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MYC inhibits the clock and supports proliferation
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As a response to the surrounding environment most organisms
regulate their physiology and behavior in rhythmic manner.
Such temporal organization is controlled by two global systems,
the cell cycle and the circadian clock. The cell cycle controls
sequentially recurring phases of cell growth, DNA replication
and cell division. The circadian clock, in turn, coordinates the
global physiology and behavior with the 24 h periodicity of
daily environmental changes associated with the rotation of the
earth. Both systems co-exist in many cell types and ought to be
coordinated to avoid potentially conflicting harmonics in bio-
logical functions. In many differentiated tissues the circadian
clock is the dominant pacemaker driving rhythmic metabolism
which also has the potential to gate the cell cycle. Many mam-
malian cells show in vivo and in vitro a close to 24 h period of
cell division. In vitro, i.e. in the absence of rhythmic systemic
cues, the cell cycle provides sufficiently strong signals to reset
the phase of the circadian clock, indicating that both systems
are interconnected and mutually affect each other.1

Specific conditions such as embryonic development and
tumor growth are often associated with rapid cell proliferation
and doubling times that are shorter than 24 h. Since cell growth
and metabolism are tightly interrelated, avoiding circadian
(down-) regulation of metabolic functions might be advanta-
geous under such circumstances. Indeed, many cancer cell lines
and embryonic tissues show weak or no detectable circadian
oscillations, implying that the impact of the circadian clock on
cellular physiology and metabolism can be blunted or suppressed
under certain conditions.2,3 The underling molecular mechanism
has been missing. Cancer cells show deregulated expression of
oncogenes such as RAS andMYC, which contribute to the malig-
nant development. It has been shown that overexpression of RAS
and MYC can impair circadian functions.2,4 In particular MYC is
a major regulator of cell growth, which drives metabolic changes
supporting proliferation of cancer cells.5

In our recent study we aimed to determine the mechanism by
which MYC impacts on the circadian clock. Using inducible
overexpression of MYC in rhythmic U2OS cells, we confirmed
that high levels of MYC severely attenuate circadian oscillations.6

Circadian oscillations are driven by the bHLH transcription fac-
tor BMAL1/CLOCK, which activates via E-boxes expression of

circadian repressors (CRYs, PERs and REV-ERBs). CRYs and
PERs interact and inhibit the CLOCK/BMAL1 heterodimer,
while REV-ERBs repress via RORE elements the transcription of
BMAL1 and CLOCK genes. MYC is also a bHLH transcription
factor and activates its target genes via E-boxes. ChIP-seq analy-
ses revealed that MYC is recruited to the same binding sites as
BMAL1/CLOCK. Hence, MYC could potentially activate tran-
scription of the E-box-controlled negative regulators of the circa-
dian clock. However, we could not detect a significantly
increased expression of these genes. Yet, overexpression of MYC
resulted in strong reduction of BMAL1 and CLOCK mRNA and
protein levels. Since BMAL1 and CLOCK genes are not regulated
via E-boxes, we hypothesized that MYC might repress these
genes via a different pathway. Indeed, it had been shown that
MYC in addition to being an activator also associates with the
transcription factor MIZ1 to form a repressive complex. This
repressive role of MYC is as crucial as its activating function,
since MYC-induced cell proliferation and differentiation are
dependent on MYC/MIZ1 complexes that downregulate inhibi-
tors of cyclin-dependent kinases (p15INK4B, p21CIP1, etc.) and
transcription factors such as CEBPs.5 In line with this, we found
that overexpressed MYC is recruited to MIZ1 binding sites in the
promoters of BMAL1 and CLOCK. Mutant variants of MYC
(V394D and V393D) that are functional as transcription activa-
tors but cannot stably interact with MIZ1 are severely compro-
mised in their capacity to repress the circadian clock.
Furthermore, overexpression of the mutant MYC versions did
no longer stimulate cell proliferation. On the opposite, RNAi-
induced downregulation of MYC reduced the number of divid-
ing U2OS cells and boosted the amplitude of circadian oscilla-
tions. Analysis of the transcriptomes of human lymphomas
revealed a negative correlation between expression levels of clock
genes andMYC.

Thus, our work suggests a role of MYC as a master coordi-
nator of the cell cycle and the circadian clock (Fig. 1).

However, our experiments were conducted in vitro using a
single rhythmic cancer cell line (U2OS). In these cells the activat-
ing potential of overexpressed MYC appeared to be rather low
compared to its repressive potential. Particularly, overexpressed
MYC did not support sustained elevated expression of the E-
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box-controlled negative regulators of the clock including REV-
ERBa, a potent inhibitor of BMAL1 transcription. Other cell
types may differ in the relative contribution of the activating and
repressive limbs of MYC. This will determine to which extent
the circadian clock is downregulated by MYC/MIZ1-mediated
repression of BMAL1 and CLOCK or by MYC-mediated activa-
tion of CRYs, PERs and REV-ERBs. In vivo the situation is even
more complex, since circadian rhythms are not strictly depen-
dent on a functional cellular oscillator but can be driven by
rhythmic systemic cues even when the cell-endogenous clock is
blunted (e.g. by downregulation of BMAL1 in liver cells).7 Can-
cer development often involves a rather complex and heteroge-
neous environment. Hence, in vivo the constellation of many
factors, including rhythmic systemic cues and expression of the
corresponding signal transduction components in various cell
types, might determine whether and by which mechanism over-
expressedMYC will attenuate circadian rhythms in a tumor.
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Figure 1. MYC coordinates the cell cycle and the circadian clock. At high levels of MYC, dimers of MYC/MAX form repressive complexes with MIZ1. These complexes
inhibit transcription of cyclin-dependent kinase inhibitors (p15, p21, p27), which promotes the cell cycle. These complexes also repress BMAL1 and CLOCK and thereby
attenuate clock-driven rhythmic transcriptional programs that might interfere with fast proliferation of cancer cells.
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