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ABSTRACT

Mitogen activated protein kinase (MAPK) pathways are conserved biochemical signal
transduction pathways in eukaryotic organisms. These signaling pathways demonstrate
great versatility in their ability to detect various environmental stimuli and direct an
appropriate cellular response. The circadian clock is a timekeeping mechanism that
temporally coordinates diverse biological functions in an organism with the
environment. Thus, it is not surprising that MAPK pathways have been utilized by the
circadian clock to regulate many essential functions. Due to the conserved nature of
circadian clocks and MAPK signaling pathways in eukaryotes, it is possible to develop
hypotheses in simple model organisms, such as the fungus Neurospora, that are relevant
to more complex organisms.

The OS-2 MAPK pathway in the filamentous fungus Neurospora is rhythmically
activated by the circadian clock. In order to generate this rhythmic signal, the circadian
oscillator directly regulates the rhythmic transcription of the os-4 MAPKKK and
histidine phosphotransferase hpt-1, which are upstream regulators of the OS-2 MAPK.
Also, the circadian rhythm in MAPK activation produces a more robust stress response
during the time of the day that stress is most likely to be encountered. Based on these
data, a model for the clock regulation of MAPK activation is presented, and a biological
significance is assigned to the rhythms in this pathway.
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Informed by these findings in Neurospora, the related p38 MAPK pathway was studied
in mammalian cell lines that represent functionally distinct tissues in regards to clock
function. A rhythm in p38 MAPK activation was observed in cells derived from the
suprachiasmatic nucleus and fibroblasts of a mouse, the master pacemaker and a
peripheral tissue, respectively. In cells that lacked a functional circadian oscillator, the
rhythm in p38 activation was absent, and overall levels of p38 protein were lower.
These data demonstrate a circadian clock-dependent oscillation in p38 activity.

These studies provide a basis to understand how the circadian clock generates
endogenous rhythms in MAPK signal transduction pathways. Also, the characterization
of clock-regulated stress response pathways provides an understanding of the adaptive
advantage of the circadian clock.
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CHAPTER I
INTRODUCTION

CIRCADIAN CLOCKS

Life on our planet is constantly bombarded by a myriad of stressful conditions. In order
to survive, the cell has developed mechanisms to aid in adapting to these stressors
(Dunlap et al., 2004). Signal transduction pathways provide a biochemical means for the
cell to sense that the cell is under stress and relay a signal that will lead to an appropriate
response. This response will typically help the organism in the short term, in the span of
minutes to hours. However, certain stressors mediated by the rotation of the earth such
as sunlight, or the daily increase in temperature, provide a cyclic stress to organisms
(Dunlap et al., 2004). Without a means to anticipate these predictable daily events, the
organism would be playing a constant game of catch up to mount an appropriate
response. Alternatively, the organism would waste precious resources by providing
protection during times when it is not needed, particularly during the night (Dunlap et
al., 2004). It makes sense, then, that organisms have evolved a means to tell time. The
circadian clock is a biological mechanism that has bestowed a time-sensing ability to
organisms as simple as cyanobacteria and fungi, or as complex as humans (BellPedersen et al., 2005). Upon gaining a sense of time, organisms are able to anticipate
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daily stresses such as the ultraviolet (UV) radiation from the sun (Vitalini et al., 2007),
and also, can coordinate certain aspects of their biology to a time of day that is most
advantageous. For example, fungi produce asexual spores when the sunlight is absent
and the humidity is higher (Dunlap et al., 2004), and cyanobacteria are able to
temporally segregate two incompatible, but essential biological functions:
photosynthesis and nitrogen fixation (Berman-Frank et al., 2003). Another consequence
of biological timekeeping is that organisms can occupy temporal niches (Dunlap et al.,
2004). Complex organisms can avoid certain predators during the day, and evolve
characteristics that are suitable for their temporal niche such as echo-location in bats or
camouflage for daytime animals (DeCoursey and Krulas, 1998; Dunlap et al., 2004).

ORGANIZATION OF THE CIRCADIAN CLOCK

The proper functioning of a circadian clock requires the integration of many biological
processes (Figure 1-1). At the core of a circadian clock, a molecular oscillator cycles
with a period of around 24 hours and acts as a pacemaker to generate endogenous
rhythms to match the daily solar cycle (Dunlap et al., 2004). It appears that organisms
have evolved these oscillators independently, as the genes that comprise oscillators are
not conserved across phyla (Tauber et al., 2004) (Figure 1-2). Although, in animals,
oscillator components are related by descent (Tauber et al., 2004) (Figure 1-2). Despite
the dissimilarity of oscillator genes across phyla, the oscillators share a common
organizational principle: they function as a negative feedback loops (Cahill, 2002;
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Dunlap et al., 1999; Hardin, 2005; Ko and Takahashi, 2006) (Figure1-1). Conceptually,
a positive element(s), usually a transcriptional activator, induces the expression of the
negative element(s). The negative element(s), upon sufficient accumulation, begins to
repress the activity of positive element(s). The negative element(s) endure persistent
phosphorylation, which over time, lead to their degradation. As the repression mediated
by the negative components is diminished through degradation, the positive element(s)
can once again function as a transcriptional activator, and the cycle restarts the next day
(Dunlap, 1999).

The ability to tell time would be useless if internal time was not in synchrony with the
environment, or if cells within a tissue were not synchronized to each other. Therefore,
input pathways to the circadian oscillator are vital to maintaining the proper synchrony
of the oscillator. In a process called entrainment, input pathways reset the oscillator so
that the period of the oscillator conforms to the 24h period of the environment (Johnson
et al., 2003) (Figure 1-1). To reset the oscillator, input pathways utilize various
mechanisms, but in general, they use a mechanism that either increases or decreases the
levels or activity of a component of the molecular oscillator (Dunlap, 1999). In this way,
input pathways detect temporal cues and impinge on the oscillator so that the clock can
be set to the correct time. One of the most ubiquitous time giving cues, or zeitgebers, is
light, but non-photic environmental cues including temperature, nutrition, and social
interactions can also entrain the circadian clock (Dunlap, 1999; Johnson et al., 2003;
Mohawk et al., 2012). In addition, the clock can utilize a strategy, called gating, that

3

Figure 1-1. Organization of the circadian clock. The core of a circadian clock is its timekeeping
molecular oscillator that cycles with a period of approximately 24 hours. Input pathways detect temporal
cues in the environment, such as light and temperature, and synchronize the molecular oscillator to
external time through a process called entrainment. Finally, output pathways couple the molecular
oscillator to the control of gene expression and signaling pathways. Rhythmic control of output pathways
by the clock underlies overt circadian rhythms in behavior, metabolism, and development.
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Figure 1-2. Molecular components of the circadian oscillator in diverse eukaryotic organisms.
Components of the molecular oscillator are categorized by their involvement in the positive or negative
arm of the oscillator. Clock genes in animals show strong sequence conservation. Conversely,
comparison of clock genes between phyla reveals that clock genes are not related by descent.
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restricts the perception of some environmental cues at certain times of day. For
example, most mammals are insensitive to a light pulse during the day, but during the
night, a light pulse can reset the clock (Daan and Pittendrigh, 1976). Through the use of
gating, the circadian clock regulates the time of day when the clock can be reset, and,
therefore, the clock can successfully entrain to the environment (Heintzen et al., 2001).

In organisms of different complexity, cells vary in their ability to support a functional
oscillator. In unicellular organisms, each cell has a fully entrainable oscillator that
predominantly responds to light (Bell-Pedersen et al., 2005). However, in complex
multicellular organisms, not all cell types have the necessary sensory capabilities, such
as photoperception, to entrain their circadian oscillator (Mohawk et al., 2012). The
cellular oscillators and overall rhythmicity of the organism are broken down into the
components of the central pacemaker and peripheral oscillators (Mohawk et al., 2012).
Organisms possessing a nervous system typically delegate the ability to sense
environmental cues to the nervous system rather than to individual cells in order to
integrate multiple sensory inputs (Mohawk et al., 2012). In general, sensory inputs are
integrated in the brain where special oscillating cells, referred to as the master
pacemaker, entrain the oscillators of all other tissues in the organism (Mohawk et al.,
2012). The relationship between the master pacemaker and peripheral oscillators varies
between species. For instance, in Drosophila, dissociated body parts have functional
circadian oscillators, and are able to entrain to light:dark (LD) cycles (Plautz et al.,
1997). Despite the ability of peripheral oscillators to independently entrain, Drosophila
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still possesses a neuronal mechanism to entrain pacemaker neurons in the brain, which
are important for rhythms in complex behavior, such as locomotion and eclosion
(Hardin, 2005). In mammals, light is perceived by non-visual retinal ganglia that
transmit information via neural connections to a region of the hypothalamus called the
suprachiasmatic nucleus (SCN) (Dibner et al., 2010). The SCN synchronizes oscillators
in other tissues by a mechanism that utilizes input pathways in individual cells to reset
the peripheral oscillator (Dibner et al., 2010). In addition to maintaining entrainment of
peripheral oscillators with the environment, this mechanism also ensures that cellular
oscillations within tissues are properly in phase so as to provide resonance between
individual cellular rhythms. In summary, functional oscillators in individual cells
require the intrinsic ability to be reset by input pathways, even though the perception of
environmental cues may be delegated to other parts of the organism.

Another biological component of a functional circadian clock is output pathways, or the
ability to connect the timekeeping oscillator with the control of gene expression to
manifest overt biological rhythms (Figure 1-1). In cyanobacteria, a prokaryote, nearly
the entire genome was under the control of the circadian clock through regulation of the
bacterial chromosome compaction (Golden et al., 1997). In the fungus Neurospora, a
simple eukaryotic circadian model organism, the expression of around 20% of the
genome was under the control of the clock at the level of transcript abundance (Vitalini
et al., 2006). In the mouse, a smaller percentage, around 10%, of the transcriptome was
under control of the circadian clock, and the identity of rhythmic transcripts varied
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between tissue types (Storch et al., 2002). The oscillator is thought to control rhythmic
output using many different mechanisms. The simplest mechanism is for oscillator
components themselves to act as direct regulators of gene expression (Koike et al., 2012;
Smith et al., 2010). While the clock does directly control the expression of many gene
products, many of the direct targets of the oscillator are transcriptional regulators or
signaling components, implying a network of clock influenced genes that extends
beyond the direct clock targets (Smith et al., 2010) (Figure 1-1). Dissecting the
intricacies of the output pathways has been underappreciated as a vital function of the
circadian clock. It is somewhat straightforward to identify either direct targets of the
oscillator or gene products that are rhythmic. However, the ability to methodically
dissect a complete regulatory network seems to be shrouded by the redundancy and
complexity of cellular signaling networks. Furthermore, designating a gene as a clock
output is complicated by the fact that some output genes, for example vivid in
Neurospora (Chen et al., 2010; Smith et al., 2010), or NAMPT and SIRT1 in the mouse
(Ramsey et al., 2009), feedback onto the oscillator, and therefore, they can act as an
input to the circadian clock.

MAPK SIGNALING PATHWAYS

As one of the well conserved signaling pathways in eukaryotes, the mitogen activated
protein kinase (MAPK) pathway, has been shown to function as both an output and input
pathway in circadian clock (Bennett et al., 2013; de Paula et al., 2008; Dziema et al.,
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2003; Wang and Sehgal, 2002). The MAPK pathway relays extracellular signals from
outside the cell, as well as intracellulary within the cytoplasm, to mediate an appropriate
cellular response to a given mitogen (Roux and Blenis, 2004) (Figure 1-3). The MAPK
signaling pathway functions as a kinase cascade that is composed of a canonical three
tier hierarchy of serine/threonine kinases. At the very top tier, the MAPK kinase kinase
(MAPKKK) is activated by cellular signaling components in response to a stimulus.
Once active, the MAPKKK phosphorylates an associated MAPK kinase (MAPKK).
Phosphorylation induces conformational changes that mediate binding with its target
MAPK. Finally, the activated phospho-MAPKK couples with its cognate MAPK, the
terminal component of the cascade (Roux and Blenis, 2004). Once the MAPK is
phosphorylated, it can associate with a host of cellular factors to control gene expression
and various other cellular processes (Roux and Blenis, 2004). Multiple MAPK
pathways belonging to distinct sub-families are present in nearly all eukaryotic
organisms and exist in parallel (Johnson and Lapadat, 2002). Three families of MAPK
pathways have emerged: extracellular signal regulated kinase (ERK's), c-Jun NH2terminal kinase (JNK), and p38 (Johnson and Lapadat, 2002) (Figure 1-3). While it
simplifies matters to think of each MAPK pathway as being insulated and linear,
evidence reflects a much different reality. Many of the components of signaling
pathways are shared between families. This relationship seems to increase the more
upstream in a cascade that a particular component lies (Johnson and Lapadat, 2002).
How a vast network of interconnected components relays and integrates information
with specificity is an unknown question that will likely rely heavily on mathematics,
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Figure 1-3. Organization of MAPK pathways in mammals. Each MAPK family is organized to show
the canonical signaling cascade in mammals. Activating stimuli induce the activity of the MAPKKK,
which propagates a signal through the MAPKK, and finally, to the MAPK. Downstream effectors further
propagate the signal to relevant molecules.
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computational, and systems biology approaches to demystify. However, MAPK
pathways use molecular scaffolds as one means to achieve signaling specificity
(Morrison and Davis, 2003; Whitmarsh and Davis, 1998). Scaffolds can physically colocalize proteins in a cascade, while excluding components of parallel MAPK pathways,
in order to mediate a specific signal. Feedback inhibition, in which the activity of a
MAPK leads to the inhibition of its own components or the components of a neighboring
pathway, is a mechanism that similarly contributes to signaling fidelity (Kolch, 2005;
O'Rourke and Herskowitz, 1998). Often times, this inhibition is achieved through
regulation of phosphatases that dephosphorylate and, therefore, inactivate MAPK’s
(Owens and Keyse, 2007). Additionally, MAPK pathways can have many different
functions depending on the cell type (Zarubin and Han, 2005).

ERK MAPK PATHWAY

The ERK MAPK’s are a well characterized MAPK pathway and are typified by the
classic example of ERK1 and ERK2 in mammals (Roux and Blenis, 2004) (Figure 1-3).
In general, these kinases signal in response to growth factors, or to a lesser degree, stress
signals. Receptor tyrosine kinases (RTK's) and GPCR's at the cell surface, activate Ras
complex, the most potent activator of ERK1/2 MAPK cascade. Ras activates the Raf
proteins that act as MAPKKK’s in the ERK pathway (Roux and Blenis, 2004). These
MAPKKK's signal to the MAPKK MEK1 and MEK2 and finally activate ERK1/2
(Figure 1-3). ERK1 and ERK2 show 83% amino acid identity, and are also frequently
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co-activated. Activation of the ERK MAPK’s is facilitated by dual phosphorylation of a
Thr-Glu-Tyr motif. Downstream targets of ERK1/2 include cancer-related substrates,
such as c-Fos and c-Myc, as well as a host of interacting regulatory kinases such as
MSK-1 and RSK-1 (Figure 1-3). Thus, it is not surprising that ERK’s have been shown
to play an important role in the regulation of cell growth and proliferation as its major
upstream activator, Ras, is frequently aberrantly activated in cancer (Davies et al., 2002).

ERK MAPK IN THE CIRCADIAN CLOCK

Role of ERK in light-induced clock-resetting in the vertebrate SCN

The function of ERK’s in circadian signaling was most thoroughly investigated in neural
tissue, and ERK’s were found to play a role in the process of photic clock-resetting in the
rodent SCN (Obrietan et al., 1998). In order for the SCN clock to fulfill its role as a
master pacemaker, the clock is entrained by light via direct innervation from the eyes.
Photosensitive retinal ganglia cells (pRGC) in the retina detect light through the blue
light photoreceptor melanopsin (Schmidt et al., 2011). These neurons projected directly
to the SCN through the retinohypothalamic tract (RHT) where they release glutamate
and pituitary adenylate cyclase-activating peptide (PACAP) that are ligands for NMDA
and Pac1 receptors, respectively, at post-synaptic SCN neurons (Dibner et al., 2010)
(Figure 1-4). These neurotransmitters facilitate an increase in intracellular calcium that,
along with Ras/ERK activation, culminate in the activation of CRE-binding protein
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(CREB) (Lonze and Ginty, 2002). Activation of CREB is mediated through
phosphorylation at Serine-133. The Ser-133 phosphorylation site is a target of a myriad
of kinases, including protein kinase C (PKC), protein kinase A (PKA)/ adenosine 3',5'monophosphate (cAMP), neural specific calmodulin-dependent kinase IV (CaMKIV), as
well as ERK MAPK’s (Dziema and Obrietan, 2002; Schurov et al., 2002) (Figure 1-4).
Activation of CREB in response to light, which was partly dependent on the activity of
phosphorylated-ERK (p-ERK), stimulated transcriptional activation through CRE ciselements on the promoters of target genes (Lonze and Ginty, 2002; Obrietan et al., 1998)
(Figure 1-4). The immediate early genes (IEG) are targets of CREB that are upregulated
following photic stimulation in the SCN (Ginty et al., 1993). Many of these genes,
notably c-Fos and mPer1, required a functional ERK pathway for their light-induced
expression (Dziema et al., 2003). mPer1 is a clock gene in the negative arm of the
circadian oscillator, and its induction is thought to be a primary event in the resetting of
the clock (Tischkau et al., 2003). Consistent with a role for ERK MAPK in light
signaling to the clock, infusion of ERK inhibitor into the mouse SCN prevented phase
shifts in locomotor rhythms when given during the subjective night (Butcher et al.,
2002). Furthermore, the activation of ERK was phase-gated (Obrietan et al., 1998),
occurring only at the subjective night, and the magnitude of a phase shift was
proportional to levels of active ERK (Butcher et al., 2003).
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mPer1

Figure 1-4. Diagram of the light responsive ERK signaling network in the SCN. In light-mediated
clock resetting, the neurotransmitters glutamate and PACAP are released onto SCN neurons via the eye
and RHT. The NMDA and Pac1 receptors lead to the activation of ERK through Ras protein and
heterotrimeric G-proteins, and proteins like RKIP, SCOP, and Dexras1, as well as the pharmacological
inhibitor U0126, modulate the activation of ERK. The activation of ERK in response to light, along with
parallel signaling pathways, leads to the activation of CREB, which is responsible for the induction of the
immediate early genes, including mPer1. Components that are rhythmically expressed are shown in
yellow.
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Endogenous rhythm of p-ERK in the SCN

Light-induced activation of ERK is important for the resetting of the mammalian
circadian oscillator in response to light; however, the activation of ERK also has an
endogenous rhythm in the SCN (Obrietan et al., 1998; Pizzio et al., 2003). While the
phosphorylation state of ERK, and thereby its activity, displayed a circadian rhythm,
ERK protein levels remained constitutive, indicating that clock regulation of ERK
activation was post-translational (Obrietan et al., 1998). Interestingly, the p-ERK
activation rhythm varied between different anatomical regions of the SCN (Nakaya et
al., 2003; Obrietan et al., 1998). The dorsomedial sector of the SCN, known as the shell,
cycled with an apex of ERK activation during the subjective day, the phase of the
oscillator cycle that would coincide with daytime in an LD cycle (Nakaya et al., 2003;
Obrietan et al., 1998). In contrast, the neurons located in the ventrolateral region of the
SCN, known as the “core”, cycled with a peak in p-ERK during the subjective night
(Nakaya et al., 2003; Obrietan et al., 1998). While it is apparent that rhythmic activity of
the ERK pathway is under control of the circadian clock, the function of the ERK
activity rhythm is not yet known. The SCN core receives direct afferents from the RHT
(Lee et al., 2003; Nakaya et al., 2003). However, in enucleated mice, no expression of pERK was seen in the SCN core, while p-ERK continued to cycle in the SCN shell (Lee
et al., 2003), indicating that rhythms in the SCN shell are not dependent on the SCN
core. Consistent with the idea that the core receives neural connections directly from the
retina, night-time photic stimulation only resulted in p-ERK induction in the SCN core
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(Nakaya et al., 2003). Thus, the endogenous rhythms in ERK activation are segregated
into distinct anatomical regions of the SCN, but the functional relevance of segregation
is not understood.

In order to generate rhythmic ERK MAPK activation, a gene called SCN Circadian
Oscillatory Protein (SCOP) was proposed to provide a mechanism for the endogenous
rhythmicity of ERK activation in the SCN (Shimizu et al., 1999; Shimizu et al., 2003).
SCOP was rhythmically expressed in the SCN with a peak in abundance during the late
night (Shimizu et al., 1999). Within the cell, SCOP localized to a membrane raft and
bound to the K-Ras isoform through a leucine rich repeat (LRR) domain (Shimizu et al.,
2003) (Figure 1-4). Through this protein-protein interaction, SCOP bound to the
nucleotide-free form of K-Ras, thereby inhibiting the association of K-Ras with GTP,
leaving Ras inactive (Shimizu et al., 2003). Consistent with this hypothesis, in vitro
expression of SCOP inhibited activation of ERK (Shimizu et al., 2003). In this manner,
SCOP is proposed to act as a mechanism to generate endogenous rhythms in ERK
activation, through rhythmic inhibition of the upstream Ras, during the subjective day.
However, it is unknown whether SCOP is selectively expressed in distinct anatomical
regions of the SCN, such as the shell and core, or if SCOP contributes to the phase
difference of p-ERK rhythms in these two regions.
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The modulation of light-induced ERK activation

Due to the rapidity of the photic response on p-ERK, and the fact that the ERK protein
levels do not fluctuate, it is clear that the mechanism that generates light induction of
ERK activity is post-translational (Obrietan et al., 1998). As mentioned previously, the
ERK MAPK lies downstream of the monomeric G-protein Ras and heterotrimeric Gproteins (Roux and Blenis, 2004). An upstream regulatory component called Dexras1 is
responsible for the phase gating property of ERK activation in response to photic
stimulus (Cheng et al., 2004). Dexras1, a rhythmically expressed Ras-like G-protein in
the SCN with a peak in expression during the subjective night, blocked the activity of
PACAP, a neuropeptide responsible for light-induced phase advances in the late night
(Cheng et al., 2004; Cheng et al., 2006) (Figure 1-4). Through the inhibition of βγ and
αS subunits of heterotrimeric G-proteins that signal through PACAP receptors, Dexras1
was able to block both p-ERK and cAMP induction that resets the clock in the night
time. Also, Dexras1 positively enhanced p-ERK in response to light-induced NMDA
gluatamertergic signaling, which elicits a phase delay (Cheng et al., 2006). Although the
role that Dexras1 has in the clock mechanism is not entirely clear, Dexras1-null mice
show defects in entrainment, have phase response curves with exaggerated phase shifts,
and phase shift in response to daytime light (Cheng et al., 2006).

In order modulate ERK pathway activation following a light stimulus, the protein Raf
Kinase Inhibitory Protein (RKIP) regulates the activation of the MAPKK in the ERK
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pathway (Figure 1-4). In the absence of a light stimulus, RKIP is bound to the Raf
MAPKKK in the mouse SCN, thereby preventing activation of the downstream MAPKK
(Yeung et al., 1999). Following a light stimulus, the PKC pathway is activated and
mediates the phosphorylation of the RKIP protein. PKC-mediated phosphorylation of
RKIP protein led to its dissociation from the Raf complex and relieved the suppression
of the upstream MEK MAPKK activation (Corbit et al., 2003). This mechanism couples
ERK activation to PKC signaling, which is co-activated in the SCN in response to photic
stimulation (Antoun et al., 2012). RKIP modulated ERK activation so that activation
following light input was appropriately transient (Antoun et al., 2012). RKIP-/- mice
exhibited prolonged p-ERK in response to a light stimulus, as well as prolonged Per1
and c-Fos transcription, and exaggerated phase shifts during subjective night (Antoun et
al., 2012). Alternatively, RKIP mutation had no effect on the endogenous rhythm of pERK in the SCN indicating that RKIP modulates the response of p-ERK to light, but not
the clock in the SCN (Antoun et al., 2012). Through these regulatory mechanisms, the
parallel PKC signaling pathway is able to modulate the persistence of ERK activation in
response to light by inhibiting the upstream Raf kinase.

ERK MAPK in other neural tissues

The SCN is not the only neural tissue in which the ERK MAPK acts as a vital signaling
pathway for the circadian clock. The pineal gland, a neuroendocrine component of the
clock that contributes to overall rhythmicity of the organism, produces the hormone
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melatonin that is secreted at night into the circulatory system and relays temporal
information to peripheral oscillators (Dibner et al., 2010; Ho et al., 2003). In the rat
pineal gland, the ERK pathway is activated by adrenergic receptors that bound
norepinephrine from the sympathetic nervous system (Ho et al., 2003). Through this
neural stimulation, the ERK pathway is rhythmic in an LD cycle, with a peak in
activation during the night. This activity of ERK contributes to the production of a ratelimiting precursor in melatonin production (Ho et al., 2003). In contrast to the SCN,
direct photic stimulation of the pineal gland resulted in suppression of p-ERK as well as
a simultaneous decrease in melatonin precursor, suggesting that p-ERK connects neural
stimulation to the production of melatonin (Ho et al., 2003). A couple of reports have
described a similar role for ERK in the chick pineal gland (Hayashi et al., 2001; Sanada
et al., 2000); however, a conflicting report from Yadav and colleagues (Yadav et al.,
2003) indicated that ERK did not play a role in rhythmic melatonin synthesis in the
chick pineal gland. Technical differences between the two groups’ methodology likely
explain the conflicting results. Furthermore, in chick retina, ERK is rhythmically
phosphorylated with its apex during subjective night (Ko et al., 2001). This rhythm was
important in modulating photoperception in the retina (Ko et al., 2001). In the chick
retina, the ERK pathway, along with CaMKII, modulates the membrane potential of
photoreceptive cone cells through cGMP-gated cation channels, so as to regulate the
photosensitivity of neurons based on the time of day (Ko et al., 2001). ERK was also
shown to be involved in the clock regulation of L-type voltage gated calcium channels
that facilitate the rhythmic production of melatonin in photoreceptor cells (Ko et al.,
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2007). Interestingly, the circadian regulation of p-ERK was dominant to photic
stimulation in chick retina, and its activation state was solely dependent on circadian
phase (Ko et al., 2009). Together, these data demonstrate that the ERK pathway couples
environmental stimuli in neural tissue to coordinate circadian rhythms in the whole
organism.

ERK-mediated regulation of the circadian oscillator

ERK MAPK can directly interact with components of the circadian oscillator, and ERKmediated phosphorylation of these proteins likely plays an important role in the
maintenance and resetting of biological rhythms (Akashi and Nishida, 2000; Sanada et
al., 2002; Sanada et al., 2004; Weber et al., 2006) (Figure 1-5). Through several studies
with in vitro systems, ERK has been shown to interact with clock components (Sanada et
al., 2002; Sanada et al., 2004; Weber et al., 2006). In yeast, the chicken ERK protein
interacted with Bmal1, a positive component of the molecular oscillator, regardless of its
activation state (Sanada et al., 2002). Mass spectrometry identified several Bmal1
phosphorylation sites that are targets of ERK, and these phosphorylation sites facilitate
the repression of CLOCK/BMAL transactivation (Sanada et al., 2002). Likewise, the
Drosophila CLOCK gene, which heterodimerizes with CYCLE to form the positive
component of the Drosophila circadian feedback loop (Hardin, 2005), can be
phosphorylated by ERK2 in cultured cells (Weber et al., 2006). The negative clock
components of the mammalian clock, mCry1 and mCry2, also directly interacted with
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Figure 1-5. Interaction of MAPK’s with clock proteins. MAPK’s from different families can directly
influence clock proteins in the molecular oscillator. ERK MAPK physically interacts with and
phosphorylates CLOCK and BMAL1 in the positive branch of the oscillator, and CRY1 and CRY2 in the
negative branch. No physical interactions of p38 with clock proteins have been observed, and no p38specific phosphorylation sites have been identified on clock proteins. However, inhibition of p38 led to a
longer period of clock gene oscillation, implying that p38 may have an unknown effect on the molecular
oscillator. Finally, JNK MAPK interacts with and phosphorylates BMAL1 and PER2.
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ERK in COS7 cells, and phosphorylation sites on both mCry1 and mCry2 were
determined by mass spectrometry to be specific targets of ERK (Sanada et al., 2004)
(Figure 1-5).

Given that ERK can directly phosphorylate the gene products of the molecular oscillator,
one might expect manipulation of ERK activity to cause defects in endogenous circadian
rhythms. Interestingly, chronic defects in ERK signaling did not lead to defects in
biological rhythms (Antoun et al., 2012; Butcher et al., 2003). In the whole mouse,
administration of the ERK inhibitor U0126 had no effect on the free running locomotor
rhythm of mice in constant conditions (Butcher et al., 2002). However, the authors
conceded this result could be due to a short half-life of the drug that was infused into the
brain only once (Butcher et al., 2002). A transgenic mouse with a constitutively active
allele of RKIP constantly suppressed ERK signaling in the SCN, but no defect in its free
running locomotor rhythm was observed (Antoun et al., 2012). In a more direct
approach, cultured mouse SCN were bathed with the ERK inhibitor U0126 leading to a
rapid decrease in amplitude of Per2 protein rhythms, as well as a decrease in overall
Per2 protein levels (Akashi et al., 2008). The persistence of Per2 rhythmicity while
ERK is inhibited can be explained by the fact that Per2 expressing neurons in the SCN
were not necessarily ERK-active cells. This suggests that Per2 can be rhythmically
expressed in neurons where ERK is not active, and therefore, ERK may support clock
gene expression through intercellular communication rather than direct regulation
(Akashi et al., 2008). It is possible that the disruption of ERK signaling is negligible
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towards oscillator function since both positive and negative components of the oscillator
can be ERK targets, thereby offsetting its effect. On the other hand, as the mechanism
of ERK-mediated clock-resetting relies on transcriptional activation of the downstream
immediate early genes, including Per1 (Dziema et al., 2003) the major role of ERKmediated phosphorylation of clock components appears to be in light-induced clockresetting.

ERK signaling through downstream components

ERK MAPK has an array of downstream effector molecules that in turn regulate the
expression of target genes. These targets can be transcription factors, kinases, or even
translational regulators (Roux and Blenis, 2004) (Figure 1-6). The transcription factor
Elk-1 is downstream of ERK and, its activity, regulated by its ERK-dependent
phosphorylation, leads to transcriptional activation of target genes (Davis et al., 2000).
Phosphorylated Elk-1 (p-Elk-1) is induced via glutamate treatment, and also bound the
serum response element (SRE) in the promoter of target genes that include c-Fos and
Per1 (Davis et al., 2000; Vanhoutte et al., 1999) (Figure 1-6). While p-ERK cycled with
an endogenous rhythm, p-Elk-1 was not rhythmic in the SCN (Coogan and Piggins,
2003). However, Elk-1 was phosphorylated in response to a light pulse given at night,
and Elk-1 required a functional ERK pathway for this phosphorylation (Coogan and
Piggins, 2003). These data suggested that Elk-1 is a downstream regulator of ERK in
response to photic stimulation in the SCN (Coogan and Piggins, 2003). Bioinformatic
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Figure 1-6. Downstream components of ERK in SCN neurons. Activated ERK can signal through
various downstream components in the SCN. The intermediate kinases RSK-1 and MSK-1 are activated
by ERK after light stimulus. Also, ERK signals through the mTOR/p70 RSK pathway to putatively
regulate translation of target genes. Finally, ERK activates the CREB and Elk-1 transcription factors to
induce the expression of the immediate early genes in response to light stimulus. Rhythmicity in the
activity of a protein is indicated by a red sine wave.
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analysis in mouse liver has shown that the SRE is enriched in the promoters of clockcontrolled genes (ccg’s) (Bozek et al., 2010). Thus, given the established role of Elk-1
as a transcription factor downstream of ERK, it is likely that Elk-1 has an important role
in regulating ERK target genes in the SCN in response to light, and through rhythmic
activation of ERK.

In addition to Elk-1, ERK interacts with a network of downstream effector kinases to
regulate diverse cellular processes (Anjum and Blenis, 2008; Roux and Blenis, 2004)
(Figure 1-6). For example, the p90 ribosomal S6 kinase 1 (RSK-1) is an ERK-regulated
kinase that requires a functional ERK pathway for light-induced phosphorylation in the
SCN (Butcher et al., 2004). Also, RSK-1 has a circadian rhythm in phosphorylation that
correlates with the p-ERK endogenous rhythm (Butcher et al., 2004). Notably,
phosphorylated RSK-1 co-localized with ERK-active neurons only in the SCN core, not
in the shell, in response to circadian ERK activation (Butcher et al., 2004). This
observation indicated that ERK uses specific effector kinases in different anatomical
regions of the SCN (Butcher et al., 2004). Another intermediate effector kinase, mitogen
and stress activated protein kinase 1 (MSK-1), acted as an intermediate between ERK
and CREB transcriptional activation in cortical neurons after stimulation with
neurotrophins (Arthur et al., 2004). In the mouse SCN, active phosphorylated MSK-1
co-localized with p-ERK staining cells after a light pulse, or after administration of
PACAP, during the subjective night (Arthur et al., 2004). Interestingly, MSK-1 did not
show a circadian rhythm in activation, and may function as a downstream target of ERK
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only in response to photic stimulation (Arthur et al., 2004). In support of this
hypothesis, a transgenic MSK-1 knockout mouse given a light pulse demonstrated
diminished phase shifts in response to photic stimulation, as well as lower levels of
necessary gene products for clock-resetting: phosphorylated CREB (p-CREB), c-Fos,
and Per1 (Cao et al., 2013).

The ERK MAPK also couples with downstream processes that are unrelated to
transcriptional activation. Through micro-ribonucleic acid (miRNA) expression, the
ERK/CREB signaling module can regulate gene expression at the post-transcriptional
level. miR-132 is a light-induced miRNA in the mouse SCN that requires a functional
ERK pathway and CREB signaling (Cheng et al., 2007). Blockage of miR-132 activity
led to reduced phase-shifting after a light pulse (Cheng et al., 2007), and miR-132 was
shown to enhance Per1 protein expression after a light pulse (Cheng et al., 2007). Also,
the mammalian target of rapamycin pathway (mTOR) is a master regulator of translation
and plays a significant role in the SCN clock (Cao et al., 2008; Cao et al., 2010; Cao et
al., 2011) (Figure 1-6). The activity of mTOR is rhythmic in the SCN (Cao et al., 2011),
and inhibition of mTOR activity led to defective light-induced phase-shifting of
locomotor rhythms (Cao et al., 2010). The mTOR-regulated kinase p70 RSK was
activated in the SCN after a light pulse, and strongly co-localized with the subset of
ERK active neurons in the SCN (Cao et al., 2008). Similarly, inhibition of either ERK
or mTOR suppressed light-induced p70 RSK activation (Cao et al., 2010). These data
indicated that an ERK/mTOR/p70 RSK signaling pathway can regulate translation in
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response to photic stimulation in the SCN (Figure 1-6). Because p70 RSK activity
following a light pulse co-localized with p-CREB, investigators hypothesized that the
ERK was coordinating transcriptional activation and the translational machinery to
upregulate the expression of light-responsive genes (Cao et al., 2008). However, a role
for the kinases and transcription factors that function downstream of ERK in the control
of ccg’s is not well defined.

ERK in peripheral tissues

Limited data exists for ERK having a role in the circadian clock of peripheral tissues in
mammals, and insights from model organisms will be useful in forming hypothesis in
more complex systems. The role for the ERK MAPK in the circadian clock is most
clearly defined in the SCN, and because the function of the SCN is to transduce
environmental stimuli into the generation of autonomous biological rhythms, ERK has
been strongly implicated as part of the input pathway to the circadian oscillator. This
suggests that the ERK pathway might also function as an input pathway to cellular
circadian oscillators in peripheral tissues. Individual cells within a tissue need to
synchronize their clocks to both external time and to maintain synchrony with other cells
in a tissue through signals from the master pacemaker SCN (Mohawk et al., 2012). For
example, the circadian clock in cultured fibroblasts could be reset by treatment with
dexamethasone, forskolin, or concentrated serum, all of which induced common
signaling pathways as photic stimulus in the SCN, and leading to the activation of the
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same immediate early genes (Balsalobre et al., 2000). For example, the Z3 cell line from
zebrafish is derived from peripheral tissue, and retains the ability to detect light
(Cermakian et al., 2002). Photic stimulation induced the expression of the clock gene
zPer2 in the Z3 cell line, and pharmacological inhibition of ERK blocked the light
induction of zPer2 (Cermakian et al., 2002).

ERK as an output pathway

Although output pathways frequently exert some feedback onto the oscillator
(Roenneberg and Merrow, 1998), in general, output pathways relay temporal information
from the timekeeping oscillator to terminal target genes. This definition assumes that
disruption of an output pathway will disrupt rhythmicity of ccg’s without affecting the
function of the oscillator. If ERK activity rhythms are maintained in peripheral tissues,
it would seem logical to assume that in this respect, ERK is acting as an output pathway,
as opposed to in the SCN where the function of that tissue is to reset the clock and act as
a master pacemaker. Examples of ERK MAPK rhythms in peripheral tissue are few,
however, rhythmic ERK activity has been reported in mouse liver (Tsuchiya et al.,
2013).

In mammalian neural tissue, ERK MAPK appears to act as a circadian output pathway in
mouse hippocampus to modulate memory formation (Eckel-Mahan et al., 2008; Luo et
al., 2013; Phan et al., 2011; Shimizu et al., 2007). CREB-mediated transcription, along
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with cAMP and ERK MAPK signaling, plays an important role in memory formation
within the hippocampus (Athos et al., 2002; Atkins et al., 1998; Blum et al., 1999;
Bourtchuladze et al., 1994; Pittenger et al., 2002; Sindreu et al., 2007; Wu et al., 1995).
In the hippocampus, p-ERK cycled with an endogenous rhythm with its apex during
subjective night when mice were typically sleeping (Eckel-Mahan et al., 2008), and
these rhythms were dependent on an intact SCN (Phan et al., 2011). When rhythmicity
of p-ERK was disrupted by housing mice in constant light (LL), the mice showed a
deficit in the ability to consolidate, or store, long term memories (Eckel-Mahan et al.,
2008; Phan et al., 2011). Over-expression of SCOP, which suppressed ERK activation
through K-Ras inhibition (Shimizu et al., 2003), impaired the ability of mice to
consolidate long term memories (Shimizu et al., 2007). Interestingly, further temporal
resolution of p-ERK expression during subjective night showed that increases in p-ERK
were only observed in rapid eye movement (REM) sleep, but not during non-REM sleep
(Luo et al., 2013). REM sleep is known to be an important stage in the sleep cycle for
memory formation (Louie and Wilson, 2001; Poe et al., 2000), and therefore, strongly
implicates the ERK MAPK as a causative mechanism for memory formation.

More abundant evidence exists in model organisms to understand how ERK functions in
output pathways. For example, the neurofibromatosis-1 (nf-1) gene in Drosophila is a
Ras-GTPase whose mutation abolishes activity rhythms in DD (Williams et al., 2001).
Clock gene messenger RNA (mRNA) rhythmicity was not affected by nf-1 mutation, and
ectopic expression of functional nf-1, specifically in the lateral neurons, the locus of the
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master oscillator in Drosophila, did not rescue the behavioral phenotype (Williams et al.,
2001). Only expression of functional nf-1 in the whole organism was able to rescue
rhythmic behavioral rhythms (Williams et al., 2001). These data indicate that the
mutation of nf-1 disrupts the circadian output pathway, and does not affect the activity of
the endogenous circadian oscillator. The levels of the rolled MAPK, the ERK
homologue in Drosophila, were significantly higher in the nf-1 mutants, and a double
mutant of the nf-1 mutation combined with loss-of-function mutations in the MAPK
pathway rescued rhythmic behavioral rhythms (Williams et al., 2001). These results
confirmed that the defect in behavioral rhythms is mediated through the ERK MAPK
pathway. Additionally, staining of fly brains from flies kept in LD cycles revealed a
rhythm in ERK MAPK activation (Williams et al., 2001). The staining of p-ERK colocalized with pigment-dispersing factor (PDF), a rhythmic neuropeptide responsible for
activity rhythms, in the fly brain (Williams et al., 2001). Due to the co-localization of pERK with PDF, it was hypothesized that Ras/ERK acts downstream of PDF to regulate
rhythmic behavior (Williams et al., 2001). In accordance with the definition of an output
pathway, it was observed that, unlike mammalian cells, disruption of the Ras/ERK
pathway has no effect on the function of the circadian oscillator in DD (Williams et al.,
2001). In this model, the GTPase nf-1 functions to regulate rhythmic Ras/MAPK
activity, that in turn, leads to circadian changes in behavioral rhythms (Williams et al.,
2001).
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The ERK-related MAPK’s in the fungus Neurospora, called MAK-1 and MAK-2, are
rhythmically activated in constant conditions by the circadian clock (Bennett et al.,
2013). As is characteristic of an output pathway, mutation of these MAPK’s did not
disrupt the endogenous rhythmicity of the oscillator (Bennett et al., 2013).
Transcriptional profiling was performed in rhythmic cultures of either wild type or
∆mak-1 strains during the subjective morning to identify potential target genes of MAK1 (Bennett et al., 2013). Around 28% of the 517 putative MAK-1 targets were predicted
to be ccg’s, giving insight into the proportion of target genes that are rhythmically
expressed from the circadian activity of a MAPK (Bennett et al., 2013).

Summary

Predominantly, the ERK pathway acts as a circadian input pathway that relays a light
activated signal from the eyes to molecular oscillator in SCN pacemaker neurons
(Butcher et al., 2003; Obrietan et al., 1998) (Figure 1-4). Through the induction of pCREB and IEG’s, ERK mediates resetting of the molecular oscillator (Butcher et al.,
2002; Dziema et al., 2003). Additionally, ERK is able to phosphorylate many clock
proteins in the molecular oscillator; however, the biological significance of these
phosphorylation events in not known (Akashi and Nishida, 2000; Sanada et al., 2002;
Sanada et al., 2004; Weber et al., 2006) (Figure 1-5). The activity of ERK cycles with a
circadian rhythm in the mouse SCN through a mechanism proposed to involve the SCOP
protein (Pizzio et al., 2003; Shimizu et al., 2003). Activated ERK signals through the
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transcription factors CREB and Elk-1, the intermediate kinases MSK-1 and RSK-1, and
the mTOR pathway to regulate gene expression of its targets (Arthur et al., 2004;
Butcher et al., 2004; Cao et al., 2008; Coogan and Piggins, 2003; Dziema et al., 2003)
(Figure 1-6). In some neural tissues, such as the retina and pineal gland, ERK functions
as an output pathway that can regulate the production of melatonin or feedback onto
input pathways to phase-gate environmental sensing (Ho et al., 2003; Ko et al., 2001; Ko
et al., 2009). Finally, in model organisms, ERK is utilized as an output pathway by the
clock to regulate rhythmic gene expression and behavioral rhythms (Bennett et al., 2013;
Williams et al., 2001).

Future studies can address many unknown areas of ERK signaling in the circadian clock.
Since ERK functions as a vital input pathway for clock-resetting in SCN pacemaker
neurons (Obrietan et al., 1998), a similar role in peripheral tissues needs to be examined.
Rhythmic ERK activity is known to phase-gate input pathways in the retina (Ko et al.,
2001; Ko et al., 2007); therefore, it is possible that ERK may regulate the ability of
peripheral oscillators to reset as well. While ERK phosphorylates clock proteins in vitro
(Akashi and Nishida, 2000; Sanada et al., 2002; Sanada et al., 2004; Weber et al., 2006),
the significance of this phosphorylation in vivo is unknown. It will be important to
determine in what manner ERK phosphorylates clock proteins. For example, does ERK
phosphorylate clock proteins in response to environmental stimuli, implying a function
in clock-resetting, or perhaps rhythmically in accordance with its endogenous rhythm,
implying an interlocked feedback loop with the molecular oscillator? Additionally, it
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will be important to determine the effect that ERK-specific phosphorylation has on the
biochemistry of clock proteins. Interestingly, there are no examples of rhythmic ERK
activity in mammals outside of the brain, but based on the tendency of the clock to use
this pathway as an output in model organisms, a similar role for ERK is likely to exist in
mammals. Nonetheless, ERK activity rhythms may have interesting effects in specific
areas of the brain. ERK activity rhythms have been observed in the hippocampus and
correlated with the ability to form memories (Eckel-Mahan et al., 2008). Additionally,
an increase in ERK activity has been shown to confer resistance to glutamate-induced
neurotoxicity (Karmarkar et al., 2011). This suggests that rhythms in ERK activity may
confer an increased resistance to naturally occurring incidences of neurotoxicity, such as
stroke or brain damage, at certain times of the day.

P38 MAPK PATHWAY

Similar to the ERK MAPK, the p38 MAPK is activated by dual phosphorylation of
conserved Tyr-Gly-Thr residues (Zarubin and Han, 2005). There are four known
isoforms of p38 (α, β, γ, and δ) that show tissue specific expression, however, p38α is
the most ubiquitously expressed isoform (Zarubin and Han, 2005) (Figure 1-3). The
MAPK is tightly regulated by the MAPKK genes MKK3 and MKK6, although some
signaling through MKK4, the JNK related MAPKK, does occur (Zarubin and Han,
2005). A large network of MAPKKK’s feed into the p38 MAPK, including MEKK1-4,
TAK1, ASK1, and MLK2 (Roux and Blenis, 2004) (Figure 1-3). The most classic
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activating signal of the p38 pathway is through the inflammatory cytokine tumor
necrosis factor α (TNFα) and lippopolysacharride (LPS) (Roux and Blenis, 2004). p38
MAPK mediates the inflammatory response, especially through cytokines secreted from
immune cells (Zarubin and Han, 2005). Additionally, p38 is activated by many stress
signals, such as reactive oxygen species (ROS), osmotic stress, and heat shock (Zarubin
and Han, 2005). Deoxyribonucleic acid (DNA) damage also activates p38 MAPK, and
in turn regulates many genes related to cell cycle arrest and apoptosis (Zarubin and Han,
2005). It is of particular note that the role of p38,and the expression of its different
isoforms, are variable in different cell types. Thus, the p38 MAPK pathway provides a
mechanism to address cell-type specific needs (Zarubin and Han, 2005).

The p38 MAPK pathway as a potential circadian input pathway in neural tissue

In contrast to the ERK MAPK, p38’s role in clock-resetting is less clear and appears for
the most part dispensable (Arthur et al., 2004). Most investigations have explored
whether p38 has a similar biochemical role as ERK, or if it acts in an accessory role. In
one study, p38 MAPK was shown to be rhythmically phosphorylated in the hamster
SCN with a peak in the late afternoon or early subjective night in both LD and DD
conditions, similar to ERK (Pizzio et al., 2003) (Figure 1-7). Additionally, p38 MAPK
was activated in response to light, but only during the subjective night, again, matching
the phase gating of ERK in the hamster SCN (Pizzio et al., 2003). In cultured rat pineal
gland, the activation of p38 MAPK was very similar to ERK in that both were rhythmic
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Figure 1-7. The role of p38 MAPK in the circadian clock. The diagram presents the most
representative tissues in mammals with regards to the function of p38: either SCN, fibroblasts, or the
pineal/retina. The oscillator in the center of the triangle represents the cellular oscillator in the respective
tissues. The arrows that are drawn toward the oscillator represent a circadian input pathway. The lines
that are drawn away from either the oscillator or p38 MAPK represent output pathways. The labels
indicate the functions of pathways or perturbations on the activity of p38.
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in a LD cycle with peaks during the subjective night (Chik et al., 2004). Again similar to
ERK, administration of norepinephrine, the hormone produced by the sympathetic
nervous system that acts on adrenergic receptors in the pineal gland, led to an increase in
phosphorylated p38 (p-p38), while a light pulse at night led to a decrease in p-p38 (Chik
et al., 2004). However, there was a noticeable difference in the kinetics of enzymatic
activation/deactivation between ERK and p38 in response to these stimuli (Chik et al.,
2004). In response to norepinephrine, ERK was maximally phosphorylated at 30 min,
while p38 reached its peak in activation at 60 min (Chik et al., 2004). Light at night led
to a more gradual dephosphorylation of p38 MAPK compared to ERK, and, therefore,
p38 was unlikely to be involved in the output pathway that regulated melatonin
biosynthesis with ERK, since light repression of melatonin occurred on a much quicker
time scale (Chik et al., 2004). These data demonstrated that the p38 MAPK is often coactivated with ERK, but p38 remains active over a prolonged time frame in the pineal
gland.

In cultured Xenopus retina, the p38 MAPK appeared to play a role in photic resetting of
the clock-controlled rhythm in melatonin production (Hasegawa and Cahill, 2004).
Administration of the p38 inhibitor SB 203580 had no acute effect on the production of
melatonin, but brief treatments of cultured retinas with SB 203580 led to phase shifts in
the melatonin rhythm (Hasegawa and Cahill, 2004) (Figure 1-7). These phase shifts
resembled dark pulses, meaning that treatment during the day led to a phase delay,
whereas treatment during the night led to a phase advance (Hasegawa and Cahill, 2004).
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In the chick pineal gland, another tissue that rhythmically produces melatonin, brief SB
203580 treatment also generated a dark pulse-like phase response (Hayashi et al., 2003;
Yadav et al., 2003) (Figure 1-7). Together, these data suggested that p38 does not signal
in the output pathway that regulates melatonin rhythms, but instead, p38 is part of an
input pathway that affects the ability of the endogenous oscillator to cycle. Treatment of
Xenopus retina with p38 inhibitor in combination with light pulses yielded phase shifts
that were strangely different from treatment with either inhibitor or light alone.
However, the authors demonstrated that SB 203580 had non-specific interactions with
other kinases, such as JNK MAPK and CKIε, that could account for the confusing phase
shifts after inhibitor and light pulse treatment (Hasegawa and Cahill, 2004). As a
validation of this hypothesis, JNK inhibition with the drug SP600125 also resulted in
dark pulse-like phase shifts of the melatonin rhythm, and CKIε-specific inhibition led to
phase shifts, although they were not dark pulse-like shifts (Hasegawa and Cahill, 2004).
CKIε has a well documented role as a modulator of the circadian oscillator (Kloss et al.,
1998; Lowrey et al., 2000; Price et al., 1998), and the off target effects of the SB 203580
inhibitor on a combination of kinases likely contributed to the phase shifting effects of
the drug. Indeed, the lack of specificity of p38 inhibitors, specifically SB 203580 and
SB 202190, have been thoroughly examined (Fabian et al., 2005) and show a significant
non-specific interaction with casein kinases. Given these non-specific interactions, data
generated from the usage of p38 inhibitors to test properties of the circadian clock
should be carefully interpreted. Thus, while the data indicate a conserved role for the
p38 MAPK pathway in circadian input in neural tissues, additional studies are needed.
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The p38 MAPK pathway is a circadian input pathway in peripheral tissues

The mammalian p38 MAPK pathway is thought to impinge upon the circadian oscillator
after activation by the inflammatory cytokine TNFα (Petrzilka et al., 2009; Zarubin and
Han, 2005) (Figure 1-7). TNFα in humans has been implicated in daytime fatigue
(Spriggs et al., 1988), and conversely, inflammatory disease-associated fatigue seems to
be suppressed by treatment with TNFα antagonists (Pollard et al., 2006; Vgontzas et al.,
2004). To investigate a putative role for TNFα in circadian disruption, mouse fibroblasts
were used to measure the circadian response to TNFα. TNFα induced Per1 expression
via p38 activation; although, TNFα treatment was not sufficient to induce endogenous
circadian rhythms (Petrzilka et al., 2009). The upregulation of Per1 through CREBmediated transcription is a critical event in clock-resetting, and treatment of fibroblasts
with p38 inhibitor SB 203580 effectively blocked TNFα-mediated induction of both pCREB and Per1 (Petrzilka et al., 2009). These data suggested that p38 is involved in
clock-resetting after potent activation by TNFα.

The p38 MAPK has also been implicated in circadian input that couples humoral signals
from the SCN to individual oscillators in peripheral tissues (Ko et al., 2011). Wild type
adult mice maintain a rhythm in p-p38 within cardiac tissue when housed in an LD cycle
(Ko et al., 2011). The cardiac-specific expression of a dominant null allele of Clock
abolished the circadian oscillator in cardiomyocytes, but peripheral oscillators outside of
the heart remained intact (Bray et al., 2008). In mice with cardiac-specific disruption of

38

the circadian oscillator, p38 MAPK maintained diurnal activation rhythms in the heart,
indicating that p38 may be relaying a rhythmic extracellular signal from the SCN, even
while the heart lacks a functional oscillator (Ko et al., 2011). However, in this study,
there was no experimental control to rule out light- or activity-driven rhythms of p-p38
in the heart. Although the p38 MAPK can induce clock gene expression in response to
cytokines, it is unclear if p38 receives signals from the SCN to reset peripheral
oscillators.

The p38 MAPK affects the endogenous rhythmicity of the circadian oscillator

While several examples support that p38 MAPK relays signals to facilitate clockresetting, the activity of p38 also appears to affect the circadian oscillators’ ability to
maintain endogenous rhythms (Figure 1-7). In the chick pineal gland, chronic treatment
with the SB 203580 inhibitor lengthened the endogenous period of melatonin production
(Hayashi et al., 2003). A similar period lengthening effect was described in mouse cell
lines. In U2OS cells, treatment with p38 inhibitor SB 202190 lengthened the Bmal1:luc
rhythm by 1 hr. Similarly, in the C6 mouse rhythmic glioblastoma cell line, treatment
with both p38 inhibitors SB 203580 and SB 202190 increased the period length of an
mPer2:luc transcriptional reporter, although the intensity of bioluminescence was
severely diminished (Yagita et al., 2009). Similar to the ERK MAPK, p38 may
phosphorylate clock oscillator proteins, thereby affecting the stability of these proteins
and altering endogenous circadian rhythmicity. However, another possibility is that the
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increase in period was due to non-specific interaction with targets like CKIε that are
known to phosphorylate clock proteins, and whose inhibition led to longer circadian
periods (Fabian et al., 2005; Isojima et al., 2009; Kloss et al., 1998; Lowrey et al., 2000;
Meng et al., 2010; Price et al., 1998). The p38 inhibitor VX-745 may be better suited to
study the circadian effect of p38 inhibition due to its high degree of potency and
specificity, and its lack of off target action on casein kinases (Fabian et al., 2005).

The p38 MAPK acts as a circadian output pathway

There is no data demonstrating a role for p38 MAPK as a circadian output pathway in
mammals, but model organisms have once again proved their usefulness in studying p38.
The OS-2 MAPK in Neurospora, the p38 homologue, is rhythmically phosphorylated in
constant conditions with a peak during the early subjective morning, and this rhythm
required a functional circadian oscillator (Vitalini et al., 2007). Importantly, mutation of
os-2 had no effect on the endogenous rhythms of the circadian oscillator, demonstrating
that the OS-2 MAPK functions as an output pathway between the oscillator and target
genes (Vitalini et al., 2007). The upstream OS-4 MAPKKK is a direct target of the
positive component of the Neurospora circadian oscillator, the White Collar Complex
(WCC), and is rhythmically expressed through direct transcriptional activation (Lamb et
al., 2011). Interestingly, the circadian rhythm of phosphorylated OS-2 (p-OS-2) is
dependent on the rhythmicity of the upstream OS-4 MAPKKK, suggesting that
transcriptional activation of MAPKKK is a mechanism to generate endogenous rhythms
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in MAPK activation (Lamb et al., 2011). Consistent with the prediction that circadian
activation of OS-2 in early subjective morning prepares the organism to anticipate daily
environmental stresses, tissue challenged with an osmotic stress during the subjective
morning mounted a more robust adaptive response compared to tissue treated during the
subjective night (Lamb et al., 2011). Presumably, this time-of-day difference is
mediated via ccg’s that are regulated by the OS-2 MAPK (Noguchi et al., 2007;
Watanabe et al., 2007). Analysis of the downstream transcription factor ASL-1, the
homologue to mammalian ATF-1, revealed that the rhythmicity of several ccg’s induced
by OS-2 activation required ASL-1 for endogenous circadian rhythmicity (Lamb et al.,
2012). However, not all genes under control of the OS-2/ASL-1 pathway were ccg’s,
which suggested that other mediators are responsible for selectively conferring
rhythmicity to ASL-1 target genes (Lamb et al., 2012).

Summary

Similar to the ERK MAPK pathway, p38 appears to have a role as an input pathway to
the circadian clock. p38 MAPK was activated by light in the hamster SCN during the
subjective night and was rhythmically activated in DD (Pizzio et al., 2003). In the pineal
gland and retina, inhibition of p38 MAPK led to phase shifts (Hasegawa and Cahill,
2004; Hayashi et al., 2003; Yadav et al., 2003), and treatment of fibroblasts with the
cytokine TNFα led to p38 dependent induction of clock gene expression (Petrzilka et al.,
2009). Treatment of mammalian cell lines or chick pineal glands with p38 inhibitors
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produced longer oscillations in clock gene expression and melatonin production,
respectively, suggesting that p38 MAPK is able to phosphorylate clock proteins
(Hayashi et al., 2003; Yagita et al., 2009). Finally, in the model organism Neurospora,
the p38-like MAPK is a circadian output pathway that allows the organism to anticipate
daily stress by providing a more robust response at a specific times of the day (Lamb et
al., 2011; Lamb et al., 2012; Vitalini et al., 2007).

In future studies, the function of p38 as a circadian input pathway should be more clearly
defined. While the p38 MAPK was rhythmically activated and light-induced in the
hamster SCN (Pizzio et al., 2003), no functional role of p38 in clock-resetting or
entrainment has been established in the rodent SCN. Interestingly, p38 MAPK mediated
clock gene expression in fibroblasts in response to TNFα (Petrzilka et al., 2009), but was
unable to generate rhythmic clock gene expression. This indicates that, while p38 is
involved in the circadian response to TNFα, it is not sufficient to completely reset the
clock. This result does raise the interesting possibility that p38 is an important
modulator of circadian rhythms in immune cells. Furthermore, p38 inhibition led to a
longer period of circadian rhythms implying that p38 can phosphorylate clock proteins
(Hayashi et al., 2003; Yagita et al., 2009). It will be important to determine which clock
genes and which sites are phosphorylated by p38. Also, further studies will be necessary
to determine the function of phosphorylation at those sites. Given the fact that the p38
MAPK pathway serves as a circadian output in the model organism Neurospora (Lamb
et al., 2011; Vitalini et al., 2007), further studies should determine if p38 is rhythmically
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activated in peripheral oscillators in mammals. Because the p38 pathway is a stress
response pathway in both Neurospora and animals (Zarubin and Han, 2005), it is likely
that the clock utilizes this pathway to anticipate daily stress in animals.

JNK MAPK PATHWAY

The c-Jun NH2-terminal kinase (JNK) is activated by phosphorylation of the canonical
MAPK activation motif Thr-Pro-Tyr (Barr and Bogoyevitch, 2001; Roux and Blenis,
2004). Of the three JNK MAPK genes, JNK1 and JNK2 are expressed in most cells,
whereas JNK3 is expressed mainly in the brain (Roux and Blenis, 2004) (Figures 1-1 &
1-3). These three JNK MAPK’s do not have redundant signaling roles, however, and
sometimes oppose each other’s activity (Bogoyevitch, 2006). The JNK MAPK’s are
activated by two upstream MAPKK’s, MKK4 and MKK7 (Barr and Bogoyevitch, 2001).
The top tier of the JNK cascade shares many MAPKKK’s with p38 ((Roux and Blenis,
2004) (Figure 1-3). Given the commonality in the upstream MAPKKK network with
p38, it is not surprising that JNK is activated by many of the same stimuli as p38, with a
particular sensitivity to stress signals and cytokines (Barr and Bogoyevitch, 2001).
However, in order to maintain specificity of downstream signaling events in spite of the
regulators in common with p38, the scaffold JNK interacting protein 1 (JIP-1) physically
associates the components of the JNK pathway (Barr and Bogoyevitch, 2001; Whitmarsh
and Davis, 1998). The most recognized downstream target of the JNK MAPK’s are Jun
proteins involved in the activating protein 1 (AP-1) transcriptional activating complex
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(Hess et al., 2004). In contrast to the other MAPK subfamilies, JNK MAPK is not
known to signal to any downstream intermediate kinases (Roux and Blenis, 2004).

The JNK MAPK’s modulate the circadian oscillator

With regards to a function in the circadian clock, there are currently no reports
demonstrating a role for JNK MAPK’s in output pathways. The existing studies showed
that JNK kinase acted as an input to the circadian clock by phosphorylating clock
oscillator proteins (Chansard et al., 2007; Yoshitane et al., 2012) (Figure 1-5). Initial
studies showed that the JNK inhibitor SP600125 lengthened the period of melatonin
production in chick pineal gland and bullfrog retina (Bennett et al., 2001; Hasegawa and
Cahill, 2004; Hayashi et al., 2003) (Figure 1-8). In the hamster and mouse SCN, a light
pulse at night led to the phosphorylation of JNK (Pizzio et al., 2003; Yoshitane et al.,
2012). Additionally, in rat-1 fibroblasts, a media change that reset the clock also led to
the phosphorylation of JNK MAPK (Chansard et al., 2007). Also, endogenous rhythms
in JNK activation were observed in both hamster SCN and rat-1 fibroblasts (Chansard et
al., 2007; Pizzio et al., 2003). In order to gauge the effect of JNK on oscillator function,
the rhythms of clock genes were analyzed in several different cell lines after treatment
with the SP600125 inhibitor. In rat-1, NIH-3T3, and C6 mouse glioblastoma cell lines,
treatment with JNK inhibitor led to a longer period, ranging from 31-45 hours, of clock
gene oscillations (Chansard et al., 2007; Yagita et al., 2009; Yoshitane et al., 2012).
Interestingly, treatment of rat-1 fibroblasts with valproic acid, which induces
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Figure 1-8. The role of JNK MAPK in the circadian clock. The diagram presents the most
representative tissues in mammals with regards to the function of JNK: the SCN, fibroblasts, or liver,
lung, and kidney. The oscillator in the center of the triangle represents the cellular oscillator in the
respective tissues. The arrows that are drawn toward the oscillator represent a circadian input pathway.
The lines that are drawn away from either the oscillator or JNK MAPK represent output pathways. The
labels indicate the functions of pathways or perturbations on the activity of JNK.
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phosphorylated JNK (p-JNK), showed a 1 hour shorter period of Per1:luc transcriptional
rhythms (Chansard et al., 2007). These data taken together indicated that the activity of
JNK contributed to a faster oscillation of the molecular clock. Furthermore, mouse
organs in explant culture treated with JNK inhibitor caused clock gene oscillations to
exhibit longer periods (Chansard et al., 2007) (Figure 1-8). Mouse SCN, pineal, and
lung explant cultures had longer period oscillations from Per1:luc and Per2:luc
transcriptional reporters that were dose dependent on SP600125 and reversible after drug
washout (Chansard et al., 2007). Unfortunately, like the p38 inhibitors, SP600125
affects a broad range of other kinases, including CKI (Bain et al., 2003; Fabian et al.,
2005). Fortunately, several genetic disruptions have clarified the effects of JNK activity
on clock gene oscillations. Knockdown of JNK1/2 expression by siRNA in NIH-3T3
cells led to a longer period of Bmal1:luc (1-2 hours longer), whereas a conditional
knockout of MKK7, the upstream MAPKK, using the Mkk7flox/flox allele, had a similar
period defect in Per2:luc in synchronized mouse embryonic fibroblasts (MEF’s) (Uchida
et al., 2012; Yoshitane et al., 2012) (Figure 1-8). Finally, a JNK3 knockout mouse,
which lacked the brain-specific isoform of JNK kinase and presumably abolished
signaling through this MAPK in the SCN, was assayed for locomotor rhythms
(Yoshitane et al., 2012). In the JNK3 knockout mouse, circadian locomotor rhythms in
DD had a 1-2 h longer period when compared to wildtype (Yoshitane et al., 2012).
These mice also responded to a light pulse given during the subjective night with a much
diminished phase shift, indicating a defect in circadian entrainment (Yoshitane et al.,
2012). Interestingly, the JNK3 knockout did not have any effect on the light-induced
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transcription of Per1 in the SCN, suggesting that the JNK MAPK does not participate in
CREB-mediated Per1 activation. As a whole, these data suggested that JNK functions
within an input pathway to the circadian clock that is responsive to clock-resetting
stimuli, and can modulate the period of the oscillator.

JNK kinase modulated the properties of the circadian oscillator by phosphorylating clock
proteins in both the positive and negative branches of the oscillator (Uchida et al., 2012;
Yoshitane et al., 2012) (Figure 1-5). Bmal1 protein, which forms the positive component
of the mouse oscillator upon heterodimerization with CLOCK, was hyperphosphorylated
following over-expression of a hyperactive MKK7-JNK fusion protein, but not with a
“kinase dead” fusion protein in NIH-3T3 cells (Yoshitane et al., 2012). Furthermore,
knock down of JNK MAPK in NIH-3T3 cells using siRNA decreased the
phosphorylation state of Bmal1, in addition to lengthening the period of a Bmal1:luc
reporter (Yoshitane et al., 2012). Similarly, co-expression of the hyperactive MKK7JNK fusion with Bmal1 in 293T cells increased the phosphorylation state of Bmal1
(Uchida et al., 2012), and co-immunoprecipitation of Bmal1 with JNK MAPK in 293T
cells indicated interaction between the two proteins in vitro (Uchida et al., 2012). In the
negative branch of the circadian oscillator, JNK MAPK phosphorylated PER2. The
dynamics of PER2 phosphorylation play an important role in modulation of period and
other properties of the oscillator (Vanselow et al., 2006; Xu et al., 2007). Similar to
BMAL1, PER2 was phosphorylated by the hyperactive MKK7-JNK fusion in 293T
cells, and endogenous PER2 was found in association with JNK MAPK using co-
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immunoprecipitation in synchronized MEFs (Uchida et al., 2012) (Figure 1-5).
Importantly, the phosphorylation of PER2 by JNK had a significant effect on protein
levels and stability. In 293T cells, expression of the MKK7-JNK fusion, but not the
kinase dead allele, increased the levels of PER2 protein by enhancing its stability
(Uchida et al., 2012). Consistent with these data, expression of the hyperactive JNK
fusion in MEF’s decreased the ubiquination of PER2, indicating that JNK activity led to
an increase in stability and protein levels of PER2 by decreasing its degradation via the
proteasome (Uchida et al., 2012). JNK-mediated stabilization of PER2 is consistent with
the period lengthening effect of JNK kinase in circadian clock gene oscillations. This
particular property of JNK activity was tested by contrasting it with the period
shortening effect of CKIε-mediated phosphorylation (Eide et al., 2005; Uchida et al.,
2012). Over-expression of CKIε in 293T cells destabilized PER2 protein, but coexpression of the MKK7-JNK fusion protein reduced the CKIε-mediated effect on PER2
stability (Uchida et al., 2012). Interestingly, the activity of JNK and CKIε did not
compete for the same phosphorylation site, but instead, catalyzed the phosphorylation of
unique phosphorylation sites (Uchida et al., 2012). These studies suggested that the
mechanism of JNK-mediated modulation of the circadian oscillator relied on
phosphorylation of clock proteins, which in turn affected clock protein stability and
subcellular localization.
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Summary

The current understanding of JNK MAPK indicates a role in circadian input through
phosphorylation of clock proteins (Uchida et al., 2012; Yoshitane et al., 2012) (Figure 15). In the rodent SCN, activation of JNK MAPK was induced by a light pulse, and JNK
displayed a circadian rhythm in its activation (Chansard et al., 2007; Pizzio et al., 2003)
(Figure 1-8). Consistent with a role in input pathways, a disruption of the brain-specific
JNK isoform led to diminished phase shifts in locomotor behavior after light pulses
(Yoshitane et al., 2012). Interestingly, this defect in phase shifting was independent of
Per1 induction, the classical mechanism of clock-resetting in the SCN (Yoshitane et al.,
2012). Furthermore, disruption of JNK activity led to a lengthening of circadian
rhythms in clock gene oscillations in mammalian cell culture and organs in explant
culture, as well as circadian rhythms in locomotor behavior (Chansard et al., 2007;
Yagita et al., 2009; Yoshitane et al., 2012). The effect that JNK has on circadian rhythms
is a likely the result of its interaction with clock proteins in the molecular oscillator.
JNK MAPK has been found to associate with and to phosphorylate the clock proteins
BMAL1 and PER2 (Uchida et al., 2012; Yoshitane et al., 2012). Importantly, JNKmediated phosphorylation of PER2 was shown to increase the stability of this protein
(Uchida et al., 2012).

Future studies should clarify the mechanism of JNK on the modulation of circadian
rhythms. JNK-mediated phosphorylation of PER2 increased protein stability (Uchida et
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al., 2012), but no specific function of JNK-mediated phosphorylation of BMAL1 has
been demonstrated. Furthermore, a circadian rhythm of JNK activity was observed in
both pacemaker and peripheral tissues (Chansard et al., 2007; Pizzio et al., 2003; Uchida
et al., 2012). Further investigations should determine if the rhythm in JNK activation is
a circadian output that feeds back onto the molecular oscillator. While the JNK MAPK
has an important role in modulating the molecular oscillator, the AP-1 transcriptional
activating complex appears to be dispensable in this process, as JNK directly
phosphorylates clock proteins. Future studies should investigate whether downstream
components of the JNK pathway have an effect on the clock. Because the AP-1 is the
classical target of the JNK pathway (Hess et al., 2004), it should be investigated whether
a rhythmic signal is relayed to AP-1 through the JNK MAPK. This would imply a
potential role for the JNK pathway in circadian output through the regulation of gene
expression.

SUMMARY OF MAPK FUNCTION IN CIRCADIAN CLOCKS

Through their ability to relay biochemical signals within the cell and in response to
extracellular stimuli, MAPK pathways are important components of the circadian clock.
Phosphorylation of clock proteins by all three MAPK subfamilies is apparent in diverse
eukaryotic organisms; however, the biological significance of clock protein
phosphorylation by MAPK’s is poorly understood. While the role of MAPK’s as
circadian input pathways is firmly established, a role for these signal transduction
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pathways in circadian output is only beginning to emerge. The activity of MAPK’s is
frequently regulated by the clock, but this rhythmic activation is rarely connected to
known downstream signaling components. The rhythmic interaction of MAPK’s with
downstream components will expand the understanding of MAPK’s ability to
rhythmically regulate gene expression and translational control. Finally, as the role of
the circadian clocks is more thoroughly understood in peripheral tissues, MAPK’s will
likely be contributors to circadian rhythms due to their ability to assume unique
functions in disparate tissues.

NEUROSPORA AS A MODEL TO STUDY THE CONNECTION BETWEEN THE
CLOCK AND MAPK PATHWAYS

As demonstrated in the literature, model organisms can be a powerful tool to dissect
molecular phenomena that is shared by the conserved nature of the circadian clock in
eukaryotes (Dunlap and Loros, 2004). The filamentous fungus Neurospora crassa has a
well-defined circadian oscillator, and its unicellular nature, combined with it numerous
genetic tools, makes it an amenable model to understand generic properties of the
circadian clock (Dunlap and Loros, 2004). Additionally, its robust oscillations in asexual
spore production are an easily measurable output of the circadian clock (Sargent et al.,
1966). This phenotype was used to screen for mutations that altered the clock of N.
crassa (Gardner and Feldman, 1980), and led to the cloning of several of the first clock
genes (Dunlap et al., 1995). The gene frequency (frq) was the first clock gene in
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Neurospora to be identified (Gardner and Feldman, 1980), and several mutant alleles
were isolated with defective period lengths (Feldman and Hoyle, 1973). The genes WC1 and WC-2, which heterodimerize to form the WCC, were identified a short time later
as clock the clock genes responsible for light entrainment (Crosthwaite et al., 1997;
Merrow et al., 2001).

Consistent with oscillators in other eukaryotic organisms, the clock genes in N. crassa
form a transcriptional-translational negative feedback loop (Dunlap, 1999). The WCC,
the positive component in the oscillator, is a transcription factor and blue-light
photoreceptor, and after heterodimerization, it activates transcription of the frq gene
through binding of frq promoter (Cheng et al., 2001b; Crosthwaite et al., 1997; Froehlich
et al., 2003a). frq mRNA accumulates, and after a brief delay, is subsequently translated
into protein (Aronson et al., 1994; Garceau et al., 1997). As FRQ protein accumulates, it
forms a complex with FRQ-interacting RNA helicase (frh) (Cheng et al., 2001a; Cheng
et al., 2001b) and recruits several kinases, including CKI and CKII (He et al., 2006;
Yang et al., 2001; Yang et al., 2002; Yang et al., 2003; Yang et al., 2004). The FRQ:FRH
complex, with associated kinases, is imported into the nucleus and physically interacts
with the WCC (Denault et al., 2001; Luo et al., 1998; Merrow et al., 1997). Upon
interaction with the WCC, the FRQ:FRH-associated kinases inactivate the WCC by
phosphorylation, thereby inhibiting the expression of frq (He et al., 2005; He et al.,
2006). Over time, the FRQ protein accumulates phosphorylation mediated by its
associated kinases (Baker et al., 2009), which leads to the instability of FRQ protein.
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Progressive phosphorylation leads to degradation via SCFFWD-1 ubiquitin ligation. As
FRQ is degraded, its repression of the WCC is diminished, and the cycle can restart the
next day (He et al., 2003; He et al., 2006).

Input into the oscillator is primarily relayed by the light-responsive WCC (Cheng et al.,
2003; Crosthwaite et al., 1995; Froehlich et al., 2002; He and Liu, 2005b). As a bluelight photoreceptor, the WCC activates a large network of transcriptional targets in
response to a light stimulus (Smith et al., 2010). However, the WCC also activates a
partially overlapping network of genes through its light-independent function as a
component of the circadian oscillator (Smith et al., 2010). Interestingly, many of these
WCC targets are themselves transcription factors, revealing a broad network of
transcriptional targets under the regulation of the clock (Smith et al., 2010). In other
studies, many ccg’s have been identified that have functions relating to stress response,
metabolism, and structural support (Bell-Pedersen et al., 1992; Bell-Pedersen et al.,
1996). One of these genes involved in stress response, ccg-1, is regulated by the p38and ERK- like MAPK pathways (Bell-Pedersen et al., 1996; Bennett et al., 2013; Vitalini
et al., 2007). Given that all three MAPK pathways in N. crassa are clock regulated, and
that around 20% of the genome is influenced by the clock, N. crassa is an excellent
organism to study the function of MAPK pathways in the regulation of circadian output.

In this document, studies are presented to understand the basis of MAPK signaling in
circadian output pathways. In Neurospora, the p38-like MAPK, OS-2, acts as an output
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of from the circadian oscillator to control the expression of ccg’s. The molecular
mechanism generating endogenous circadian rhythms in OS-2 activation is partially
defined. In this mechanism, the circadian clock regulated the expression of upstream
regulatory components of OS-2 to generate phosphorylation rhythms of the OS-2
MAPK. Furthermore, clock regulation of the OS-2 MAPK contributes towards a more
robust physiological adaptation after exposure to stress. As an extension of the work in
Neurospora, the p38 MAPK is found to be rhythmically phosphorylated in two
mammalian cell lines that model functionally relevant tissues in the mouse. The p38
MAPK phosphorylation rhythm is shown to be dependent on a functional circadian
oscillator. Overall, this work contributes to the field of circadian biology by
demonstrating a molecular mechanism utilized by the circadian clock to generate
endogenous rhythms in MAPK activation. Furthermore, the biological significance of
circadian rhythms in stress response pathways is defined. Finally, for the first time
circadian rhythms in p38 MAPK activation are demonstrated in a mammalian peripheral
tissue.
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CHAPTER II
DIRECT TRANSCRIPTIONAL CONTROL OF A P38 MAPK
PATHWAY BY THE CIRCADIAN CLOCK
IN Neurospora crassa*

INTRODUCTION

Eukaryotic cells adapt their physiology to respond to changing extracellular conditions
for enhanced fitness and survival. Two complex mechanisms exist in cells to deal with
environmental conditions: adaptation and anticipation. When the environment changes in
unpredictable ways, conserved stress-induced MAPK signaling pathways are activated
to promote adaptation (Waskiewicz and Cooper, 1995). The acute response mobilized by
the MAPK pathways can occur at any time of day to improve survival (Vitalini et al.,
2007). When the environment changes on a predictable basis, such as the day/night
cycle, an internal timing mechanism called the circadian clock provides the machinery to
anticipate the change and program daily rhythms in gene expression to prepare for daily
stresses. In this way, the clock provides an adaptive advantage to organisms (Dodd et al.,
2005; Woelfle et al., 2004). Because these two mechanisms can be directed to cope with
*

Reprinted with permission from “Direct Transcriptional Control of a p38 MAPK Pathway by the
Circadian Clock in Neurospora crassa” by Lamb, T.M., Goldsmith, C.S., Bennett, L., Finch, K.E., and
Bell-Pedersen, D., 2011. PLoS One ,6(11): e27149; reproduced under a Creative Commons Attribution
License.
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similar stressors, for example light, heat, or osmotic stress, linkage of the two would
maximize cellular efficiency, and evidence for such a linkage exists in Neurospora
crassa (Vitalini et al., 2007; Watanabe et al., 2007). The Neurospora circadian clock
directs the rhythmic phosphorylation, and activation, of the osmotic sensing (OS)pathway p-38-like MAPK (OS-2) (Vitalini et al., 2007). The mechanistic connection
between the clock and the stress responsive MAPK pathway is unknown, and critical to
understand how organisms prepare for daily predictable stresses. Furthermore, defining
this link is an important step in understanding how defects in circadian clocks and
defects in MAPK pathways cause similar diseases in humans, including immune system
dysfunction, heart disease, neurodegenerative disorders, and cancer (Bentley et al., 2008;
Cuenda and Rousseau, 2007; Fu and Lee, 2003; Han and Sun, 2007).

The OS-pathway of Neurospora is a conserved pathway similar to the HOG pathway of
Saccharomyces cerevisiae that senses and responds to multiple environmental stresses,
but is most noted for its role in the hyper-osmotic shock response (Jones et al., 2007;
Posas et al., 2000; Zhang et al., 2002). Osmotic activation of this pathway ultimately
results in the production of small molecules that adjust internal osmotic pressure (Banno
et al., 2007; Hohmann, 2002b; Jones et al., 2007; Krantz et al., 2006; Noguchi et al.,
2007; Posas et al., 2000). Input to the Neurospora OS pathway involves a phospho-relay
whereby a sensor histidine kinase (OS-1) detects an environmental signal, which is
propagated through a histidine phosphotransferase (HPT-1) to a response regulator
(RRG-1)(Jones et al., 2007). RRG-1 modulates the activity, by an unknown mechanism,
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of a MAPK cascade that includes OS-4 (MAPKKK), OS-5 (MAPKK), and the p-38-like
OS-2 (MAPK) (Fujimura et al., 2003; Zhang et al., 2002). Activated MAPK regulates
the activities of effector molecules, including transcription factors, other kinases,
translation factors, and chromatin remodeling proteins (Bardwell, 2006; Chang and
Karin, 2001; Chen et al., 2007). In Neurospora, these effectors are thought to control
downstream targets that encode components needed to survive conditions of high
osmolarity, as well as for conidial integrity, sexual development, and fungicide
sensitivity (Angell et al., 2008; Irmler et al., 2006). The OS-2 MAPK is a homolog of the
mammalian p38 family of stress activated MAPKs (SAPKs) that are activated by a
variety of extracellular stimuli including UV light, heat shock, osmotic stress, or
inflammatory cytokines, and the internal circadian clock (Pizzio et al., 2003). Activated
p38 MAPK controls the expression of more than 100 different genes, such as those
involved cell proliferation, apoptosis, and tumor suppression (Ferreiro et al., 2010;
Zarubin and Han, 2005). Thus, understanding how the clock regulates the OS MAPK
pathway in Neurospora will be informative for understanding this connection in higher
organisms.

The circadian clock system that allows organisms to anticipate predictable changes in the
environment is composed of endogenous molecular oscillators that function to generate a
free-running period that is close to 24-h when the organism is kept in constant
environmental conditions, and an exactly 24-h period in natural environmental cycles
(Dunlap et al., 2004). The oscillators comprise the products of “clock genes” that are
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organized in transcriptional-translational feedback loops (Schibler, 2006; Young and
Kay, 2001). These clock genes encode transcription activators and negative elements that
feedback to inhibit their own expression by disrupting the activity of the activators.
Components of the oscillators receive environmental information through input
pathways, allowing the oscillators to remain synchronized to the 24-h solar day (KozmaBognár and Kaldi, 2008; Panda et al., 2003).

Time-of-day information from the oscillator(s) is relayed through output pathways to
control expression of the ccg’s and overt rhythmicity. One mechanism by which the
output pathways are controlled is through the rhythmic activity of transcription factors
that are themselves components of the oscillator. For example, in mammals, the positive
oscillator components mCLK and BMAL1 bind to E-box elements in the promoters of
some clock outputs including Dbp and Avp, thereby driving rhythmic transcription
(Gekakis et al., 1998; Jin et al., 1999; Muñoz et al., 2002; Ripperger et al., 2000; Yoo et
al., 2005).

In the well-characterized Neurospora FRQ/WCC oscillator (FWO), the positive
oscillator components WHITE COLLAR-1 (WC-1) and WC-2 dimerize to form the
WCC (Talora et al., 1999). The WCC functions as a blue light photoreceptor and as a
transcription factor in the core oscillator to turn on expression of frq encoding the
negative element FREQUENCY (FRQ) (Brunner and Káldi, 2008; Cha et al., 2007;
Dunlap et al., 2007; Loros et al., 2007). In addition to the role of the WCC in
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photoresponses and in the oscillator, the WCC signals time of day information directly to
downstream ccg’s (Chen et al., 2007; He and Liu, 2005b; Smith et al., 2010; Vitalini et
al., 2007). In a recent study, Smith et al (2010) demonstrated that the WCC binds to
hundreds of genomic regions, including the promoters of previously identified clockand light-regulated genes, as well as a suite of second tier transcription factors and
signaling molecules.

We previously demonstrated that the Neurospora OS pathway functions as an output
pathway from the FWO (de Paula et al., 2008; Vitalini et al., 2007). Under constant
environmental conditions, time-of-day information is somehow transferred from the
FWO resulting in rhythms in OS-2 phosphorylation. OS-2 phosphorylation levels peak
in the early subjective morning and are at the lowest in the night. This would allow the
cells to be prepared for daily daytime stress, including light, heat, and desiccation.
However, the FWO is not required for Neurospora cells to mount an acute response to
osmotic shock; FRQ or WC-1 deletion strains show rapid phosphorylation of OS-2
following a salt shock (Vitalini et al., 2007). This suggests that the OS pathway receives
information from at least two sources: the endogenous clock and the external
environment. While environmental input to MAPK pathways has been well studied
(Cuadrado and Nebreda, 2010; Hohmann, 2002b), how the endogenous clock signal is
perceived by the MAPK pathway is not known.

In this study, we investigated the mechanisms by which the clock regulates rhythmic
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activity of the OS pathway. We found that the clock- and light-associated WCC directly
regulates the MAPK pathway through rhythmic binding to the promoter of the
MAPKKK gene os-4, resulting in rhythmic os-4 transcription and OS-4 protein
accumulation. We demonstrate that deletion of the os-4 WCC binding sites abolishes
rhythmic expression of os-4, disrupts rhythmic accumulation of phospho-OS-2, and
abolishes circadian clock-dependent effects on the kinetics of glycerol accumulation.
Additionally, a component of the phospho-relay, hpt-1, is shown to be clock-regulated,
with mRNA levels peaking at a phase opposite of os-4 mRNA. This anti-phase
regulation of the phospho-relay and MAPK module by the clock likely contributes to the
robustness of the rhythm in OS-2 activity. Whereas the major focus on the regulation of
MAPK pathways has been at the level of posttranslational control of phosphorylation,
our results suggest an important role for transcription initiation in the regulation of
MAPK pathway components and signaling. Together, these findings may have important
implications in treatments for diseases associated with defective MAPK pathways.

RESULTS

The promoter of the os-4 gene, encoding a MAPKKK, is a direct target of the WCC

To characterize the output pathways from the FWO, we previously carried out a
comprehensive chromatin immunoprecipitation/sequencing (ChIP-seq) study to identify
the direct targets of the WCC using antibody directed against WC-1 and WC-2 (Smith et
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al., 2010). The cultures were given an 8-min light pulse prior to ChIP to activate the
WCC; thus, we identified the top tier genes involved in light signaling pathways and
circadian clock output pathways. Using this method, hundreds of direct targets of the
WCC were identified, most of which were present in the promoters of genes, including a
500 bp region (nt 4448839-4449339 of chromosome 1) that resides about 1.7 kb
upstream of the predicted start of transcription for the os-4 gene. Within this 500 bp
region of the os-4 promoter, 3 candidate binding sites (called light-responsive elements
[LRE] 1-3) for the WCC were identified that closely match a consensus binding site
(GATCGA) derived from the ChIP-seq target data for the WCC (Smith et al., 2010)
(Figure 2-1A).

To validate the WCC ChIP-seq results for the os-4 promoter, an independent replicate
WC-2 ChIP, followed by region-specific PCR from cultures given a light pulse was
carried out (Figure 2-1B). Enrichment of WC-2 binding was observed in the same os-4
promoter region revealed by ChIP-seq, but as expected, not in the control cpc-1 gene
which lacks a WCC binding site. Of the direct targets of the WCC, most, but not all,
genes are light-induced (Smith et al., 2010). To determine if os-4 expression is photoinduced, the level of os-4 mRNA was measured in cells before and after a light pulse.
We found that a 30-min light pulse induced os-4 transcript levels by about 6-fold, and
that WC-1, but not RRG-1 (a component of the phospho-relay), is necessary for this
induction (Figure 2-1C).
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Figure 2-1. WC-2 binds to the os-4 promoter and binding is necessary for light induction of os-4
mRNA. (A) Candidate WCC binding sites within the os-4 promoter region. The sequences of three
candidate light-responsive elements (LREs) that lie within the 500 bp region of the WCC binding site,
about 1.7 kb upstream of the start site of transcription are shown. The size of the drawing is not to scale.
(B) ChIP-PCR assay using WC-2 antibody showing binding to the os-4 promoter, but not to the cpc-1
gene, following a 10-min light pulse of cultures. Input DNA and no antibody (no Ab) are shown as
controls. (C) Representative northern blot analysis of os-4 mRNA from cultures grown in the dark (D) or
given a 30-min light pulse (L) in the indicated strains. rRNA is shown as a loading control. Densitometry
analysis of northern blot experiments (n=4 ± SEM) is shown on the right.
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Together, these data demonstrate that the WCC binds to the os-4 promoter and activates
os-4 transcription in response to light. Consistent with this result, regulation of os-4 by
light occurs independently of a functional phospho-relay required for induction of the
MAPK pathway by an acute osmotic shock (Jones et al., 2007).

The os-4 gene is regulated by the circadian clock

The WCC functions as a positive element in the FWO by binding to the frq promoter and
activating transcription in the morning (Froehlich et al., 2002; He et al., 2002) leading to
rhythms in FRQ protein. Thus, the discovery that the WCC binds to the promoter of the
os-4 gene suggested the possibility that os-4 is expressed with a circadian rhythm. To
test this idea, WT clock cells were grown in constant dark (DD) for 2 days, harvested
every 4 h, and RNA isolated from the cells was probed with an os-4-specific probe. A
robust circadian rhythm in os-4 mRNA accumulation was observed (p≤0.007; period
21.5 ± 0.6 h), with peaks occurring in the subjective morning at 12 and 32 h in DD
(Figure 2-2). As expected for a gene regulated by the FWO, this rhythm was abolished in
strains deleted for either FRQ or WC-1. The levels of os-4 transcripts were generally low
in the WC-1 strain, and high in the FRQ strain, as compared to the WT strain. These
data are consistent with direct activation of os-4 transcription by the WCC, and
regulation of os-4 by the FWO, whereby the loss of FRQ in cells results in constitutively
active WCC and high levels of os-4 mRNA. The os-4 mRNA rhythms persisted in an
RRG-1 strain (Figure 2-3), indicating that similar to the light response, RRG-1 is not

63

Figure 2-2. The os-4 gene is expressed with a circadian rhythm. (A) Representative northern blots
showing os-4 mRNA levels in the indicated strains from cultures grown in the dark (DD) and harvested
every 4-h over the course of two days (left). rRNA is shown as a loading control. Densitometric analysis of
northern blot experiments are plotted and shown on the right (n=3 ± SEM). The average peak in mRNA
accumulation in WT cells for each replicate experiment was set to 100. The data for WC-1 and FRQ are
normalized to os-4 levels in the WT strain making the levels directly comparable to each other. (B)
Representative western blot using Myc antibody to detect the OS-4:Myc fusion protein from Neurospora
cells grown as in A (left). Amido stained protein is shown below as a loading control. Densitometric
analysis of western blot experiments are plotted and shown on the right (n=3 ± SEM). The average peak in
protein accumulation in WT cells for each replicate experiment was set to 100.
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Figure 2-3. The os-4 gene is expressed with a circadian rhythm in an rrg-1 deletion strain (ΔRRG-1)
and in an rrg-1 null mutant strain (rrg-1COP1-4). A time course experiment was carried out essentially as
in Figure 2A with the strains KB1052 (ras-1bd, ∆rrg-1::hph) and DBP688 (ras-1bd, rrg-1COP1-4). RNA was
analyzed by northern blot. os-4 message is shown in the top panel, and ethidium bromide stained rRNA in
the bottom panel.
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necessary for os-4 mRNA rhythms. Taken together, these data suggest that clock and
light input into the MAPK module occurs at the level of os-4 transcription.

To determine if accumulation of OS-4 protein is similarly rhythmic, the endogenous os-4
gene was replaced with an OS-4:7xMyc-tagged construct, and accumulation of the
tagged protein was examined over the course of the day. The tagged protein retained
normal activity, as the tagged strain was resistant to high salt conditions that are lethal to
an os-4 deletion strain (data not shown). A statistically significant, low amplitude rhythm
was observed in OS-4::7xMyc protein (p≤0.03; period 20.4 ± 1.4 h), with peaks
occurring in the subjective morning, similar to os-4 mRNA peaks (Figure 2-2B).

WC-2 binds rhythmically to the os-4 promoter

We have shown that the WCC binds to the promoter of os-4, and that os-4 mRNA
accumulates rhythmically, peaking in the morning at the time of day when the WCC is
most active (Schafmeier et al., 2005). To determine if rhythmic expression of os-4 is due
to WCC binding to the promoter at specific times of the day, WC-2 ChIP/qPCR was
carried out on cultures grown in DD and harvested every 4 h over two days. For WT
clock cells, an enhanced enrichment of os-4 promoter DNA associating with the WCC in
the morning samples (DD12 and DD32), and reduced enrichment in evening samples
(DD24 and DD44), was observed (Figure 2-4). This is consistent with the morningspecific expression of os-4 mRNA (Figure 2-2). In the FRQ strain, os-4 promoter DNA
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Figure 2-4. The WCC binds rhythmically to the os-4 promoter. Plot of ChIP-quantitative PCR results
for the os-4 promoter in WT (black line and squares) and frq (blue lines and diamonds) strains, and the
control cpc-1 gene in a WT (grey line and triangles) at the indicated times in the dark (Hrs DD). (n=4
sample replicates ± SEM). Two biological replicates yielded similar results.
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associated with the WCC generally at all times of day (Figure 2-4), coincident with
constitutive high levels of os-4 mRNA in FRQ cells (Figure 2-2). As a control, PCR for
cpc-1, a gene not regulated by the WCC, was conducted. As expected, low levels of the
cpc-1 PCR product were detected at all times of day (Figure 2-4). These observations
revealed that the WCC rhythmically binds to the os-4 promoter, and that rhythmic WCC
binding to the os-4 promoter requires FRQ.

Rhythmic transcription of os-4 affects rhythmic activity of the MAPK pathway

Stress signaling through MAPK pathways results in phosphorylation of existing MAPK
protein components. However, very little is known about the effects of transcriptional
regulation on signaling. We have shown that the circadian clock regulates rhythmic
transcriptional activation of os-4 through rhythmic binding of the WCC to the promoter.
This activity leads to rhythmic accumulation of OS-4 protein. We then asked if rhythmic
transcription of os-4 is required for rhythms in phosphorylation of the downstream p-38like MAPK (OS-2). As OS-2 phosphorylation is undetectable in an os-4 deletion strain
(Noguchi et al., 2007), an alternate way of disrupting the rhythmicity of os-4 expression
was required. Based on the failed light induction of os-4 in the ∆LRE1-3-os-4 promoter
mutant strain (Figure 2-1C), we predicted that this strain might also have defects in os-4
mRNA rhythms. Figure 2-5A shows that the ∆LRE1-3-os4 strain still maintains
expression of os-4 mRNA, but that it is not rhythmic. Thus, we tested whether the
rhythms in os-4 transcripts are required for the phosphorylation rhythms in OS-2 using
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Figure 2-5. Deletion of the WCC binding site on the os-4 promoter abolishes rhythms in os-4 mRNA
and phospho-OS-2 accumulation. (A) Northern blot assay of os-4 mRNA from WT (top) and LRE1-3os-4 cells (LRE1-3) harvested at the indicated times in the dark (DD). rRNA serves as a loading control.
Densitometric analyses of the northern blot experiments are plotted on the left as the level of os-4 mRNA
over rRNA (n=3 ± SEM). The peak levels os-4 mRNA in WT were set to 100 for each experiment, and the
data for LRE1-3are normalized to the peak os-4 mRNA levels in the WT strain making the levels directly
comparable to each other. (B) Western blot of protein isolated from WT and LRE1-3-os-4 (LRE1-3)
cells and probed with phospho-specific p38 antibody (P-OS-2) or an antibody that recognized
phosphorylated and un-phosphorylated OS-2 (total OS-2). Densitometric analysis of the western blot
experiments are plotted as the level of P-OS-2 over total OS-2 protein, and shown on the right (n=4 ±
SEM).
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the ∆LRE1-3-os-4 strain. Deletion of the LREs in the os-4 promoter reduced the
absolute levels of phospho-OS-2. Despite this reduction in phospho-OS-2 levels, the
amount produced was sufficient to render the strains resistant to salt treatment (data not
shown). In addition, OS-2 phosphorylation was induced by treatment of ∆LRE1-3-os-4
cells with 4% NaCl (Figure 2-6), supporting the idea that the clock and the environment
use independent pathways for activation of OS-2. In WT strains, phospho-OS-2
accumulated with a circadian rhythm (p≤0.008, period 22.8 ± 1.4 h), while deletion of
the LREs in the os-4 promoter disrupted the normal rhythms in phospho-OS-2
accumulation (Figure 2-5B). Taken together, these data demonstrate that direct activation
of os-4 transcription by the WCC in the morning is necessary for robust rhythms in OS-2
phosphorylation in constant environmental conditions.

Evening-specific regulation of hpt-1 mRNA levels by the circadian clock

To determine if the circadian clock regulates the expression of other OS pathway
components, each of the pathway components was assayed for rhythmicity. No
statistically significant rhythm was observed in total protein accumulation for OS-2
(Vitalini et al., 2007) (Figure 2-5), or in mRNA accumulation for the histidine kinase
gene os-1, the response regulator gene rrg-1, or the MAPKK gene os-5, (Figure 2-7).
However, a circadian rhythm was observed in the histidine phosphotransferase hpt-1
gene mRNA (p≤0.0001, period 23.3 ± 0.8 h) and FLAG-tagged HPT-1 protein (HPT1:FLAG) (p≤0.01, period 23.2 ± 2.1 h) (Figure 2-8A & B). The FLAG tagged HPT-1
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Figure 2-6. OS-2 is normally phosphorylated after salt induction in the ∆LRE1-3-os-4 strain.
Western blot of protein isolated from WT and ∆LRE1-3-os-4 (∆LRE1-3) cultures were subjected to a 4%
NaCl treatment at DD24. Blots were probed with phospho-specific p38 antibody (P-OS-2) or an antibody
that recognized phosphorylated and unphosphorylated OS-2 (total OS-2). Densitometric analysis of the
western blot experiment is plotted as the level of P-OS-2 over total OS-2 protein.
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Figure 2-7: OS-pathway components os-1, os-5, and rrg-1 are not clock regulated at the level of
transcript abundance. Densitometric analysis of northern blots was carried out as described in Figure 2.
The average expression level (transcript level divided by rRNA level) is plotted versus the time in DD
(n=3 +/- SEM for each transcript).
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gene retained function, as a strain carrying the tag was viable (data not shown), unlike a
strain carrying an hpt-1 deletion (Banno et al., 2007).

Interestingly, the peak time of accumulation for hpt-1 mRNA is in the subjective early
evening, anti-phase to the peak in os-4 mRNA and phospho-OS-2 levels (Vitalini et al.,
2007) (Figure 2-8C). As expected for a ccg, the rhythm in hpt-1 mRNA accumulation
was abolished in strains that lacked a functional FWO, with generally high levels of hpt1 mRNA accumulation at all times of day in the FRQ strain, and low levels in the
WC-1 strain. Similar to os-4, these data are consistent with positive regulation of hpt-1
expression by the WCC; however, this regulation is likely not direct as the hpt-1 gene
was not found in ChIP-seq to be a direct target of the WCC (Smith et al., 2010); no
consensus WCC binding site is present in the hpt-1 gene promoter, and the peak phase of
hpt-1 expression occurs when the WCC is inactive in cells grown in the dark
(Schafmeier et al., 2005).

Physiological relevance of clock control of the OS pathway: kinetics of response

Activation of the OS pathway by a salt shock results in an increase in intracellular
glycerol as an osmo-protectant (Noguchi et al., 2007; Zhang et al., 2002). Daily rhythms
in phospho-OS-2 might be predicted to cause rhythms in glycerol levels in the absence
of a stress. However, we observed no clear rhythms in glycerol levels over the course of
the day. Alternatively, the levels of phospho-OS-2 observed at the circadian

73

Figure 2-8. The hpt-1 gene is expressed with a circadian rhythm. (A) Representative northern blots
showing hpt-1 mRNA levels in the indicated strains from cultures grown in the dark (DD) and harvested
every 4-h over the course of two days (left). rRNA is shown as a loading control. Densitometric analysis of
northern blot experiments are plotted and shown on the right (n=3 ± SEM). The average peak in hpt-1
mRNA accumulation in WT cells for each replicate experiment was set to 100. The data for WC-1 and
FRQ are normalized to hpt-1 levels in the WT strain making the levels directly comparable to each other.
(B) Representative western blot using FLAG antibody to detect the HPT-1:FLAG fusion protein from
Neurospora cells grown as in A (left). Amido stained protein is shown below as a loading control.
Densitometric analysis of western blot experiments are plotted and shown on the right (n=3 ± SEM). The
average peak in protein accumulation in WT cells for each replicate experiment was set to 100. (C)
Comparison of plots of rhythmic P-OS-2 (blue line and triangles; from Figure 4B with the peak set to
100), hpt-1 mRNA levels (grey line and squares; from Figure 5A), and os-4 mRNA (black line and
diamonds; from Figure 2A with the peak set to 100). The bars below the plot represent subjective light
(white) and dark (grey).
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peak in the early morning may be lower or qualitatively different than the activation
achieved by a salt shock. If this is true, we predicted that there would be a circadian
difference in glycerol accumulation in response to osmotic stress. To test this possibility,
WT Neurospora cells were treated at different circadian times with a salt shock, and
glycerol production was monitored. As expected from our previous experiment, there
was no difference in the glycerol content of presumptive morning (DD12) or
presumptive evening (DD24) tissue at time 0 in any of the strains examined. After 1h in
4% NaCl, although the levels of glycerol have begun to increase, there was no time-oftreatment-dependent difference in the glycerol response for any strain (Figure 2-9). By 3
h in 4% NaCl, the WT tissue treated at DD12 showed a significant increase in glycerol
content compared to the DD24 treatment. A functional clock is required for this time-oftreatment difference in glycerol, as ΔFRQ strains lack this different response. In
addition, the time-of-day effect of salt treatment on glycerol levels is abolished in ΔLRE
strains, suggesting that high amplitude rhythms in OS-2 phosphorylation are required for
this effect. By 5 h in 4% NaCl, the acute shock had overridden any circadian control,
leading to similar glycerol values when treated at DD12 or DD24.

DISCUSSION

In this study, we discovered biological regulation of a MAPK pathway by direct clock
transcriptional control. The circadian clock controls expression of MAPK pathway
components rather than affecting post-transcriptional signaling via receptors and
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Figure 2-9. Clock-dependent kinetic advantage in glycerol accumulation following salt stress. The
concentration of glycerol (μg/mg tissue) is plotted from cultures grown in constant darkness (DD) and
treated with 4% NaCl for 1 or 3 hours at two different times of day (DD12 versus DD 24) in the indicated
strains. A statistically significant difference in the glycerol levels was observed in WT strains treated at
DD12 and DD24 (p<0.001; n=3, student T-test). n=3 ± SEM
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phosphorylation cascades. These data suggest that circadian changes in the cellular
environment, while not activating the pathway via receptor mediated stress sensation,
can prime the basal activity of the MAPK pathway. As clocks and MAPK pathways are
both evolutionarily conserved, and responsive to similar stressors, clock control of
MAPK activation is expected to be widespread. Consistent with this idea, rhythms in the
phosphorylated form of ERK, JNK, and p38 MAPKs have been observed in several
higher eukaryotic model systems (Coogan and Piggins, 2003; Hasegawa and Cahill,
2004; Hayashi et al., 2001; Hayashi et al., 2003; Nakaya et al., 2003; Obrietan et al.,
1998; Pizzio et al., 2003; Sanada et al., 2000; Williams et al., 2001). However, only a
few examples of MAPK activity regulation via transcriptional control of the upstream
MAPKKK or MAPKK are known in plants and mammals (Dóczi et al., 2007; Gallego
and Virshup, 2007; Korotayev et al., 2008), and this form of regulation has not been
observed in fungi. Future studies may reveal that transcriptional regulation of MAPK
pathway components is more biologically relevant than thought previously.

Direct transcriptional regulation by the clock controls MAPK phosphorylation

We have demonstrated that the light responsive WCC regulates os-4 (MAPKKK)
transcription by direct promoter binding (Figure 2-1A). Not only does the WCC bind and
induce os-4 transcript in response to a light pulse, but also in DD the WCC rhythmically
binds to the os-4 promoter to drive rhythmic transcription (Figures 2-2 & 2-3). Three
prospective WCC binding sites in the os-4 promoter were identified (Figure 2-1C) and
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deleted (∆LRE1-3-os-4) to test their role in light responses and circadian rhythm
generation. This deletion rendered os-4 expression unresponsive to a light pulse (Figure
2-1B). Furthermore, consistent with the function of WCC as the positive circadian
element, the triple binding site mutant also eliminated the circadian rhythms in os-4
mRNA (Figure 2-5A). Expression of os-4 was reduced, but not abolished, suggesting
that other promoter elements and transcription factors are responsible for basal
transcription. We do not know whether the three binding sites play differential roles in
light or circadian regulation like the proximal and distal LREs in the frq promoter
(Froehlich et al., 2002; Froehlich et al., 2003b), but future studies can address that
question. Finally, and most significantly, the triple WCC binding site deletion of os-4
disrupted the rhythm in phosphorylated OS-2 MAPK (Figure 2-5B) and circadian
regulation of glycerol induction kinetics (Figure 2-9). These observations support our
conclusion that transcriptional control of the MAPK pathway components leads to
rhythms in MAPK pathway sensitivity.

Elucidating the mechanism of day/night regulation of the OS-MAPK pathway

We have demonstrated that the FWO regulates transcript and protein levels of os-4 and
hpt-1 (Figures 2-2 & 2-8). os-4 is a direct clock target peaking in the subjective
morning/day, and hpt-1 is an indirect target peaking in the subjective evening/night. Our
model (Figure 2-10) proposes that by controlling levels of OS-4 and HPT-1 proteins, the
clock can tune the basal level of OS pathway activation in the absence of an osmotic
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Figure 2-10. Model of circadian regulation of the OS MAPK pathway. See the text for details of the
model. Single arrows refer to direct control and multiple arrows indicate indirect control. P=
phosphorylation. Triple lines indicate physical interaction. The sizes of the circles for OS-4, HPT-1, and POS-2 reflect their relative levels during the day versus the night.
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shock. OS-4 is a positive regulator of phospho-OS-2, while HPT-1 is a predicted
negative regulator of phospho-OS-2 through phosphorylation of RRG-1 (Fujimura et al.,
2003; Jones et al., 2007). Because these two genes are expected to have opposite effects
on the regulation of OS-2 activity, their anti-phase expression rhythms should synergize
to activate OS-2 in the morning/day, and inactivate OS-2 in the evening/night (Figure 210). For instance, in the subjective morning, at DD12, OS-4 protein is at a peak, and low
HPT-1 levels reduce the levels of RRG-1 phosphorylation, which is thought to increase
RRG-1 interaction with OS-4 and increase MAPK activation. Both the decrease of HPT1 and increase of OS-4 protein levels would promote the phosphorylation of OS-2.
Conversely, during the subjective night, at DD24, OS-4 is down-regulated while HPT-1
is up-regulated. An increase is HPT-1 would produce more phosphorylated RRG-1.
Based on similarities to the yeast HOG pathway (Hohmann, 2002a), phosphorylated
RRG-1 is predicted to not physically interact with OS-4; thus, reducing MAPK pathway
activation. At the same time, OS-4 protein is low. Therefore, in the night the clock
discourages phosphorylation of OS-2 by increasing HPT-1 levels and decreasing OS-4
levels. Consequently, the dual clock inputs to the MAPK pathway work together to
strengthen the day/night variation in MAPK activity.

Even though both inputs to the MAPK pathway are thought to contribute to the
robustness of the rhythm in MAPK phosphorylation, disruption of just the direct input to
os-4 (∆LRE1-3-os-4 mutant) is sufficient to abolish the high amplitude phosphorylation
rhythm in OS-2 (Figure 2-5) and the circadian regulation of glycerol induction kinetics
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in response to stress (Figure 2-9). This suggests a dominant role for rhythmic MAPKKK
in generating rhythms in MAPK sensitivity. Evening-specific regulation of hpt-1 could
be achieved through indirect regulation from the WCC using a linear series of
transcriptional activators (i.e. a morning-specific activator that is a direct target of the
WCC activates another transcription factor that peaks later in the day, etc.), or through
activation of a repressor by the WCC. However, our data support the first alternative; the
levels of hpt-1 mRNA are low in the ΔWC-1 strain as compared to the WT strain,
suggesting positive regulation of hpt-1 by the clock. Experiments are currently underway
to identify the transcription factor(s) that regulate hpt-1 evening-specific transcription.
Identification of this transcription factor(s) responsible for hpt-1 mRNA rhythms will
allow us to disrupt the binding site to determine if the rhythm in os-4 transcription is
sufficient for phospho-OS-2 rhythms, and if the rhythm in hpt-1 contributes to the
robustness of the phospho-OS-2 rhythm.

Physiological consequences of the OS-2 phosphorylation rhythm

Dual threonine/tyrosine phosphorylation of a MAPK activates the kinase domain and
brings about the full complement of downstream effects. We initially identified the OSMAPK pathway as controlling the circadian expression of ccg-1 (Vitalini et al., 2007),
and one reasonable hypothesis would be that genes controlled by this pathway in
response to osmotic stress might also be circadianly regulated. While there are other
stress-induced and circadian outputs of this pathway (ex. ccg-9, trehalose synthase),
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several OS-pathway-induced genes do not show rhythmic expression (TML and DBP,
unpublished data). Furthermore, glycerol levels were constant in tissue harvested over
the course of the day, suggesting the possibility that the dual phosphorylated OS-2
MAPK in circadian time courses is not fully active. In other words, there may be
qualitative or quantitative differences in the activity of the MAPK protein resulting from
how the pathway is activated. Such differences may arise from modified MAPK protein
interactions, feedback mechanisms, or through other factors controlling the activity of
the MAPK in clock-driven versus acute osmotic activation of the pathway. The fact that
there is a different kinetic response in glycerol production at the subjective morning
compared to subjective night when Neurospora is treated with an osmotic stress (Figure
2-9), suggests that the circadian effect is one of priming the pathway, not necessarily
fully activating the pathway. However, in nature, environmental and clock inputs
converge on signal transduction pathways simultaneously. The integration of
transcriptional control and acute activation of signal transduction pathways likely
coordinate to maximally activate the OS-pathway in the morning/day when osmotic
stress is most damaging.

While the mechanism of the circadian oscillator transcriptional negative feedback loop is
highly conserved within the eukaryotes, the core oscillator components and/or their roles
in the oscillator vary among phyla (Loros, 1998; Rosato and Kyriacou, 2001). In
contrast, the MAPK pathway components (Widmann et al., 1999), and clock-associated
kinases and phosphatases (Gallego and Virshup, 2007), are highly conserved within
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eukaryotes. These observations suggest that circadian clocks evolved in the context of
existing MAPK signaling pathway kinases, and co-opted these pathways to control
rhythmicity in target genes of the pathways that are already geared to respond to
environmental signals that recur with a 24 h periodicity. This makes sense, as it would
provide a simple mechanism to coordinately control sets of genes that allow the
organism to anticipate and respond to the daily occurrence of a particular event.
Furthermore, in view of the connection between the circadian clock and MAPK
pathways, it is probably not coincidental that defects in the clock and in MAPK
signaling pathways share many commonalities in human disease, including immune
system defects, cardiovascular disease, and cancer (Cuenda and Rousseau, 2007; de
Paula et al., 2008; Fu and Lee, 2003; Gery and Koeffler, 2007; Han and Sun, 2007).
Thus a complete understanding of how the circadian clock and MAPK pathways are
integrated in cells, including the role of transcriptional regulation of MAPK components
by the clock, is essential to begin to solve these important issues in human health.

MATERIALS AND METHODS

Strains and growth conditions

Media for vegetative growth conditions and crossing protocols are described (Davis,
1970). All strains contained the ras-1bd mutation, which clarifies the developmental
rhythm on long growth tubes. For simplicity, these are referred to as wild type (WT)
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with respect to the clock throughout. Strains containing the hph cassette were maintained
on Vogels minimal media supplemented with 200 µg/mL of hygromycin B (Calbiochem,
Darmstadt, Germany). Stains containing the bar cassette were maintained on Vogels
minimal media lacking NH4NO3 and supplemented with 0.5% proline and 200 µg/mL
BASTA (Bayer). Time course experiments were conducted as described (Correa et al.,
2003) with the following modifications: Media (1X Vogels salts, 0.5% arginine, 2%
glucose, pH 6.0), synchronization (30°C lights on to 25°C dark (DD)), and shifting
scheme. Liquid shaking cultures of mycelia were grown in constant light (LL) for a
minimum of 4 h and transferred to DD on day 1 [for collection at DD 36, 40, 44, 48, 52],
day 2 [for collection at DD 12, 16, 20, 24, 28, 32], day 3 [for collection at DD8], and
harvested either at 9:00 a.m. (DD 12, 16, 20, 36, 40, 44) or 5:00 p.m. (DD 8, 24, 28, 32,
48, 52) on day 3. Tissue for RNA, protein, or ChIP analysis was harvested by flash
freezing in liquid N2 at the indicated times in DD for each experiment.

Strain construction

The LRE1-3-os-4 strain (DBP 1276; mat a, ras-1bd, os-4∆LRE1-3) was obtained as a
homokaryon by crossing the heterokaryon (mat a, os-4∆LRE1-3, ∆wc-1::bar+,
∆mus52::hph) with FGSC 2489 (74-OR23-IV, matA) to generate DBP 1245 (mat a, os4∆LRE1-3). DBP 1245 was then crossed to FGSC 1858 (mat A, ras-1bd) to incorporate ras1bd. The heterokaryotic parent was obtained by co-transforming FGSC 9568 (mat a,
∆mus52::hph) with a ∆wc-1::bar+ deletion construct and an unmarked ∆LRE1-3
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deletion construct (consisting of the genomic region found in LGI supercontig 1 nt
4450161-4447943, with the three LREs between nt 4449236-4449133 deleted). Proper
integration of the ∆LRE1-3-os-4 construct at the native locus was confirmed by PCR and
sequencing. The OS-4::MYC strain (DBP 1176; mat A, ras-1bd, OS-4::7xMYC, his3+::bar+) was obtained as a homokaryon after crossing DBP 1074 (mat A, ras-1bd, OS4::7xMYC, his-3+::bar+, ∆mus52::hph) with FGSC 1859 (mat a, ras-1bd). DBP 1074
was obtained by co-transforming DBP 636 (mat A, ras-1bd, his-3, ∆mus52::hph) with
pDBP409 (C-terminal MYC-tagged OS-4 construct, see below) and pBM61-bar+. Proper
integration of the MYC-tagged OS-4 construct at the native locus was confirmed by
PCR and sequencing confirmed that no mutations were introduced. The HPT-1::FLAG
strain DBP 1167 (mat a, ras-1bd, HPT-1::3xFLAG::hph) was obtained as a homokaryon
after crossing the heterokaryon DBP1072 (mat a, HPT-1::3xFLAG::hph, ∆mus52::bar+)
with FGSC 1858 (mat A, ras-1bd). DBP1072 was obtained by transforming FGSC9719
(mat a, ∆mus52::bar+) with pDBP396 (C-terminally FLAG-tagged HPT-1 construct, see
below). Integration of the FLAG-tagged HPT-1 construct was confirmed by detection of
a ~20 kDa FLAG tagged protein (HPT-1::FLAG predicted size= 19.4 kDa) in the
transformants by western blot.

Plasmid construction

Plasmid pDBP409 contains 2.4 kb of the C-terminal end of os-4 (ending one codon
before the stop codon) linked in frame to a 7xMYC tag obtained from pMF276 (Honda
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and Selker, 2009) followed by 2.0 kb of the 3’ UTR of os-4. Sequencing of the plasmid
insert revealed that the hybrid PCR deleted some of the MYC tags (7x MYC instead of
13x MYC), but no other mutations were observed. Plasmid pDBP396 has a pRS426
(high copy yeast URA3 plasmid) backbone carrying the following insert; 658 bp of the
C-terminal end of hpt-1 (ending one codon before the stop codon), an in frame 17x
glycine linker, an in frame 3xFLAG-tag, the hygromycin B resistance gene, hph, flanked
by LoxP sites, followed by 796 bp of the 3’UTR of hpt-1. Sequencing of the plasmid
insert determined that recombination in yeast was uneven yielding extra glycines (17x
Gly instead of 10x Gly), however, no other mutations were found.

Nucleic acid isolation, hybridization, and sequencing

RNA was prepared as described (Bell-Pedersen et al., 1996) and transcripts were
detected in Northern blots using a [-32P]-UTP labeled anti-sense RNA probe for os-4,
and a [-32P]-dCTP labeled DNA probe for hpt-1 (Correa et al., 2003).

Protein isolation and western blotting

To assay levels of OS-2 phosphorylation, protein was extracted as described (Jones et al.,
2007) with the following modification: The extraction buffer used was 100mM Tris pH
7.0, 1% SDS, 10 mM NaF, 1 mM PMSF, 1 mM sodium ortho-Vanadate, 1X HALT
Protease Inhibitor Cocktail (Thermo Scientific, Waltham MA). Protein concentration
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was determined using NanoDrop spectroscopy (A280 of 1= 1mg/ml protein), and 50 µg
of protein were boiled for 5 minutes in 1X Laemmli sample buffer. Samples were run on
10% SDS/PAGE gels and blotted to an Immobilon-P nitrocellulose membrane
(Millipore, Billerica MA) according to standard methods. Phospho-OS-2 was detected
by western blot using Mouse anti-phospho p38 primary (#9216 Cell Signaling, Beverley
MA), and anti-Mouse-HRP secondary (#170-6516 BioRad, Hercules, CA) antibodies.
Total OS-2 protein was detected by western blot with Rabbit anti-Hog1 primary (sc-9079
Santa Cruz Biotech, Santa Cruz, CA), and anti-Rabbit HRP secondary (#170-6515
BioRad, Hercules CA) antibodies. Immuno-reactivity was visualized on X-ray film
(Phenix, Candler, NC) with Super Signal West Pico chemi-luminescence Detection
(Thermo Scientific, Waltham, MA).

For detection of OS-4::MYC and HPT-1::FLAG proteins, extracts were prepared in
buffer (50 mM HEPES pH 7.4, 137 mM KCl, 10% glycerol, 5 mM EDTA) (Garceau et
al., 1997), supplemented with 1X HALT protease inhibitors (Thermo Scientific,
Waltham, MA), and phosphatase inhibitors: 20 mM -glycerophosphate, 5 mM Sodium
Flouride,1 mM Sodium Vanadate. For OS-4::MYC, 50 µg of total proteins were run on a
6% SDS-polyacrylamide gel, and the tagged protein detected by western blot using 9E10
Mouse anti-c-MYC primary (SC-40, Santa Cruz Biotechnology, Santa Cruz, CA), and
anti-Mouse-HRP secondary (#170-6516, BioRad, Hercules, CA) antibodies. For HPT1::FLAG, 50µg of total proteins were run on a 12% SDS-polyacrylamide gel, and the
tagged protein detected by western blot using Rabbit anti-FLAG primary (#2368, Cell
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Signaling Technology, Beverley, MA), and anti-Rabbit-HRP secondary (#170-6515,
BioRad, Hercules, CA) antibodies. Detection for both proteins was by chemiluminescence using Super Signal Pico detection (Thermo Scientific, Waltham MA ).
WC-2 ChIP

Chromatin immunoprecipitation (ChIP) was performed as described in (He and Liu,
2005a; Johnson et al., 2002) with the following modifications. Dark grown liquid shake
cultures were cross-linked in 1% (v/v) formaldehyde (Sigma, St. Louis, MO) for 30 min,
and then quenched with 125 mM Glycine for 5 min. Tissue was then rinsed for 5 min in
1X TBS, excess liquid removed on paper towels, and then frozen in liquid N2. Tissue
was crushed with mortar and pestle under liquid N2 and approximately 0.5 ml ground
tissue was suspended in 1 ml lysis buffer (50mM HEPES pH 7.5; 137mM NaCl; 1mM
EDTA; 1% Triton X-100; 0.1% Na deoxycholate; 0.1% SDS; 1X HALT protease
inhibitor cocktail). DNA was fragmented to an average size of 500-1000 bp by probe
sonication (Branson Sonifier, microtip probe). Extracts were clarified by 10 min
centrifugation at 14K rpm, and a Bradford assay was performed on the supernatant. The
protein concentration of all extracts was normalized to 2 mg/mL with lysis buffer.
Extract (1 ml) was incubated with 2 µl anti-WC-2 antisera (a generous gift from Y. Liu)
with gentle shaking overnight at 4°C. Protein G/agarose beads (50 µl) (GE Healthcare,
UK) blocked with salmon sperm DNA and BSA were added and incubated at 4°C for 6
h with end over end rotation. Beads were successively washed for 5 min with low salt IC
buffer (0.1% SDS; 1% Triton X-100; 2mM EDTA; 20mM Tris pH 8; 150mM NaCl),
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high salt IC buffer (0.1% SDS; 1% Triton X-100; 2mM EDTA; 20mM Tris pH 8;
500mM NaCl), LNDET buffer (0.25M LiCl; 1% NP-40; 1% Na deoxycholate; 1mM
EDTA; 10mM Tris pH 8), and twice with 1X TE buffer. To elute bound protein
complexes, beads were suspended in 250 µl elution buffer (0.1M NaHCO3; 1% SDS)
and heated to 65°C for 15 min with periodic mixing. The supernatants from two elutions
were pooled (500 µl total) and cross-links were reversed by the addition of 20 µl 5M
NaCl and incubation at 65°C for ≥6 h. To degrade residual protein, samples were
incubated at 50°C for 1 h with 40 µg/ml of proteinase K. DNA was isolated by
phenol/chloroform/iso-amyl alcohol extraction followed by ethanol precipitation using
20 µg of glycogen as a carrier. DNA was resuspended in 50 µl 1X TE and subsequently
analyzed by quantitative or semi-quantitative PCR.

Analysis of ChIP

Semi-quantitative PCR was used to examine the light-induced binding of the WCC to
the os-4 promoter. Primers used to detect genomic regions present in the
immunoprecipitated DNA were as follows: for os-4 (os4F 5’-AACCTGGTCAGAACGCATCATA-3’ and os4R 5’- GCCGGAAATGAGATGACGAA-3’); for hpt-1 (hpt1F 5’CTGTGCGAGTTCCTCCATGCCG-3’ and hpt1R 5’- GATGAGGCAACACAGCCTTGACG-3’); for cpc-1 (cpc1F 5’-AAAACCCAGACACGTGGTTCTC’3 and cpc1R 5’GGAGGGCTGACAGACGACTTC-3’). Up to two primers sets were multiplexed in a
single PCR reaction. PCR cycles were as follows: 95°C for 2 min; 95°C for 15 sec.;
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60°C for 30 sec.; 72°C for 30 sec. (step 2-4 repeated 25x); 72°C for 7 min. PCR products
were separated on 8% acrylamide gels and visualized by ethidium bromide fluorescence
under UV light.

Immunoprecipitated DNA from a rhythmic time series was analyzed by absolute
quantitative PCR using Fast SYBR Green Mastermix and Fast 7500 Real-Time PCR
System (Applied Biosystems, Carlsbad, CA). For each of the primer sets listed above, a
standard to be used for absolute quantification was generated by amplifying a PCR
product from genomic DNA that includes the genomic region to be analyzed. Primers
used to generate standards were as follows: os-4 (os4conF 5’-GACAATACGTCCTCTGCAGGATGTG-3’ and os4conR 5’-CTGACCTGCAGCATCGTGAC-3’); hpt-1
(hpt1conF 5’-CCAGTTGAGTCAGATCGTTCAGGTG-3’ and hpt1conR 5’-CGTGCGTCTGATTCGCAGAAC-3’); cpc-1 (cpc1conF 5’-CTCTACAGAATAGCGCGCGCATC-3’ and cpc1conR 5’-CGTGCGTCTGATTCGCAGAAC-3’). The standard PCR
product was purified using the PCR Clean-up Kit (Qiagen, Valencia, CA) and
quantitated using gel electrophoresis and ethidium bromide staining compared to a DNA
sample of known concentration. The concentration of the standard was determined by
densitometric comparison between the two samples.

Glycerol assay

Neurospora tissue was ground under liquid N2 and assayed for glycerol content using the
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Free Glycerol Reagent (Sigma, F6428) and Glycerol Standard Solution (Sigma G7793)
protocol supplied by Sigma.

Statistical analysis

Nonlinear regression to fit the rhythmic data to a sine wave (fitting period, phase, and
amplitude) and a line (fitting slope and intercept), as well as Akaike’s information
criteria tests to compare the fit of each data set to the 2 equations, were carried out using
the Prism software package (GraphPad Software, San Diego, CA). The p values reflect
the probability that, for instance, the sine wave fits the data better than a straight line.
The student T-test was used to determine significance in the difference in levels of
glycerol from 3 independent experiments. The error bars in all graphs represent SEM
from at least 3 independent biological replicates.
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CHAPTER III
P38 MAPK IS RHYTHMICALLY ACTIVATED BY THE
CIRCADIAN CLOCK IN IMMORTALIZED CELL
LINES DERIVED FROM MOUSE FIBROBLASTS
AND THE SUPRACHIASMATIC NUCLEUS

INTRODUCTION

To cope with daily changes imposed by the earth’s rotation, diverse eukaryotic
organisms have developed the ability to sense time (Bell-Pedersen et al., 2005; Brunner
and Schafmeier, 2006; Dibner et al., 2010; Hardin, 2005). This internal timing
mechanism, called the circadian clock, cycles with a period of about a day and provides
a mechanism that allows organisms to coordinate certain aspects of their behavior or
physiology to the time of day that is most advantageous (Woelfle et al., 2004). For
instance, the immune system of flies and plants is regulated by the circadian clock,
peaking at a time of day in which infections are most likely to occur (Dodd et al., 2005;
Lee and Edery, 2008), and a functional clock is important for animals in the wild such
that their activity occurs out of phase with the activity of major predators (DeCoursey
and Krulas, 1998). Additionally, circadian clocks have a broad influence on human
health, from cancer (Schernhammer et al., 2001) to rheumatoid arthritis (Straub and
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Cutolo, 2007).

The proper functioning of a circadian clock requires several components that help the
organism exist in harmony with its environment (Dibner et al., 2010). At the core of the
clock is a molecular oscillator that can keep time even in the absence of environmental
temporal cues (Dunlap et al., 1999). In mammals, the molecular oscillator functions as a
negative feedback loop where the gene products of the positive elements (Clock/Bmal1)
activate expression of negative components (Per and Cry genes) which, in turn, repress
the activity of the positive elements (Mohawk et al., 2012). This molecular oscillator
takes approximately 24 hrs to complete one cycle, thereby giving an organism an
accurate estimate of environmental time. However, to ensure proper synchrony with the
environment, the molecular oscillator is coupled to environmental sensing input
pathways, with light being the strongest entrainment signal to reset the oscillator (Dibner
et al., 2010). In mammals, light is perceived by the retina, which sends a neuronal signal
to a region of the brain called the SCN (Dibner et al., 2010). The SCN is primarily
responsible for synchronizing cellular oscillators throughout the organism to the
appropriate time of day (Yoo et al., 2004). Finally, through output pathways, the
oscillator orchestrates overt rhythmic processes in the organism by regulating the
expression of target genes (Doherty and Kay, 2010). Although components of the
molecular oscillator can directly regulate the expression of ccg’s, many of these clock
regulated genes are themselves able to regulate gene expression, such as transcription
factors (Koike et al., 2012; Smith et al., 2010). Another way that the circadian clock
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controls gene expression is through the regulation of established signaling pathways (de
Paula et al., 2008).

Intracellular signaling pathways act as a biochemical means to relay information within
the cell. The MAPK is a signaling pathway that operates through a successive cascade
of three kinases to phosphorylate target proteins (Roux and Blenis, 2004). Upon
activation of the pathway, the most upstream kinase, called a MAPKKK, phosphorylates
its cognate MAPKK, which leads to activation of its kinase activity. The MAPKK
phosphorylates the terminal MAPK protein, which, when active can phosphorylate
targets such as transcription factors and other downstream regulatory kinases (Roux and
Blenis, 2004). MAPK signaling pathways are ubiquitous in eukaryotes, and organisms
commonly have multiple MAPK pathways that operate in parallel. In mammals, three
conserved MAPK subfamilies have been established: ERK, JNK, and p38 (Johnson and
Lapadat, 2002). These parallel MAPK pathways have varied functions depending on
cell and tissue type.

Many of the mammalian MAPK pathway components participate in the functioning of
the circadian clock. ERK MAPK activity cycles in the SCN of mice kept in constant
conditions, presumably acting as an output pathway of the circadian oscillator (Obrietan
et al., 1998; Pizzio et al., 2003), as well as playing an important role in light input to the
oscillator (Akashi and Nishida, 2000; Cermakian et al., 2002; Obrietan et al., 1998).
Accordingly, in model organisms such as the fungus Neurospora, ERK MAPK has a

95

well-established role in circadian output to regulate the expression of clock controlled
genes (Bennett et al., 2013). Similarly, in Drosophila, rhythms of ERK MAPK activity
are necessary for behavioral rhythms (Williams et al., 2001). In addition, JNK MAPK
functions in mammals as an input to the clock in the SCN and in peripheral tissues
(Yoshitane et al., 2012).

A third type of MAPK pathway, the p38 MAPK pathway, functions in circadian input in
the chick pineal gland (Hayashi et al., 2003), and displays a circadian oscillation in
activity in the hamster SCN (Pizzio et al., 2003). While most of the evidence for p38 as
a circadian signal has focused on its role as a clock input in neural tissues, little is known
about the role p38 plays in peripheral tissues, nor its likely activity in circadian output
pathways. Work on the homologous OS-2 MAPK in Neurospora has shown that the p38
MAPK is rhythmically activated and functions in output pathways of the circadian clock
to prepare the organism for daily changes in osmotic stress (Lamb et al., 2011; Vitalini et
al., 2007). In animal systems, the p38 MAPK functions as a stress-activated pathway
that is stimulated by osmotic stress, DNA damage, and superoxides (Zarubin and Han,
2005). Pathway activation leads to signaling of cell components that regulate
proliferation (Wagner and Nebreda, 2009) and apoptosis (Bulavin et al., 1999).

In this chapter, we show that the p38 MAPK is rhythmically activated in cultured mouse
fibroblast and SCN cells lines, and that rhythmicity is dependent on a functional
circadian oscillator. The overall levels of p38 protein were lower in clock mutant cells,

96

implying that the circadian oscillator plays an important role in the activation of this
pathway.

RESULTS

Previous work in the filamentous fungus Neurospora showed that the os-2 MAPK,
which is related to the p38 MAPK in mammals, is rhythmically activated by the
circadian clock and functions within a circadian output pathway to regulate the rhythmic
activities of downstream proteins and genes (Lamb et al., 2011; Lamb et al., 2012;
Vitalini et al., 2007). We hypothesized that the role of p38 MAPK as an output of the
circadian clock is conserved in higher eukaryotes. To assess whether the p38 MAPK is
rhythmically phosphorylated in a mammalian system, we used immortalized murine cell
lines as an in vitro model. Cell lines derived from fibroblasts and the SCN were
synchronized by serum shock and periodically harvested over two days. In fibroblasts,
the levels of phospho-p38 oscillated with a period of 25.57 (n=3, ± 0.86), with peaks at
16h and 40h after serum shock (Figure 3-1A). In the same fibroblast cultures, the levels
of total p38 protein fluctuated arrhythmically over the two days (Figure 3-1A). In SCN
cultures, the levels of phospho-p38 oscillated at a period of 25.50 (n=3, ± 0.91), with
peaks at 12h and 40h after serum shock (Figure 3-1A). The levels of total p38 protein
were also arrhythmic in SCN cells (Figure 3-1A). Alternatively, levels of phospho-p38
in Per1ldc/ Per2ldc double mutant cells were erratic and arrhythmic in both SCN and
fibroblast cells (Figure 3-1B). These data demonstrated that the p38 MAPK is
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Figure 3-1: p38 MAPK activity is rhythmic in synchronous cultures. (A) Both WT mouse fibroblast
and SCN cells were synchronized by serum shock and collected at the indicated hours (h) after serum
shock. Western blotting was performed on protein extracts and membranes were probed with either antiphospho-p38, total p38, or actin antibodies. Membranes were stained with amido black to visualize total
protein loading and for normalization of signal. Graphs on the right represent the average signal
normalized to total protein loaded. The phospho-p38 (black circles) signal was rhythmic in fibroblast and
SCN cells as confirmed by statistical best fit to a sine wave with p<0.0001; n=3 ± SEM. The total p38
protein (gray triangles) is arrhythmic in fibroblast and SCN cells as confirmed by statistical best fit to a
line p<0.0001; n=3 ± SEM. (B) Per1ldc/Per2ldc fibroblasts and SCN cells were synchronized by serum
shock and western blotted as described. Graphs on the right represent the average signal of phospho-p38
in Per1ldc/Per2ldc cells normalized to total protein loaded. The phospho-p38 (black circles) signal was
arrhythmic in fibroblast and SCN as confirmed by statistical best fit to a line with p<0.0001; n=3 ± SEM.
The total p38 protein (gray triangles) is arrhythmic in fibroblast and SCN as confirmed by statistical best
fit to a line p<0.0001; n=3 ± SEM.
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rhythmically phosphorylated in fibroblast and SCN cell cultures, and that the rhythm is
dependent on a functional circadian oscillator.

To determine if the Per1ldc/ Per2ldc mutations had any effect on levels of phosphorylated
p38, extracts from wild type and mutant cells were analyzed. Compared to the wild type
levels of p38 protein and phosphorylation at the trough in its oscillations at 28h postserum shock, the levels of phosphorylated p38 were lower in the Per1ldc/ Per2ldc mutant
cultures at several timepoints tested (Figure 3-2). These data suggested that functional
Per1 and Per2 are required for normal levels of p38 phosphorylation.
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Figure 3-2: p38 MAPK levels are low in the Per1ldc/Per2ldc double mutant. Protein extracts from both
WT and Per1ldc/Per2ldc fibroblasts were subjected to western blotting and probed with antibodies against
phospho-p38, total p38, and actin. A 1/10th fraction of WT protein was loaded as a reference.
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DISCUSSION

Previous work (Lamb et al., 2011; Lamb et al., 2012; Vitalini et al., 2007) demonstrating
a role for the p38-like MAPK in circadian output led us to investigate if p38 has a
similar role in mammals. In this study, we show that p38 MAPK in mouse SCN and
fibroblast cell lines has an endogenous rhythm in activation that is dependent on a
functional circadian oscillator. The rhythm in p38 activation reaches its apex at 16 h and
40 h post-serum shock in both the fibroblast and SCN cells. In other fibroblast cell lines
synchronized by serum shock, this correlates with a phase that roughly precedes the peak
in Per1 and Per2 mRNA expression (Akashi and Nishida, 2000; Balsalobre et al., 1998)
and lags the peak in Bmal1 mRNA expression (Duffield et al., 2002). There are several
reports of diurnal rhythms of p38 activation, that is, daily rhythms that occur as a result
of LD cycles, in the chick pineal gland and mouse heart (Chik et al., 2004; Ko et al.,
2011). In addition to our findings in Neurospora, endogenous self-sustaining circadian
rhythms in p38 activation have been described in the hamster SCN (Pizzio et al., 2003).
Our studies provide a validation of p38 rhythms in the hamster SCN, and show that this
rhythm can persist in an immortalized cell line derived from mouse SCN tissue. Cell
lines derived from the SCN of Per1ldc/ Per2ldc mice, in which the circadian oscillator is
defective (Bae et al., 2001), confirmed that rhythms in p38 activation require a
functional molecular oscillator. These data indicate that p38 is acting as an output
pathway of the circadian oscillator. These findings do not, however, rule out the
possibility that p38 may be an input pathway to the oscillator, in addition to an output
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pathway.

The temporal regulation of p38 activity suggests that targets of the p38 MAPK pathway
will also be controlled by the clock, and show time-of-day differences in their respective
functions. The p38 MAPK mediates apoptosis in response to several types of cellular
stress (Bulavin et al., 1999; Chouinard et al., 2002; Gong et al., 2010; Grethe et al.,
2004; Huang et al., 1999; Porras et al., 2004), and our data suggest that cells may be
more susceptible to apoptosis at certain phases of the circadian cycle as result of the
endogenous rhythm in p38 activity. Attempts have been unsuccessful to uncover a
clock-dependent effect on apoptosis (Fu et al., 2002; Gaddameedhi et al., 2012; Gery et
al., 2006), by comparing the rate of apoptosis in wild type cells versus cells with defects
in clock gene expression, either by mutation or by over-expression of clock genes. In
Neurospora, defects in the molecular oscillator do not necessarily compromise signaling
through the OS-2 MAPK, the p38 homologue, in response to an acute stress (Vitalini et
al., 2007). Interestingly, in Neurospora, the clock “primed” the MAPK pathway for a
more rapid and robust response following stress during the peak in circadian MAPK
activation (Lamb et al., 2011). These data suggested that the circadian clock “primes”
stress response pathways such that a circadian effect on stress response will only be
apparent when compared between different phases in the circadian cycle. In
experiments that have shown a time-of-day effect on apoptosis in wild type cells (Fu et
al., 2002), a dependence on p38 MAPK activity was not tested. Given our data, it is
tempting to speculate that the endogenous rhythm in p38 activation in mammalian
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peripheral tissue mediates a circadian effect on stress response.

While we hypothesize that p38 lies in an output from the molecular oscillator, several
studies implicate p38 MAPK in circadian input. Numerous reports show that inhibition
of p38 modulates the properties of the molecular oscillator (Hayashi et al., 2003; Hirota
et al., 2008; Yagita et al., 2009), although, in these reports, the drug used for p38
inhibition has off-target effects on kinases known to modulate the circadian clock,
notably CKIε (Fabian et al., 2005; Hasegawa and Cahill, 2004). In mammals, the p38
MAPK is a well known mediator of inflammation in response to the cytokine TNFα
(Zarubin and Han, 2005). Interestingly, in mouse fibroblasts, TNFα has been shown to
induce p-CREB and the expression of Per1, critical biochemical events in clock-resetting
(Balsalobre et al., 1998; Best et al., 1999; Tischkau et al., 2003), through a p38dependent pathway (Petrzilka et al., 2009). Given the potent activation of p38 in
response to environmental stimuli and the capability of p38 to modulate the clock, the
possibility that p38 is involved in clock-resetting, in addition to circadian output,
deserves further consideration.

Our cell culture model also provides a unique tool to understand the molecular
mechanisms of circadian p38 signaling. The molecular mechanisms that generate
circadian rhythms in the related mammalian ERK MAPK pathway rely on clockcontrolled inhibition of upstream components (Antoun et al., 2012; Shimizu et al., 2003),
but no mechanism has been suggested for self-sustaining rhythms of p38 MAPK
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activation in mammals. Again, in the model organism Neurospora, we have described a
mechanism for OS-2 MAPK rhythmicity in which the oscillator components directly
regulate transcription of MAPK pathway genes, which in turn, generate rhythms in OS-2
MAPK activation (Lamb et al., 2011). Multiple RNA-seq experiments in mouse liver
have shown that Mkk3/Mkk6, the MAPKK’s upstream of p38, are rhythmically
expressed (Koike et al., 2012; Menet et al., 2012). Furthermore, the expression level of
p38 is lower in the Per1ldc/ Per2ldc fibroblasts compared to wild type (Fig. 2), supporting
the hypothesis that the oscillator influences levels of gene expression in the MAPK
pathway. Thus, it is likely that circadian transcription of MAPK pathway components in
mammals, similar to Neurospora, plays an important role in generating self-sustaining
p38 activity rhythms.

In summary, we have shown that p38 MAPK is rhythmically activated by the circadian
clock in mammalian cell culture models for two different tissue types, the master
pacemaker and a peripheral tissue. Based on previous work in both Neurospora and
mammals, we hypothesize that the circadian clock regulates the gene expression of
MAPK pathway components to generate endogenous rhythms in MAPK activation.
Lastly, we predict that endogenous rhythms in MAPK activity may prime this pathway
to elicit a more robust response to cellular stresses at a specific phase in the circadian
cycle.
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MATERIALS AND METHODS

Cell culture and conditions

The SCN mPer2Luc and Per1ldc/ Per2ldc cell lines were derived from fetal SCN of
mPer2Luc (Yoo et al., 2004) and Per1ldc/ Per2ldc mice (Bae et al., 2001), respectively, and
immortalized via the adenovirus E1A gene (Farnell et al., 2011). Cells were maintained
on laminin-coated 60mm cell culture dishes (Corning, Corning, NY) in media consisting
of MEM (Invitrogen, #10370-021), 10% fetal bovine serum (Hyclone, Thermo Fischer,
Waltham, MA), glucose (3000 μg/mL), and L-gluatamine (292 μg/mL). The fibroblast
cell lines were derived from wild type (129/SV) or Per1ldc/ Per2ldc fetal mouse
fibroblasts and immortalized by the adenovirus E1A gene. Fibroblast cells were cultured
on 60mm cell culture dishes in medium consisting of DMEM high glucose (Invitrogen
#11960-044), 10% fetal bovine serum (Hyclone, Thermo Fischer, Waltham, MA)
supplemented with L-glutamine (292 μg/mL). Cultures were incubated in 5% CO2,
37°C and passaged every 3-5 days at a 1:3 ratio. For timecourse samples, SCN cells
were synchronized by passaging confluent cultures and harvested over 48 hours at 4
hour intervals. To synchronize fibroblasts, cells were serum shocked according to
(Balsalobre et al., 1998) with medium containing 50% horse serum and thereafter
maintained on serum free growth medium. Cultures were harvested at 4h intervals for
48 hours.
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Immunoblotting

For Western blotting, cells were harvested by trypsinization for 3min with .05%
Trypsin/EDTA (Invitrogen #15400). After inactivation with 10% FBS (Hyclone,
Thermo Fischer), cells were pelleted by centrifugation at 1000 rpm for 5min. The
supernatant was removed and pellets were frozen in liquid nitrogen. To extract protein,
250μl of extraction buffer (20mM Tris pH 7.5; 137mM NaCl; 1% Triton X-100; 10%
glycerol; 10mM NaF; 10mM β-glycero-phosphate; 2mM EDTA; 1mM PMSF; 1mM
sodium ortho-vanadate; 1x HALT Protease Inhibitor Cocktail (Thermo Scientific,
Rockford, IL)) was added to cell pellets on ice. While kept cool on an ice bath, the
pellets were sonicated using a Branson Sonifier 450 equipped with a microtip for 10s at
10% amplitude. Samples were then placed on ice for 15min before pelleting cell debris
at max rpm for 5min at 4°C. An aliquot of protein extract was removed and quantified
using the DC Protein Assay (Bio-Rad; Hercules, CA). 30μg of protein was boiled for
5min with 1x Laemmli buffer before being separated via 10% SDS-PAGE. Protein was
transferred from gels to Immobolin-P PVDF membrane (EMD Millipore, Billerica, MA)
and immunoblotted according to antibody protocols. For detection of phospho-p38,
membranes were probed with mouse anti-phospho-p38 primary (#9216 Cell Signaling,
Beverly, MA), and anti-mouse-HRP secondary (#170-6516 BioRad, Hercules, CA)
antibodies. For detection of total p38, membranes were probed with rabbit anti-p38
primary (#9216 Cell Signaling, Beverly, MA), and anti-rabbit-HRP secondary (#1706515 BioRad, Hercules, CA) antibodies. For detection of actin, membranes were probed

107

with mouse anti-actin primary (#A4700 Sigma-Aldrich, St Louis, MO) Blots were
visualized on X-ray film (Phenix, Candler, NC) with Super Signal West Fempto
Chemiluminescent Substrate (Thermo Scientific, Rockford, IL)

Statistical analysis

Statistical analysis of rhythmic data was performed as in (Lamb et al., 2011). Briefly,
using Prism software (GraphPad Software, San Diego, CA), comparison of rhythmic
data to either a line or sine wave with nonlinear regression and Akaike’s information
criteria established if a rhythm was significantly more similar to a sine wave than a line.
The error bars in graphs represent standard error mean of at least three biological
replicates.
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CHAPTER IV
CONCLUSION

ENDOGENOUS RHYTHMS OF MAPK ACTIVATION PRIME THE
ORGANISM FOR A STRESS RESPONSE

Priming of the osmotic stress response in Neurospora

In Chapter II, I presented the first model to explain how the p38 MAPK pathway acts as
an output pathway to temporally regulate stress response. I showed that the endogenous
rhythm of p-OS-2 MAPK, which peaks during the day and is less active at night, primes
the organism for a more robust stress response during the day, a time that is presumably
most advantageous to the organism. When the OS MAPK is activated by an acute
osmotic stress, it engages an adaptation response through the production of glycerol,
which protects the organism from the deleterious effects of severe osmotic gradients. In
our experiments, an osmotic stress administered during the daytime resulted in more
rapid and intense production of glycerol when compared to the night time response from
an identical stress. The daytime correlates with the peak in the endogenous p-OS-2
rhythm and occurs at a time that the organism would presumably encounter similar types
of stress from the sun. No difference in glycerol production between day and night was
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observed in a strain with arrhythmic p-OS-2. These data demonstrated that rhythms in
p-OS-2 were required for the priming of stress response. In the absence of an osmotic
stress, no observable circadian rhythm in glycerol production was detected, indicating
that the rhythms in OS-2 activation were not merely driving production of glycerol, but
preparing the organism for a stress when it is most likely to occur. This priming effect is
consistent with the idea that the circadian clock provides an advantage to the organism:
it would be inefficient and wasteful to drive the production of glycerol in anticipation of
daytime when no immediate stress exists. However, it is interesting that no glycerol is
produced even though OS-2 is activated by the clock. One explanation of this
observation is the fact that endogenous levels of p-OS-2 are much lower than levels
induced by an acute stress (Vitalini et al., 2007). Perhaps the endogenous levels never
accumulate to a critical threshold for the production of glycerol. Interestingly this
phenomenon is seen in other rhythmic MAPK’s. For example, the levels of p-ERK
resulting from photic stimulus are much higher than the p-ERK levels observed in the
endogenous rhythm (Obrietan et al., 1998). Another explanation for the priming of
glycerol production, as opposed to driven rhythms, is the gating of stress response.
While the OS MAPK may be poised to respond to stress through the clock influence, it
is possible that a mechanism may keep glycerol production repressed until it is
challenged with a stress. Regardless, it is assumed that somehow the clock activation of
OS-2, in this regard, gives the organism a “head start” in responding to the stress.

110

Does p38 mediate a priming of stress response in mammals

Since the mammalian p38 MAPK pathway is a rhythmic stress response pathway in our
cell lines, one would expect a similar circadian priming effect on p38-mediated stress
responses. In peripheral tissues it could be hypothesized that rhythms in p38 would
contribute somehow to the function of that tissue, or anticipate daily stress that tissue
might encounter. The only reported example of circadian regulation of a stress response
is related to UV-induced DNA damage (Kang et al., 2011). This report demonstrated
that the nucleotide excision repair gene XPA is rhythmically expressed by the circadian
clock, and as a result, fibroblasts more efficiently repair UV-induced DNA damage
during certain phases of the circadian cycle. p38 MAPK responds to stresses such as
osmotic shock, heat shock, inflammatory cytokines, DNA damage and ROS (Zarubin
and Han, 2005). In response to those signals, p38 generally has a role in cell survival
through the regulation of apoptosis (Porras et al., 2004; Zarubin and Han, 2005). Since
our mouse fibroblast cell line provided a model of a peripheral tissue in which p38
activity is known to be rhythmic, I was interested in testing if p38 activation rhythms
prime these cells for a more robust stress response at the peak in p38 activation. In my
experimental design, UV-B-induced DNA damage was used as the stress perturbation.
UV radiation is known to activate all three MAPK families, however, the UV-B
bandwidth more specifically activates p38 MAPK (Chouinard et al., 2002). After UV
induction, the p38 MAPK is known to phosphorylate key regulatory sites on p53, a
master regulator of cell survival, which in turn can induce apoptosis (Bulavin et al.,
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1999; Jinlian et al., 2007; Porras et al., 2004). Knowing that the p38-mediated stress
response to UV-induced DNA damage is apoptosis, I designed experiments to assay the
fibroblasts’ susceptibility to apoptosis after UV treatment at the circadian times
correlating to the peak and trough in p38 activation rhythms. Unfortunately, due to
technical issues, I have not yet found an approach that can reliably test this hypothesis.

The same group that identified a rhythm in XPA expression has undertaken similar
approaches to identify a circadian effect on fibroblast survival after UV-induced DNA
damage (Gaddameedhi et al., 2012). In their experimental design, they compared cell
survival after UV stress in wild type fibroblasts to cells with null clock mutations
(Gaddameedhi et al., 2012). They saw no difference between the two genotypes, and
their conclusion was that the clock has no effect on UV-induced apoptosis
(Gaddameedhi et al., 2012). Our efforts in Neurospora to define the priming of stress
responses by the circadian clock have highlighted a flaw in the experimental design of
Gaddameedhi et al. (2012). The circadian oscillators in the wild type fibroblasts were
not synchronized for the experiment in Gaddameedhi et al. (2012), and, therefore, the
endogenous oscillators in individual cells were either not cycling or out of synchrony
with each other, preventing a coherent ensemble rhythm in the culture. In Neurospora,
the levels of glycerol after an osmotic shock in the clock deficient ∆frq strain were
intermediate between the day and night levels of glycerol observed in the wild type
strain (Lamb et al., 2011). Similar levels of glycerol might be predicted in an arrhythmic
wild type culture grown in constant light (LL). Without an endogenous circadian rhythm
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in the wild type cells, the priming effect on the glycerol stress response would be
negligible compared to clock deficient cultures. This prediction casts doubt on the
conclusion of Gaddameedhi et al. (2012) that the clock has no effect on cell survival
after UV treatment in mammalian fibroblasts. With these data in mind, it is important to
compare the stress response from two opposing circadian times when attempting to
define a circadian effect on stress response.

Furthermore, to look for a circadian effect on stress response, the types of cells that are
utilized should be carefully considered. While fibroblasts provide a generalized model
of peripheral tissues, differentiated cells like keratinocytes are more likely to encounter
UV stress in the whole animal and may provide a better model to test cell survival after
UV stress (Chouinard et al., 2002). However, it is not known if p38 activity is regulated
by the circadian clock in keratinocytes. There are several cell types in which p38 has a
vital role in the biological function of the cell, e.g. immune cells (Ashwell, 2006). In
immune cells, p38 mediates the production of cytokines and immune receptors in
response to antigenic signals (Ashwell, 2006). It is known that self-sustaining circadian
oscillators exist in some immune cells (Boivin et al., 2003; Keller et al., 2009), and,
therefore, it is likely that a circadian rhythm in p38 MAPK activity would have a
profound effect in these cells.
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CLOCK REGULATION OF THE PHOSPHO-RELAY IN NEUROSPORA

As demonstrated in Chapter II, a circadian rhythm in hpt-1 mRNA and protein
accumulation peaks during the subjective night and requires a functional FWO. Based
on the related HOG pathway in yeast, the gene hpt-1 in Neurospora relays a signal from
the sensory histidine kinases to response regulator proteins, which are responsible for
signaling to components downstream of the phospho-relay (Posas et al., 2000). While
the yeast genome encodes only one histidine kinase, the Neurospora genome, like many
other filamentous fungi, encodes 11 histidine kinases (Borkovich et al., 2004). The
histidine kinases in Neurospora contain diverse protein domains and putatively sense
various environmental stimuli (Borkovich et al., 2004). Because the histidine kinases in
Neurospora are predicted to signal through a single histidine phosphotransferase, the
gene hpt-1 represents a significant bottle neck in the phospho-relay pathway (Catlett et
al., 2003). Clock regulation of hpt-1 implies that the circadian clock may modulate the
sensitivity of the phospho-relay to environmental stimuli at different times of the day.

In order to better understand the clock regulation of the phospho-relay, I have
investigated the molecular basis for the circadian rhythm of hpt-1 expression.
Identification of the genomic targets of the WCC revealed that many transcription factor
genes are regulated by the WCC (Smith et al., 2010). These first-tier transcription
factors are transcriptionally activated by the WCC in response to light, and many of
these transcription factors are rhythmically expressed in constant conditions (Smith et
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al., 2010). In unpublished data from our lab, ChIP-seq was used to identify the genomic
targets of the first-tier transcription factors regulated by the WCC. A query of this
dataset showed that several first-tier transcription factors bound to the promoter of the
hpt-1 gene (Figure A-1). Analysis of hpt-1 mRNA accumulation in strains harboring a
KO mutation of these transcription factors showed that rhythms in hpt-1 mRNA
accumulation persisted in the mutant strains (Figure A-2). While hpt-1 mRNA
rhythmically accumulates in the mutant strains, it is possible that these rhythms in hpt-1
expression may have defects in period or phase that are impossible to detect using
timepoints at intervals of 4 hrs. An hpt-1:luc transcriptional reporter strain is currently
in development to provide real-time monitoring of hpt-1 transcription. Using this strain,
minor variations in the period or phase of hpt-1 transcription should be detectable.
Furthermore, it is possible that multiple transcription factors in tandem generate rhythms
in hpt-1 expression. In order to test this, hpt-1 expression rhythms will be assayed using
the hpt-1:luc reporter construct in strains containing double knockout mutation of
candidate transcription factors.

Interestingly, histidine kinase genes were also targets of the WCC after a light pulse
(Smith et al., 2010). The genes ncu07221 and ncu00939, both PER-ARNT-SIM (PAS)
domain-containing histidine kinases, were bound by the WCC in response to a light
pulse, and the accumulation of their mRNA was induced by light. Our lab has validated
the binding of the WCC to these candidate gene promoters after a light pulse (Figure A3). Furthermore, the mRNA accumulation of ncu07221 was rhythmic in constant
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conditions (Figure A-4), but expression of ncu00939 was arrhythmic. Because these
histidine kinase genes were targeted by the WCC and were rhythmically expressed, these
data suggest that histidine kinase proteins may participate in clock regulation of
phospho-relay signaling.

TRANSCRIPTIONAL REGULATION AS MECHANISM FOR RHYTHMIC
MAPK ACTIVATION

Transcriptional regulation of MAPK components in Neurospora

In Chapter II, I described our efforts in Neurospora to define a molecular mechanism for
the rhythmicity of p-OS-2 MAPK. This model predicts that the transcriptional
regulation by the circadian clock of OS pathway components, the OS-4 MAPKKK and
phospho-relay component HPT-1, modulates the abundance of these gene products
which in turn lead to rhythms in p-OS-2. Also, this model posits that the transcriptional
regulation by the circadian clock segregates the expression of positive and negative
regulators into opposite phases, thereby creating resonance of their activities rather than
dissonance. This resonance tunes the levels of basal signal transduction in the OS
pathway and produces endogenous rhythms of p-OS-2. While the clock impinges on the
OS pathway at two positions, we cannot yet fully test the necessity and sufficiency of
these two clock inputs on the rhythmicity of p-OS-2. Unfortunately, we do not yet have
genetic tools to eliminate the clock regulation of hpt-1 expression. However, we did
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show that rhythmic expression of os-4 is required for p-OS-2 rhythms, but were unable
to test for sufficiency due to the lack of genetic tools to disrupt hpt-1. Currently, the
Bell-Pedersen lab is developing a strain in which the expression of the hpt-1 is
arrhythmic. Using this tool, we can determine if os-4 expression rhythms are sufficient
to generate rhythms in OS-2 activity, and, likewise, if hpt-1 expression rhythms are
necessary for p-OS-2 rhythms.

Transcriptional regulation of MAPK components in mammalian peripheral tissue

As a validation of our model for the mechanism that controls p-OS-2 rhythms, it would
be interesting to test mammalian cell lines for rhythmic expression of genes in the p38
MAPK cascade. I have attempted to look for rhythmic mRNA expression of all MAPK
cascade components upstream of p38 in rhythmic fibroblast cells. Unfortunately,
preliminary validation experiments showed that clock genes were not oscillating in the
samples, and resources were not available to repeat the experiments. Fortunately,
numerous datasets from RNA-seq experiments are available in a variety of mammalian
tissues. Review of RNA-seq datasets shows that mRNA accumulation of Mkk3 and
Mkk6, the two MAPKK’s upstream of p38, is rhythmic in the mouse liver (Koike et al.,
2012; Menet et al., 2012). Also, numerous components upstream and downstream of the
p38 MAPK showed rhythmic mRNA accumulation in mouse macrophages (Keller et al.,
2009). These data provide promising indications that p38 is rhythmically activated in
other mammalian tissues, and that these rhythms are the result of a transcriptional
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mechanism similar to what we have modeled in Neurospora.

THE ROLE OF SIGNALING COMPONENTS DOWNSTREAM OF THE P38
MAPK CIRCADIAN OUTPUT PATHWAY

As a signaling molecule, the MAPK relies on interactions with a network of downstream
components to elicit a biological effect. Components downstream of the MAPK provide
the opportunity to integrate signals from other MAPK signaling pathways or, conversely,
to confer signaling specificity. For example, the MAPK-interacting kinase MSK-1
integrated signals from both the ERK and p38 MAPK after photic stimulation in the
mouse SCN (Butcher et al., 2005). Alternatively, a related MAPK-interacting kinase,
RSK-1, specifically propagated an ERK-mediated signal in response to neurotrophins in
the mouse SCN (Arthur et al., 2004). In this regard, investigation of downstream effector
molecules will be important to understand the specificity of circadian signal
transduction. In Neurospora, the Bell-Pedersen lab has made significant progress toward
understanding interaction of OS-2 MAPK with downstream components in regards to
circadian signaling. We have shown that the transcription factor ASL-1, similar to the
mammalian ATF-1, regulates the rhythmic expression of several ccg’s known to be
downstream of OS-2 MAPK (Lamb et al., 2012). It remains unknown if the OS-2
MAPK rhythmically phosphorylates this transcription factor to confer rhythmicity to
ccg’s. Also, in studies that are currently unpublished, the Bell-Pedersen lab has shown
that a rhythmic signal from OS-2 is propagated through the OS-2/RCK-2/eEF-2
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signaling cassette, a pathway known to regulate protein translation. Future studies in
both Neurospora and mammalian cell lines will help clarify the role of downstream
regulatory components.

THE FUNCTION OF P38 IN CIRCADIAN INPUT PATHWAYS

The use of p38 pharmacological inhibitors

p38 MAPK has been implicated as an input pathway to circadian oscillators in numerous
reports that were reviewed in Chapter I. The most consistent evidence that p38
modulates the molecular oscillator is data showing that the period of circadian rhythms,
either an output rhythm like melatonin production (Hasegawa and Cahill, 2004; Hayashi
et al., 2003) or oscillations of clock genes (Hirota et al., 2008; Yagita et al., 2009), were
lengthened after treatment with a pharmacological p38 inhibitor. The inhibitors used in
these reports, SB 203580 and SB 212190, are known to have off-target effects on a
multitude of kinases (Fabian et al., 2005). Indeed, Hasegawa and colleagues even
described the non-specific inhibitory effects of SB 203580 on JNK and CKI (Hasegawa
and Cahill, 2004), which are both known to modulate the period of the circadian
oscillator in animals (Isojima et al., 2009; Yoshitane et al., 2012). Furthermore, an
inhibitor of JNK was found to phenocopy the effects of the p38 inhibitor (Hasegawa and
Cahill, 2004). These data cast serious doubt on any conclusions directed toward the
specific function of p38 MAPK that were derived from the usage of this inhibitor.
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Nevertheless, investigators continue to use this drug, and the conclusions have yet to be
confirmed by other methods.

The mammalian cell lines used in Chapter III provide an excellent tool to test the effect
of p38 activity on clock gene oscillations. The SCN cell line used in Chapter III is
derived from a mouse with a mPer2:luc reporter, which is a useful tool to monitor the
real-time oscillations of the circadian clock. A fibroblast cell line is available from this
same mouse strain. Experiments are currently underway to test if a more potent and
specific inhibitor of p38, VX-745 (Bagley et al., 2007; Fabian et al., 2005), will cause a
similar lengthening of the period in clock gene expression. Preliminary data from these
experiments suggests that the period of clock gene rhythms is lengthened. While the
usage of a specific inhibitor is a straight-forward preliminary experiment, follow-up
experiments should use siRNA to knock down the expression of p38 for a more rigorous
approach.

Can p38 MAPK pathway reset the circadian oscillator

In the most convincing report describing p38 as a circadian input pathway, treatment of
mouse fibroblasts with the inflammatory cytokine TNFα, a potent activator of p38,
resulted in the phosphorylation of CREB and upregulation of Per1, two hallmark
biochemical events in clock-resetting (Balsalobre et al., 1998; Petrzilka et al., 2009).
Induction of p-CREB and Per1 by TNFα was blocked by a p38 pharmacological
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inhibitor (Petrzilka et al., 2009). Based on these data, it is hypothesized that other p38activating stimuli can reset the circadian oscillator. Interestingly, damaging doses of UV
light, which potently activate p38 MAPK, have been reported to produce phase advances
of clock gene rhythms in mouse fibroblasts; however, the contribution of p38 to this
effect was not tested (Gamsby et al., 2009). The mouse fibroblast cell lines used in my
studies can be a vital tool to test if p38-inducing stimuli can reset the clock. If p38activating stimuli, such as osmotic shock, UV light, and ROS, do induce immediate early
gene expression, the dependency on p38 activity could be examined through siRNA
knock down or by pharmacological inhibition. Similarly, it is uncertain if known
resetting stimuli require the activity of p38 to regulate clock gene expression. The most
straight-forward experiment would test if bona fide resetting stimuli (serum shock,
forskolin, growth factors, etc. (Balsalobre et al., 1998)) can induce p-CREB and
immediate early gene expression in the presence of a p38 inhibitor. These experiments
would test the hypothesis that the p38 MAPK resides in a circadian input pathway to
modulate the activity of the circadian oscillator in peripheral tissue.

In one of the most interesting descriptions of p38 as an input pathway to the clock,
rhythms in p-p38 were observed in a mouse heart that possessed a tissue-specific defect
in the circadian oscillator (Ko et al., 2011). In this mutant mouse, the circadian clock
was functional throughout the organism except in the heart, where null alleles of clock
genes were specifically expressed (Ko et al., 2011). Their conclusion was that p38
continued to receive a humeral signal from the SCN, even though the oscillator in the
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heart was defective; therefore, p38 lies in a circadian input pathway (Ko et al., 2011).
Unfortunately, the mice in this experiment were housed in LD conditions instead of DD
conditions, and it seems likely that the rhythm in p-p38 could be driven by light or a
behavioral rhythm (Ko et al., 2011). To test if the p38 activity rhythm in a clockdefective heart is driven by light input, this experiment should be repeated in DD
conditions, although this would not eliminate the possibility that the rhythm is driven by
behavior. The cell culture system used in my experiments could be used to confirm this
finding. The SCN cell line can be co-cultured with fibroblasts, and a diffusible signal
from the SCN cells entrains the oscillators in the fibroblasts (Allen et al., 2001). If
fibroblasts derived from a Per1ldc/Per2ldc mouse, in which the circadian oscillator is
defective, were co-cultured with SCN cells, the presence of p-p38 rhythms could be
examined. This would provide a system that lacks the influence of behavior to test the
ability of p38 to relay a diffusible signal from the SCN. Although such a cell line does
not currently exist, a cardiomyocyte cell line derived from the heart of Per1ldc/Per2ldc
mice could also be used to confirm a tissue specific function of p38 as an input pathway
in an SCN co-culture.

Is p38 an input to the Neurospora clock

In Vitalini et al. (2007), experiments were performed to verify that mutations in the OS
pathway did not have an effect on the endogenous oscillations of FRQ . Those
experiments provided a confirmation that OS-2 functions in a circadian output pathway
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and not an input pathway. In that experimental setup, FRQ levels were assayed in
cultures collected at 4h intervals over a circadian time course. This experiment will not
provide sufficient temporal resolution to detect a small period defects in FRQ rhythms.
At the time this experiment was performed, luciferase reporters were not readily
available in Neurospora. However, at present, the use of a FRQ:LUC translational
fusion reporter is commonplace to assay the rhythmicity of the circadian oscillator in
real-time (Gooch et al., 2008). The most straight-forward experiment would examine
FRQ:LUC rhythms in mutants of the OS pathway. Additionally, p38 inhibitors like VX745 can selectively inhibit the activity of the mammalian p38 MAPK, and, due to the
similarity between p38 and OS-2, it is likely that this inhibitor will work in Neurospora
to inhibit the kinase activity of OS-2. If VX-745 can inhibit OS-2, this drug could be
applied to the growth medium of a wild type strain to test for an effect on FRQ:LUC
rhythms. Additionally, the same FRQ:LUC strain should be used to test whether OS-2activating stimuli, such as an osmotic shock, has an effect on the rhythmicity of FRQ
protein, an indication that OS-2 can phosphorylate clock proteins. These experiments
will sufficiently test the hypothesis that OS-2 MAPK is a circadian input pathway, in
addition to its role as a circadian output pathway.
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Figure A-1. First-tier transcription factors bind the promoter of hpt-1. After a light pulse, ChIP was
performed on first-tier transcription factors that were targets of the WCC.
DNA that was
immunoprecipitated in complex with the transcription factors was analyzed by Illumina sequencing. The
tracts of data are histograms displaying the number of sequence reads that were purified through ChIP of
each transcription factor along the genomic locus of hpt-1.
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Figure A-2. hpt-1 mRNA accumulation is rhythmic in transcription factor knockout mutants. Wild
type and transcription factor knockout strains of Neurospora were grown in liquid culture in DD and
collected every 4 hrs. mRNA levels were determined by northern blotting, quantified by densitometry, an
normalized to rRNA levels. Each trace represents normalized mRNA values for each indicated strain
(n=1). The average of values across timepoints was to 50 for each strain. Data were derived from one
experiment in which all strains were grown and analyzed simultaneously.
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Figure A-3. The promoters of histidine kinase genes ncu07221 and ncu00939 are bound by the WCC
in response to a light pulse. Graph represents amount of WC-2 ChIP DNA obtained from either the
promoter or open reading frame (ORF) of ncu07221 (A) or ncu00939 (B) (n=1). Cultures were grown in
DD for 24 hrs and then exposed to a light pulse for the time indicated. In each culture, chromatin
immunoprecipitation with an anti-WC-2 antibody was used to purify genomic DNA bound by the WCC.
ChIP DNA was analyzed using qPCR with primers that amplified either the promoter of the gene (red
squares) or the ORF (blue triangles), and DNA was quantified by the absolute quantification method.
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Figure A-4. The genes ncu07221 is expressed with a circadian rhythm. Representative northern blot
showing ncu07221 mRNA levels from wild type cultures grown in DD and collected at 4 h intervals.
rRNA is used as the loading control. Densitometric analysis of northern blot experiments are shown in the
graph (n=5, ±SEM). The average value across timepoints was set to 50.

150

