7 cells. Upper panel, lysates were
coimmunoprecipitated with p27 antibodies followed with WB using HA antibodies, 2nd—4th panel, WB analysis of total expression of wt
c-Myc and mutants using HA-Myc antibodies (2nd panel), p27 (3rd panel) and actin (bottom panel).
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This suggests that c-Myc interacts with p27 via the
C-terminal region, but not via the cyclin/Cdk2-interacting
region of p27.

We next investigated whether the N-terminal
cyclin/Cdk2-interacting fragment or the C-terminal
Myc-binding fragment contributed to Myc turnover. CHX
chase analysis was performed in HCT116 Fbxw7—/— cells
after transfection of the N100, N101 or empty vector (EV)
constructs. N101, but not N100 or the control vector,
increased c-Myc turnover (Figure 6D), indicating that p27
targets Myc for degradation by binding to c-Myc via the
C-terminal part without involving binding of p27 to Cdk2.
Importantly, as for wt p27, N101 did not affect c-Myc
mRNA levels (Supplementary Figure S3C).

High p27 expression in human breast cancer
correlates with low Myc protein level and
favorable outcome

We next addressed the question whether high p27
expression in human tumors correlated with low Myc
protein levels, which could be predicted from cell culture
experiments, and whether this was linked to tumor grade
and patient outcome. Myc and p27 protein expression data
was obtained from The Cancer Genome Atlas (TCGA) data
portal. The TCGA breast invasive carcinoma (BRCA) data
set [36] contains protein expression data for 747 tumor
samples measured by reverse phase protein array (RPPA)
technology, and was thus of appropriate size for statistical
analysis, while most other tumor data sets did not reach
sufficient statistical power. Correlation analysis between
MYC and p27 expression levels did not show significant
correlation in the data set as a whole (Supplementary
Figure S4A, S4B). Since high expression of cytoplasmic
p27, which would not interfere with Cdk2 or the nuclear
functions of Myc, occurs in many tumors as a result of
phosphorylation of p27 by Akt, Rsk or Pim1, we selected
a subpopulation with high total level of p27 expression but
low level of phosphorylation at the T157 Akt/Rsk/Pim1
phosphorylation site (Supplementary Figure S4B). As
shown in Figure 7A, Myc protein levels were significantly
reduced in this subset of tumors (p = 2.44e—13), and a
strong correlation (r = 0.5) between Myc protein level and
p27 T157 phosphorylation was observed (Supplementary
Figure S4A).

We next correlated the selected group of breast
cancer patients with high p27 expression, low p27 T157
phosphorylation and low Myc protein level to clinical
parameters (high and low meaning above or below
median, respectively). Supplementary Table S1 shows
that the selected population correlated positively with
grade I tumors, luminal A subtype, estrogen receptor (ER)
positivity and Her2 negativity (which are all favorable
prognostic markers) and negatively correlated with grade
I and I'V tumors, basal and Her2 subtypes, ER negativity
and Her?2 positivity (which are all bad prognostic markers).

Since the retinoblastoma protein (pRb) is an important
target of Cdk2 and other Cdks, another functional
criterion for p27 activity towards Cdks is the level of
pRb phosphorylation. In agreement with this, we found
that high p27 expression correlated with reduced pRb
phosphorylation at Cdk-sites in the TCGA breast cancer
RPPA data set (Supplementary Figure S4A). We therefore
chose to select a population with high p27 expression,
low Myc protein level and low pRb phosphorylation.
The positive and negative correlations to tumor grade,
molecular subtype and ER status were very similar to
the previously selected group (Supplemental Table S2).
Selecting patients with high p27 and low Myc protein
levels without any other criteria also correlated to these
clinical parameters, although less pronounced compared
to the other two selected groups, while correlations to
Myc or p27 alone had weaker effects (Supplementary
Tables S3—-S5). Notably, the selected group with high
p27 expression, low Myc protein level and low pRB
phosphorylation correlated significantly with relapse-free
patient survival (p = 4.74e—02), while we observed the
same trend for overall patient survival (Supplementary
Figure S5). The groups with p27 expression together with
low Myc protein level and high p27 expression alone also
correlated with favorable outcome albeit less pronounced,
while low Myc protein level alone actually displayed
non-favorable overall survival, although this did not reach
significance (Supplementary Figure S5). Unfortunately
the population with high p27 expression, low p27 T157
phosphorylation and low Myc protein level was too
small to obtain enough statistical power for this analysis
(data not shown).

DISCUSSION

The activity and stability of the oncoprotein Myc
is controlled by posttranslational modifications and
protein-protein interactions [1-5, 37]. We have reported
previously that phosphorylation of Myc at Ser-62 by
cyclin E/Cdk2 activates Myc function with respect to
suppression of cellular senescence, and that this function
in turn is reversed by expression of the Cdk2 inhibitor p27
and by pharmacological Cdk2 inhibitors [15]. Here we
show that p27 overrides Myc’s suppression of senescence
independent on Ser-62 phosphorylation and induces
ubiquitin/proteasome-mediated degradation of Myc
(Figure 1). Further, IFN-y, which restores differentiation
and senescence in tumor cells overexpressing Myc,
induces expression of p27 and promotes degradation
of Myc in a p27-dependent manner (Figure 2).
IFN-y/p27-induced degradation of Myc is independent of
Thr-58 phosphorylation and the E3 ligases SCF™"7 and
of SCFS%2, which have been connected to Myc turnover
previously, the former through MB1 and the latter
connected to p27 [12, 19, 20, 23, 24]. This implicates an as
yet unidentified E3 ligase in Myc regulation (see proposed
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to an active, stable protein. Following GSK3B-mediated phosphorylation of Thr-58 primed by phospho-Ser-62, Myc is ubiquitylated by
SCFF™7 and degraded by the proteasome. Middle arm, IFN-y induces p27, which inhibits Cdk2 leading to reduced Ser-62 phosphorylation
and inactivation of Myc. Right arm, IFN-y-induced p27 binds Myc via its C-terminus leading to inactivation and degradation of Myc by
an unidentified E3 ligase.
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model, Figure 7B). The identification of this E3 ligase will
be an important task for the future.

Cdk2 is the best-known target for the anti-proliferative
activity of p27. An important point of this work is that p27
not only affects Myc by binding to and inhibiting Cdk2,
but also by interacting directly or indirectly with Myc
(Figures 5 and 6), thereby identifying Myc as a new
important target of p27. The interaction takes place directly
at Myc target gene promoters and correlates with reduced
Myec binding to chromatin and downregulated expression of
these target genes (Figure 5A, 5B) [15]. The net outcome of
p27 binding to Myc might therefore result in both reduced
Myec activity and increased Myc turnover. In support
of a role of p27 in gene transcription, two recent studies
demonstrated regulation of transcription by p27 through
interaction with p130/E2F4 and with the estrogen receptor
o [38, 39].

Binding of Myc to p27 was shown to be dependent
on the presence of amino acids 294-366 of Myc, which
includes MB4, the NLS and the basic DNA-binding
region. This region contains several ubiquitylation/
acetylation sites implicated both in positive and negative
regulation of Myc [21, 22, 37, 40, 41]. Some of these
sites are targeted by the E3 ligases Huwel/HectH9 and
Fbx028, leading to enhanced Myc activity by increasing
the association with acetyl transferase/coactivator p300
[21, 22]. Further, the deacetylase Sirtl, which stabilizes
and enhances the activity of Myc, is reported to target this
region [40]. Interestingly, Fbxo28 activity is positively
regulated by Cdk2 [22], and silencing of Sirtl, which is a
negative regulator of p27, reduces lung tumor cell growth
by inducing senescence in a p27-dependent manner [42].
MB4 has been reported to be involved in DNA binding,
apoptosis, transformation and G2 arrest [43]. Any possible
crosstalk between p27 and other factors binding to this
region of Myc remains to be elucidated in the future.

The binding of p27 to Myc required the C-terminal
half of p27, but not the N-terminus that binds to and
inhibits Cdk2. The C-terminal region contains a number
of regulatory phosphorylation sites and is involved in p27
protein stability, nuclear localization, protein interactions
as well as CDK-independent functions of p27 in the
cytoplasm [26, 28, 44, 45]. For instance, phosphorylation at
Thr-187 by Cdk2 induces ubiquitin/proteasome-mediated
turnover of p27 through interaction with the E3 ligase
SCFs2? [26-28]. The Akt, Rsk and Piml kinases
phosphorylate different sites in the C-terminus of p27
that regulates nuclear export [26-28]. Cytoplasmic
p27 has been reported to exhibit both oncogenic and
anti-oncogenic functions through interacting with RhoA
and Racl, thereby regulating cell migration and invasion
[26, 28, 44, 45]. However, the interaction between Myc and
p27 was found localized in the nucleus as demonstrated by
BiFC and ChIP (Figure 5), arguing against nuclear export
of Myc as a mechanism for degradation/inactivation of
Myc through p27. The interaction between the C-terminal

part of p27 and Myc therefore need to be characterized
further in the future.

Interestingly, C-terminal part of p27 was sufficient
to induce Myc degradation. It is at present unclear by
what mechanism the C-terminus regulates Myc turnover.
It is conceivable that the binding of p27 to Myc either
involves recruitment of an E3 ligase that degrades Myc or
alternatively excludes binding of a protein that stabilizes
Myec, but at present we do not have any evidence that the
binding of the C-terminus p27 to Myc is required for Myc
degradation or whether this fragment acts through some
other mechanism.

Myc and p27 is thus involved in a mutually
antagonistic relation to each other. It has been shown
previously that Myc antagonizes p27. Myc directly
represses transcription from the p27 promoter [46] and
inhibits p27 activity by inducing expression of cyclin
D2, which sequesters p27. Further, Myc stimulates p27
degradation by promoting Cdk2-mediated phosphorylation
of p27 at Thr-187 and by inducing expression of Skp2 and
other components of the SCFSkp2 E3 ligase complex that
recognizes this phosphorylation. We show here that p27
in turn antagonizes Myc upon anti-proliferative signaling.
This is consistent with the opposite biological functions
of p27 and Myc in regulation of the cell cycle, stem
cell function, quiescence and senescence [1-5, 26-28],
and previous observations that Mxd1, a Myc antagonist,
cooperates with p27 to promote granulocytic
differentiation [47] and that loss of p27 synergizes with
Myc in murine lymphomagenesis [48, 49].

High Myc copy number/expression in tumors
is known to correlate with high tumor grade and poor
prognosis in a number of different tumors [1-5, 26-28].
Reduced p27 protein expression is frequently observed
in human tumors such as breast, colorectal, prostate,
head and neck, lung and gastric cancers, leukemia,
lymphoma, neuroblastoma and melanoma, and is often a
bad prognostic factor in these diseases [26—28]. This often
goes together with high Skp2 expression in these tumors.
Cytoplasmic relocalization of p27 occurs in response
to Akt signaling and other oncogenic stimuli, thereby
rendering it unable to target Cdk2 and Myc, and redirect
p27 function to regulate RhoA, Rac and cell motility and is
generally associated with poor prognosis, high tumor grade
or metastasis in several human malignancies [26, 50-3].
Other reported mechanisms of down-regulating p27
expression or tumor suppressor activity in tumors
include mutations, repression of p27 transcription or
translation of p27 mRNA [26-28]. On the other hand,
p27 is highly expressed in for instance normal breast
epithelium and hyperplasia but is downregulated in
ductal breast carcinoma in situ and invasive breast
cancer [54]. High p27 expression in response to hormone
treatment in breast cancer, to radiation in cervical and
laryngeal cancer and to chemotherapy in small cell lung
cancer is a good prognostic factor [26, 55]. However,
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in some other cancers, such as ovarian cancer, low p27
expression is better predictive marker for therapy, likely
because rapidly dividing cells are more vulnerable to
such treatments. We investigated the correlation between
Myc and p27 protein levels in relation to tumor grade
and patient outcome by analyzing reversed phase protein
array (RPPA) data obtained from the TCGA breast
invasive carcinoma (BRCA) data set, which has enough
statistical power for this type of analysis. Although p27
and Myc protein levels did not correlate in the data set
as a whole, we found a significant downregulation of
Myc protein level in a subset of tumors with high p27
expression and low phosphorylation at the Thr-157
Akt/Rsk/Pim1 phosphorylation site. Phosphorylation
at this site, which directs p27 nuclear export and thus
renders p27 unable to inhibit Cdk2 and to interact
with Myc in the nucleus, correlated significantly with
increased Myc protein level. The selected population
with high p27 expression, low Myc protein level and
low Thr-157 phosphorylation correlated positively with
grade I tumors, luminal A subtype, estrogen receptor
(ER) positivity and Her2 negativity, while correlating
negatively with grade III and IV tumors, basal and Her2
subtypes, ER negativity and Her2 positivity, which are
all favorable and non-favorable prognostic markers,
respectively. Very similar clinical results were obtained
after selection of a population with high p27 expression,
low Myc protein level and low phosphorylation of the
retinoblastoma protein (pRb) at Cdk-sites, which was
used as a functional readout of p27 activity. Notably,
high p27 expression, low Myc protein level and low pRB
phosphorylation correlated significantly with relapse-free
patient survival, and the same trend was observed for
overall patient survival (Supplementary Figure S5).
High p27 expression together with low Myc protein
level or high p27 expression alone also correlated with
favorable outcome although less pronounced, while low
Myec protein level alone did not. The statistical analysis is
limited by the small size of RPPA data sets in breast cancer
and is even more limited for other tumors types. It will
therefore be of interest to redo this analysis in the future
for different types of tumors when more extensive RPPA
and other protein expression data are available.

Although we cannot say whether there is a causal
relationship between high p27 and low Myc protein in
these tumors, this would be compatible with a scenario
where high p27 expression causes downregulation of
Myc protein levels. Inverse relation between p27 and
Myc protein levels has previously been observed in tumor
biopsies from chronic lymphocytic leukemia (CLL) [56]
as well as after H. pylori eradication in chronic gastritis
[57]. It was recently reported that a high Myc/high
phospho-Rb/low p27 signature was a poor prognostic
marker in breast and ovarian cancer [58], which is
compatible with our data and again emphasizes the inverse
relationship between Myc and p27. As larger protein

expression data sets for various tumors will be available
in the future it will be interesting to expand these studies
to other tumor types.

In summary, we show here that p27 targets Myc
both indirectly through Cdk2 and directly by binding Myc
(see proposed model, Figure 7B). The biological
consequences of this is increased Myc turnover, loss of
Myc from target gene promoters, reduced expression of
Myc target genes, induction of growth arrest, senescence
and differentiation of Myc-driven tumor cells. Further, we
show that Myc and p27 exhibit an inverse relationship in
many tumors that is of prognostic value. Finding means
to enforce p27 expression/activity could therefore be
a new way of combating Myc. Treatments utilizing
pharmacological CDK?2 inhibitors, which are already in
clinical development, is one approach to mimic part of the
anti-Myc function of p27. Other approaches to enforce p27
that is ongoing is inhibition of Skp2 [59-62] and inhibition
of kinases that promote nuclear export of p27 [63].
Cytokines like IFN-y and TGF-p, as well as differentiation,
cell density and adhesion signals that upregulate
p27 [26, 28] have been shown to inhibit growth of
Myc—driven tumor cells in different systems including
the one described here [15, 47, 64]. IFN-y is produced
by CD4+ Th1 T-lymphocytes and plays an important role
in immunosurveillance of tumors by activating cytotoxic
T-cells that eliminates tumor cells [65]. However, recent
studies suggest that IFN-y and other cytokines produced
by CD4+ Thl T-cells also targets tumor cells directly
in vivo by inducing cellular senescence [66] thereby
keeping tumors in check, which is consistent with our
findings. Immunotherapeutic approaches supporting
IFN-y-producing T cells infiltrating Myc-driven tumors
could therefore be a plausible complementary approach to
molecular therapies targeting Cdk2 or signaling pathways
enhancing p27 expression/activity.

MATERIALS AND METHODS

Cell culture, differentiation and senescence
assays

Cells were cultured in RPMI-1640 medium (U-937,
2fTGH, Colo-320, Fbxw7/Cdc4"HCT116) or Dulbecco’s
modified essential medium (DMEM) (Cos 7, HeLa, and
U20S) supplemented with 10% fetal calf serum and
antibiotics. The U937 clone myc-6 expresses the OK10
v-myc gene [29]. Exponentially growing U-937 cells
(10/mL) and Colo-320 cells were treated with 1.6 x 108
mol/L TPA (Sigma, St Louis, MO) and/or 100 U/mL IFN-y
(1000 U/ml for 2fTGH cells) (generously provided by Dr.
G. R. Adolf, Ernst-Boehringer Institute, Vienna, Austria).
3H-thymidine incorporation assays and FACS analysis of
CDll1c expression were performed as described earlier
[67]. Analysis of senescence by SA-B-Gal staining was
performed as described [15].
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Transfections and plasmids

For gene transfer, subconfluent cells were
transfected using FuGENE6 (Boehringer Mannheim),
Lipofectamine (BD Biosciences) or Superfect (Qiagen)
according to manufacturer’s instructions, or were
electroporated as described [67]. The following plasmids
were used in transfections: CMV-Myc, CMV-MycT58A,
pCGN-HA-Myc,  pCGN-HA-Myc95-439  (AN1),
148—439 (AN2), 221-439 (AN3), 294-439 (AN4),
367439 (ANS), pCMV-p27, pPCMV-p27aal-87 (N100),
pCMV-p27aa82-198 (N101).

Protein, mRNA and ChIP assays

Pulse chase, immunoprecipitation and immunoblot
analyses were performed as described previously [24, 67].
The following antibodies were used in these assays:
a-c-Myc (C33), a-c-Myc (N262), a-c-Myc (9E10), a-Max
(C-17), a-p27 (C-19), a-p27 (F-8), a-Gal4 (all from Santa
Cruz Biotechnology Inc. (SCB, Santa Cruz, CA, USA)),
o-p27 (Kipl) (BD Biosciences), a-Flag M2 (Sigma),
a-HA-3F10 (Roche), a-Ub clone FK2 (Affiniti), and IG-C
rabbit pan-Myc antiserum.

The proteasome inhibitor Z-leu-leu-leu-H aldehyde
(MG115) (Peptides International) and N-acetyl-leucinyl-
leucinyl-norleucinal-H (LLnL) (Sigma) or vehicle were
added to the cells 2 hrs before harvest at a concentration of
50 uM. To block protein synthesis, cycloheximide (CHX)
was applied at a concentration of 100 pg/ml.

Chromatin immunoprecipitations were performed
as detailed [24]. Briefly, cells were crosslinked with 1%
formaldehyde on ice for 6 minutes. Nuclear chromatin
was sonicated on ice to fragments from 0.3 kb to 0.5 kb.
Nuclear chromatin equivalent to 2.5 x 107 cells was
immunoprecipitated with 2 pg antibody. The following
antibodies were used in CHIP: a-pan-Myc (IG-C),
and pre-immune serum (IG-0). Primer sequences for
the cyclin D2 promoter (E-box binding site region)
used in Quantitative real-time PCR: forward primer
5" CCCCTTCCTCCTGGAGTGAAATAC, reverse primer
5" CGTGCTCTAACGCATCCTTGA-GTC. RT-qPCR
analysis of mRNA expression of CCND2 and MYC was
performed as described [24]. Primer sequences CCND2:
Forward primer: 5’GCTGGCTAAGATCACCAACACA,
reverse primer: 5GCACCGCCTCAATCTGC. Human
MYC: Forward primer: 5S’TTCGGGTAGTGGAAAAC
CAQG, reverse primer: S’AGTAGAAATACGGCTGCACC.
Mouse MYC: Forward primer: 5’GCTGTTTGAAGGCTG
GATTTC, reverse primer: 5S’GATGAAATAGGGCTGTA
CGGAG.

Fluorescence microscopy

2fTGH cells were cotransfected with constructs
containing Myc-GFP together with CFP. BiFC was
performed essentially as described [24] using constructs

containing c-Myc fused to the C-terminal fragment of YFP
(MycYC), Max fused to the N-terminal fragment of YFP
(MaxYN) or ubiquitin fused to the N-terminal fragment of
YFP (YNUD) (kindly provided by T. Kerppola, Ann Arbor,
Michigan). Fluorescence emissions were observed in
living cells using an inverted microscope (Zeiss Axiovert
200 M, Goettingen, Germany) together with software from
Improvision (OpenLab 4.0.1), and black and white images
were captured with a Hamamatsu ORCA-ER digital
camera, where non-treated cells were used as reference
for exposure settings. CFP, GFP and YFP fluorescence
was measured by excitation at 436, 470 and 513 nm,
respectively, and emission at 470, 505 and 535 nm,
respectively. Quantification of fluorescence intensities was
performed via software from Improvision (Volocity 3.0),
on images captured and processed as described above.

Statistical analysis of RPPA protein expression
data

Protein expression data for breast invasive
carcinoma (BRCA) from The Cancer Genome Atlas
(TCGA) [36] were accessed via the UCSC Cancer Browser
[68]. Specifically, the data set contains protein expression
data for 747 tumor samples measured by the reverse phase
protein array (RPPA) technology. For subsequent analyses
of patient groups showing either high or low expression
levels of one or more of the indicated target proteins,
patients were split into low and high expression groups
based on the median expression of the respective proteins.

All analyses were performed in R (version 3.1.1).
Associations between the expression levels of the target
proteins were evaluated using Spearman’s rank correlation
coefficient. The correlations were derived using the rcorr
function from the Hmisc package. Differences in Myc
protein levels between patients with high p27 expression
but low expression levels of p27PT157 and the remaining
patient samples were analyzed using the Wilcoxon rank
sum test from the R stats package. Differences in survival
time between the indicated patient groups were assessed
using the R survival package. A significance level of 5%
was considered as statistically significant.
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