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Abstract

Transcription is atightly regulated cellular function which can be triggered by endogenous
(intrinsic) or exogenous (extrinsic) signals. The development of novel techniques to examine the
dynamic behavior of transcription factors and the analysis of transcriptiona activity at the single
cell level with increased temporal resolution has revealed unexpected elements of stochasticity
and dynamics of this process. Emerging research reveals a complex picture, wherein awide range
of time scales and temporal transcription patterns overlap to generate transcriptional programs.
The challenge now isto develop a perspective that can guide us to common underlying
mechanisms, and consolidate these findings. Here we review the recent literature on temporal
dynamic and stochastic gene regulation patterns governed by intrinsic or extrinsic signals, utilizing
the glucocorticoid receptor (GR)-mediated transcriptional model to illustrate commonality of these
emerging concepts.

1. Introduction

Transcription studies over the years have produced awide variety of data arguing for an
assortment of temporal patterns, timescales and regulatory mechanisms for this pivotal
cellular process. The existence of some of these patterns became apparent only after careful
analysis of the transcription processin living cells by various microscopy methods, such as
time-lapse microscopy, fluorescence recovery after photobleaching (FRAP), fluorescence
resonance energy transfer (FRET), FCS (fluorescence correlation spectroscopy), and single-
molecule fluorescence tracking (SMT). Using RNA fluorescent in situ hybridization (FISH)
and live cell imaging of MS2- of PP7-tagged RNAs it was discovered at single cell level that
some systems manifest a discrete, burst-like transcriptional activity during arestricted time
period, which is frequently detected in a subpopulation of the examined cells
[18,42,135,203]. However, transcription bursting is not a general phenomenon and
stochastic, uncorrelated transcription events are observed on other promoters [90]. In some
cases transcription responses become synchronous and are readily observed at the level of
the entire cell population [104,156]. Underlying all these phenomenaisthe intrinsic
dynamics of the transcription-associated regulatory proteins at DNA regulatory elements.
We will review some of the examples that define the mechanisms governing the
stochasticity and dynamics of transcriptional regulation.
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2. Dynamics of transcription factors interaction with chromatin

In contrast to the earlier in vitro studies postulating that the interactions of transcription
factors (TFs) with regulatory elementsis stable and persist on atime scale of hours[128],
recent live cell experiments have demonstrated that this processis inherently dynamic and
that TFs are bound to chromatin only transiently with an average time of interaction
measured in seconds [49]. Transient binding was first reported for the activated
glucocorticoid receptor (GR), using FRAP analysis and a tandem array of GR-regulated
promoters[103] (Fig. 1A).

TFs utilize diffusion to rapidly move throughout the cellular environment in an energy-
independent manner, and the diffusion kinetics of a TF is believed to reflect its binding
properties /n vivo[113,164]. Diffusion within the nucleus also allows TFs a quick and
efficient scan of the entire genome which could be completed in minutes. Calculation of the
exact residence time for TFs /1 vivohas been challenging and is an area of active research
[34,57,113,129,163,164]. The proper quantitative modeling and the extraction of the “on”
and “off” ratesfor a TF are also evolving. Different approaches such as FRAP [112],
fluorescence correlation spectroscopy (FCS) and temporal image correlation spectroscopy
(TICS) [101] have been applied with somewhat different outcomes.

Many studies of transcription binding dynamics at promoter elements have utilized artificial
promoter arrays [14,48,103,137,158] which has raised a concern about the physiological
relevance of these studies. Therefore, it isimportant that such interactions were also reported
at endogenous array structures at the ribosomal DNA genesin mammalian cells[29] and at
the naturally occurring CUPL gene array in the yeast [75].

Interactions of TFswith chromatin are associated with local changesin chromatin
accessibility as assessed by sensitivity to DNase | or micrococcal nuclease
[15,55,68,69,195,196]. Details about how DNase | differ from micrococcal nucleasein
analysis of chromatin accessibility can be found elsewhere [185]. Some of the local
chromatin reorganizations are transient ([139] and our unpublished data) contributing to the
overall dynamics of the process. Interestingly, most of the DNase | hypersensitive sites
(DHS) (many corresponding to regulatory elements) are located in distal sites, at a
significant distance from the promoters[68]. These data suggest the existence of functional
long-range interactions between distal regulatory sites and promoters [50,51], some of which
could belong to arelatively stable part of the nuclear architecture, while others could be
dynamic as suggested by earlier studies [126].

In addition to the TFs, other transcription-associated proteins, such as the GR interacting
coactivator GRIP1[7]and chromatin remodeler BRG1 [71] also rapidly exchange with
chromatin. Moreover, it has been recently discovered that the binding of one TF to its
response element does not reduce the steady-state binding of another receptor that has
affinity to the same site. In the case of this “assisted loading,” prior interactions of a TF with
DNA are required for the recruitment of another factor. Mathematical simulations assuming
short residency times for the TFs and relatively long times between the chromatin binding
events fatefully reproduce this noncompetitive state [190]. The emerging picture suggests
that the interaction of TFs and other proteins with chromatin are highly dynamic. However,
some TFs, including the HSF in Drosophila polytene chromosomes [198], Gal4 in
yeast[119] and HIF-1 in human cells [200], appear to have alonger residence time on their
target sites. These findings suggest that some promoters could be regulated in cell-type and/
or tissue-specific manner by exploiting different residence times of their regulatory proteins
for fine-tuning of the desired transcriptional response.
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Transient TF interactions with the regulatory elements pose the question whether other
components of the transcriptional machinery are also dynamic. FRAP experiments
combined with mathematical modeling have studied Pol | [29] and Pol 11 [13,79,198]
dynamics and elongation rates. By directly analyzing the /n vivodynamics of Pol |1 and its
MRNA product as discernible by MS-2 tagging, it was determined that the rate of elongation
for this system istypically 4.3 kb/min, and “pausing” decreases this process to 0.4 kb/min
[22]. Thus, similarly to the highly dynamic interactions observed for TFs, the assembly of
polymerase complexes a so appears to be stochastic and dynamic. For more details on Pol 11
function and pausing see the reviews by DA Gilchrist et a., and D Larson et al. in this
Specia Issue.

The dynamic exchange of transcriptional machinery with the regulatory elementsis aso
tightly regulated. It has been suggested that promoter complexes turnover due to their active
ATP-dependent disassembly by various cellular activities like the remodeling complexes
[37,74,75,118], chaperones[32,38] as well as proteolytic mechanisms[14,35,166]. This, in
turn, suggests that fine-tuning and the dynamics of TFs and accessory proteins may act as a
physiologically relevant mechanism in regulating gene expression /n vivo[44,165,166].

3. Stochastic features of transcriptional regulation at a single cell level

Single cell studies have demonstrated that transcription frequently exhibits burst-like
behavior where RNA syntheses consist of rounds of transcription with multiple molecules
produced per round [18,41,134,203]. Transcription bursting has been observed for different
genesin severa systems, but does not seem to be a general phenomenon. For example,
instead of a burst of transcription, arecent study on transcription initiation and el ongation of
endogenous yeast genes by single RNA microscopy demonstrated that there is no correlation
between individual initiation events for these gene and that initiation events are stochastic
and uncorrelated [90]. Another major finding from the single cell studiesis the discovery of
the inherent randomness of the single cell transcription manifested through considerable
cell-to-cell variability of gene expression and protein levels
[12,89,122,136,152,159,189,201].

Stochasticity is frequently attributed and could be traced to intrinsic and extrinsic sources
[30,33,175]. Importantly, increasing the level of an activating signal does not correlate with
an increase in transcription within the individual cell, but rather results in an increased
fraction of responsive cells[12,18,42,76,81,127,134,146,153,162,170,194].

Single-cell data has been frequently analyzed in terms of the so called two-state (on/off)
model. Thisisthe most widely accepted model that provides important clues on promoter
dynamics (reviewed in [88]). More recently, models focused on general stochasticity
[127,149-151] or on single-gene stochastic expression as a result of the dynamic interplay
between regulatory molecules and epigenetic factors [21], as well as models integrating the
‘two-state model” with the idea of “promoter progression”, [88] have also emerged.

4. Cyclic transcriptional regulations

Cyclic gene transcription activity has been observed in severa systems and can be divided
into two, sometimes overlapping, categories —intrinsic and extrinsic oscillations. Intrinsic
oscillations are attributed to the cyclic nature of the transcription process itself. Some
systems, like the circadian system, exhibit diurnal changesin clock gene transcription levels
even in the absence of exogenous signals. In other cases, like NF-kB signaling, gene
transcription is characterized by intrinsic oscillatory, wave-like activity that occursin a
much shorter timescale and is persistent upon continuous stimulation which will be
discussed later. In contrast, periodic signaling events coming from the (cellular)
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environment are characteristic for the extrinsically regulated transcriptional oscillations.
Therefore, upstream regulatory processes also contribute to the transcription dynamics and
regulation. For example, exogenous pul satile hormone signal s regul ate glucocorticoid
receptor (GR) activity, resulting in gene pulsing, an extrinsic oscillatory transcription
behavior. By comparing transcriptional behavior of many genes over timein NIH3T3 and
U20S cells and the mouse liver, Hughes and colleagues [64] discovered sub-circadian
transcriptional oscillations in the liver, which are largely lost in cell lines. Liver isan organ
that receives and integrates many systemic cues and it is tempting to speculate that thisloss
of sub-circadian harmonicsin cell linesis due to the lack of certain periodic systemic cues.
Recent studies have also demonstrated that both, intrinsic and extrinsic signals contribute to
the variability of gene expression [188]. Separating the two is not trivial and mathematical
methods have been applied to achieve this [56,175]. We will examine some of the systems
exhibiting intrinsic and extrinsic transcriptional behavior in more detail.

4.1. Intrinsic oscillations

Y east “metabolic cycle” is an example of an intrinsic system which does not depend on cell
synchronization or external signals[160,192]. It is documented for yeast cultures growing
under continuous conditions at high cellular density, and is characterized by respiratory
bursts, alternating with a non-respiratory reductive phase, accompanied by cyclic expression
of specific genes[80,183]. Circadian clock is another autonomous system which can persist
without any exogenous stimuli, however, in reality it is a subject of daily entrainment by
exogenous cues like light and feeding [5,46,111,116,142,147,169]. In some isolated cases,
like the /n vitroreconstituted cyanobacterial clock [70] and the circadian rhythms of
peroxiredoxins in the red blood cells [123,124] transcriptional activity is not required.
However, in most cases circadian oscillations are based on a core feedback |oop comprising
complex positive and negative transcriptional /posttrandlational interactions between the
clock genes Clock, Bmall, Perl, Per2, Cryl and Cry2 and their products [125]. In addition,
intercellular coupling in the suprachiasmatic nucleus (SCN) network generates circadian
oscillations from a population of individually arrhythmic cells and confers synchrony and
robustness to the master circadian pacemaker [109]. Recently more complex system-level
approaches and mathematical modeling have been applied to unravel the complex biology of
circadian clocks (reviewed in [61].

As described above, yeast metabolic cycle and circadian clock are endogenously driven
oscillatory events that can proceed without any external stimuli. However, other systems
exhibit distinct oscillatory features only upon exposure to an activating signal. In the latter
case, steady state stimulation is transformed into a wave-like response which may be a better
carrier for complex information with potential physiological significance. A good example,
from yeast, is the strong 45-minutes transcription cycle of the CUPL gene that isinduced by
copper [75].

Another system operating on a short (ultradian) timescale is the “ segmentation clock” in
mammals, in which the oscillations of RNA and protein levels of the helix-loop-helix gene
Hes7 and the related gene Hesl are critical for the somite segmentation of the presomitic
mesoderm (PSM) and proper development of the embryo [2,25,59,73,131]. Many other
factors have been demonstrated to also display oscillatory expression in PSM cells[25]. The
importance of the oscillatory pattern of Hes7 expression isillustrated by the fact that both
sustained expression of Hes7 and its suppression result in somite fusion. Hes7 oscillations
are dueto ashort haf-life of the Hes7 protein that represses its own transcription, and is
degraded within one hour by the ubiquitin—proteasome pathway. In the absence of a
functional Hes7 protein, the Hes7 gene is continuously transcribed in the PSM cells[10].
Thus, the negative regulation of Hes7 expression by Hes7 protein forms a negative feedback
loop that is critical for maintaining oscillations with a period of about 2 h [58].
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Mathematical simulations predict that Hes7 oscillations continue if the half-life of Hes7
protein is 20 min, but not 30 min. In the latter case, Hes7 oscillations are damped after three
or four cycles [58]. Recent studies have also demonstrated the significance of intronic delays
in dynamic Hes7 gene expression [176]. In addition, Fgf and Notch signaling cooperatively
regulate Hes7 oscillations, and conversely, Hes7 oscillations couple and synchronize the
oscillations of Fgf and Notch signaling. Furthermore, oscillations in the PSM become
unstable when PSM cells are dissociated. These results indicate that individual PSM cells
cannot maintain a stable oscillator without cell-cell communication [99,100].
Synchronization of these oscillationsin PSM cells require Notch signaling which could
provide the necessary long-distance coordination [62,67,141].

This system is not only important during development, but seemsto also play arolein the
tissues of a developed organism. It was demonstrated that serum stimulation of cultured
mouse fibroblasts induces ultradian oscillations of the Hes1 gene expression aswell as
oscillations of Stat and Smad. Consequently, the loss of Stat oscillations leads to inhibition
of Hesl oscillations, which impairs cell cycle progression through G1 phase, suggesting that
Hesl oscillations with a defined ultradian frequency is required for efficient cell
proliferation [199]. In spite of extensive studies of somite formation in the embryo since its
discovery over ten years ago, the mechanisms responsible for the production of oscillatory
gene activity are still not fully understood. Other oscillatory signaling activities during
embryogenesisinvolved in development of the limbs, neurite progenitor maintenance, and
others, may serve amore general function than previously thought [3]. Lack of synchrony in
cellular oscillations can also result in divergence of stem cell fate and the degree of
synchrony in rhythmic behaviorsis intimately tied to a key question in devel opmental
biology: how tissues become organized in time and space and how diverse cell types
coordinate with each other.

Oscillations were al so discovered for the cell’ s principle guardian of the genome, the tumor
suppressor protein p53. The p53 and its master regulator Mdm2 are among the most
intensely researched proteins due to their key role in the DNA damage-induced cell death
and apoptosis [107,110,130,148,187]. However, p53 oscillations were only discovered after
the introduction of single cell time-laps microscopy methods with fluorescently tagged p53
and Mdm2 proteins. Different numbers of p53 pulses were detected in genetically identical
cells upon DNA damage, and a negative Mdm?2 feedback loop was inferred. A model in
which p53 molecules are released in quanta until DNA damage is resolved or apoptosis
induced, was also proposed [40,85,86]. However, more recent studies demonstrated that the
nature of p53 pulsesis more complex than previously anticipated. It was shown that they are
at least partially driven by cyclic activation of the upstream signaling kinases, ATM and
Chk2. A complex feedback through ATM mediated by Wipl is essentia for the
maintenance of p53 pulsatility [6].

NF-kB signaling system provides another example of oscillatory behavior upon stimulation
[184]. NF-kB normally resides in the cytoplasm in a complex with IkB inhibitors. In the
presence of inducing signal, such as tumor necrosis factor-al pha (TNF-alpha), the inhibitory
IkB protein is phosphorylated and degraded by the proteasome. Released NF-kB than
translocates to the nucleus and induces transcription from several downstream genes,
including 1kB, leading to its accumulation in the cytoplasm. If the activating signal is still
present, IkB is degraded and NF-kB translocates again to the nucleus, as observed in living
cells[14,120,173,174]. These oscillations are lost at the population level [60,77], where the
cell desynchronisation is masking the oscillatory behavior of the individual cells. However,
when the activating (THF-alpha) signal is applied in a pulsatile manner, a distinct oscillatory
pattern and transcriptional activation from downstream genesis observed [1].

Biochim Bigphys Acta Author manuscript; available in PMC 2013 July O1.
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An interesting system in yeast is reported by Elowitz and colleagues [16], where the
increasing concentrations of activating signal (Ca2*) leads to an increase in the frequency of
nuclear translocation of the transcription factor Crz1, and subsequent bursts of
transcriptional activity. Notably, increased Ca2* concentration did not affect the amplitude
or duration of Crz1 nuclear translocation events. Frequency modulation of the activating
signal, rather than its amplitude, seems to be favored in several cell signaling systems
[16,20]. For example, varying the frequency (timing) of the consecutive NF-kB activation
eventsis associated with cyclic differential regulation of downstream genesin mammalian
cells[1]. TNF-induced signaling is a highly dynamic process resulting in rapid, coordinated,
and repetitive changes in the RNA levels of hundreds of genes[171,172]. On the population
level, the noise of each subsequent cycle increases as aresult of the incomplete resetting of
the components of the signal transduction machinery. Better synchronization and more
uniform signaling of the transcription output is achieved when the necessary resetting period
is taken into account during subsequent activation of the NF-kB signaling [1].

In some cases, multiple signaling components downstream of the TNF receptor, like three
MAP kinases as well as p65, undergo oscillations [65]. In other cases, independent
oscillatory pathways require simultaneous synchronous induction to produce biological
responses [172].

The complexity of the intrinsic oscillatory systemsis believed to be regulated by negative
feedback loops with time delay [121,181]. These mechanisms have been proposed for a
variety of cellular oscillatory systems, such as NF-kB [1,120], p53 [86], Erk2 [157] and the
circadian clock [97]. Other studies suggest that transcription cycles may emerge from the
fundamental kinetics of transcription initiation, elongation and termination [52,92,133]. In
other words, intrinsic periodicity of the processitself isthe basis of the cyclic nature of gene
expression.

One of the best understood systems demonstrating intrinsic oscillatory propertiesisthe
estrogen-responsive pS2 promoter [104,138,156]. Addition of estrogen resultsin sequential
cyclic interaction with the promoter not only of the estrogen receptor, but also of associated
co-activators, co-repressors, chromatin remodelers, histone acetyl-transferases, histone
decactylases, methyltransferases, proteasome complex, chaperones, and other transcription-
related factors. The 45-minute cycles are revealed only after cell synchronization by prior
hormone deprivation and use of inhibitors, like a pha-amanitin [104,105]. It is still to be
determined how the slow (45 min) cycle, described for the pS2 promoter, is related to the
fast exchange rate of the ER measured /n vivoin mammalian cells[158,168]. Previous work
in yeast cells described the existence of a“slow” and “fast” cycle for the binding of
Acelprotein to the naturally occurring CUPL array, and proposed that the fast cycling
initiates transcription and the slow cycling regulates the quantity of mMRNA synthesis[75].
However, itis still unclear how these cycles are temporally and functionally related in the
ER signaling.

4.2. Oscillations governed by extrinsic signhals

Several studies have addressed the responses of gene-regulatory networks and other cellular
functions to extrinsic perturbations that mimic natural cellular habitats, and suggested that
cellular systems have been optimized for robust and timely responses to changesin the
environment [9,82,84,96,144,179]. It has been suggested that stochasticity or the “noise” in
gene expression in response to the same environmental stimuli could provide cell
populations with the flexibility needed to adapt to fluctuations in the environment [72,85].
On the other hand, it was proposed that “noise”-reduction may have benefited the evolution
of eukaryotes and vertebrates [11]. Moreover, ageing and disease are frequently
characterized by aloss of adaptive abilities and increased deregulation and stochasticity of
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gene expression [45]. Examining the genes in the yeast galactose network, Singer and
colleagues [39] demonstrated that transcriptional outputs of genes temporally induced by
galactose are highly coordinated. In contrast, transcription of constitutive genesis not
coordinated, presumably due to stochastic fluctuations. Therefore, dynamic balance between
stochasticity and noise-reduction may be important for proper gene regulation especialy in
multicellular organisms[83].

Glucocorticoid receptor-mediated transcription is an example of an extrinsically regulated
system integrating diverse range of timescales — from seconds to hours. As already
mentioned, GR exchanges rapidly (in seconds) with its regulatory elementsin living cells
[103]. These seminal experiments were performed in a mouse cell line, 3617, containing an
array of the GR-regulated mouse mammary tumor virus (MMTV) promoter followed by a
reporter (ras-bpv) aswell as a green fluorescent protein (GFP)-tagged GR under tetracycline
regulation [191]. High number of GR binding elements at the MMTYV array resultsin alocal
increase of the GFP-GR intensity above nucleoplasmic background allowing unambiguous
array detection and a possihility to study the strength of GR interactions with its regulatory
sites /n1 vivo by photobleaching techniques such as FRAP (Fig. 1). Despite the fact that the
GFP-GR-bound array appears as a stable and well defined bright structure (Fig. 1A), the
resulting FRAP curve pointsto afast rate of GR exchange with these sites which is counted
in seconds (Fig. 1C). Fast FRAP recovery indicates that the photobleached GFP-GR
molecules are replaced with fresh receptors in less than a minute. We refer to thisfast GR
exchange with regulatory elements as “chromatin cycle”. These observations pose a
guestion on the function and mechanisms of the chromatin cycle. It has become increasingly
clear that GR exchange at the array is slower than its exchange measured at any other place
in the nucleus and thisis attributed to the higher strength of GR binding at specific sites
(Fig. 1D). Hormone withdrawal also resultsin afaster GR recovery curve (Fig. 1B, C) due
to the loss of receptor affinity to the GR response elements (GRES) upon hormone
dissociation (Fig. 1E). These changesin GR behavior in response to hormone availability
arecrucial for itsrole asa“sensor” for the hormone level fluctuations. It implies alow
affinity of the natural hormone to its receptor and a short half-life of the GR-hormone
complex, which has been supported by /n vitroand /in vivo studies [114,167]. However,
when dexamethasone, a high affinity synthetic ligand which forms arelatively stable GR-
hormone complex is used, receptor sensitivity to the hormone fluctuations is reduced [167]
(Stavrevaet a 2009). In addition to the chromatin cycle, GR interacts with nuclear
chaperonesin an ATP-dependent manner [63] and isinvolved in a*“chaperone cycle’. This
is driven by a mandatory association of the receptor with the nuclear chaperone machinery
to restore its hormone binding affinity upon hormone dissociation [23,24,98,197] (Fig. 2A).
The chaperone cycle recycles GR by reinstating its ability to bind hormone, when available,
and together with the proteasome machinery serves as a quality control system removing
damaged GR molecules by degradation (Fig. 2B).

Similarly to other proteins, GR movement throughout the volume of the nucleusis
undirected, largely based on diffusion (Brownian motion), and does not require energy
[113,164]. However, GR release from its GRES is an energy-dependent process and several
cellular ATP-dependent complexes such as chromatin remodel ers, chaperones, and
proteolytic systems were found to be involved [32,37,38,118,166]. Multiple lines of
evidence suggest that GR exchange rate may be an additional regulatory mechanism in gene
expression and slower GR exchange at the MMTV array correlates with more mRNA
syntheses [166]. A similar correlation has also been observed for RNA pol | - mediated
transcription [44], suggesting this as a possible general regulatory mechanism.

A complex picture has emerged where the highly regulated fast GR chromatin cycle
correlates with the level of transcriptional activity of the downstream responsive genes. In
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this process, the slower (in order of minutes) chaperone cycle assists the GR chromatin cycle
by providing transcriptionally competent GR moleculesin the presence of the hormone. In
addition, nuclear chaperones bind and sequester unliganded GR molecules to protect them
from proteasome-mediated degradation in the absence of the hormone (Fig. 2B). The result
isatight coupling of transcriptional activity of the GR-regulated genes with the hormone
availabhility, designated as gene pulsing [94,167]. The rationale for both chromatin and
chaperone cycleis not apparent at the level of an individua cell. In other words, thereis no
apparent reason for an individual mammalian cell to develop these elaborate molecular
mechanisms that allow fast responses to hormonal fluctuations in the extracellular
environment, unless such changes are the norm, and not the exception in the life of the cells.
Indeed, if instead of considering these mechanisms at asingle cell level, we view themin
the light of awhole body physiology, their rationale becomes evident. We will briefly
review the temporal secretion pattern of glucocorticoids by the adrenal glands and relate this
pattern to the previously described molecular events, namely the GR chaperone and
chromatin cycles.

Naturally occurring GR ligands (cortisol in humans and corticosterone in rodents) are
involved in avariety of cellular responses primarily by inducing tissue specific
transcriptional regulation of multiple GR-responsive genes, but also through some less
defined nongenomic mechanisms [140]. They synchronize the circadian cellular clocksin
various peripheral tissues[4,78,117], induce GR interactions with the circadian co-
regulators Cry1 and Cry2 [87], and are also involved in the regulation of the cell cycle and
proliferation (reviewed in [26]). Glucocorticoids are released from the adrenal gland asa
result of adynamic interplay between of the circadian activity of hypothalamic-pituitary-
adrenal axis and the rhythmicity of the adrenal gland itself, which isregulated by its own
circadian clock [19]. Changesin plasmalevel of the glucocorticoids show a maximum
before the beginning of the active phase (day for humans and night for rodents), and than
declines to aminimum level in the early resting phase. The fact that glucocorticoid hormone
in mammalsisreleased in a circadian manner is well known and broadly accepted. Much
less known and appreciated is the fact that the actual mode of hormonal releaseis highly
pulsatile or ultradian (Fig.3A). Thisimplies that GR-responsive tissues are subjected to
periodic changes in hormonal concentration, which was recently confirmed experimentally
[28] and these fluctuations are an integral part of normal mammalian physiology. Moreover,
cells are well equipped to detect hormone changes and translate them into specific
transcriptional responses.

To summarize, ultradian (hourly) fluctuations in hormone availability throughout the
circadian cycle (Fig. 3A and B) are “detected” by the receptor which, with the help of the
chaperone machinery (Fig. 2B), forms short-leaving GR-hormone complexes. These
complexes engage in a dynamic exchange with the regulatory elements (Fig. 1D, Fig. 3C)
and dlicit pulsatile transcriptional responses as measured by nacent RNA synthesis (Fig.
3D). Altered patterns of hormone release or increased levels of glucocorticoids are
associated with stress, certain pathological and disease states, as well as with various
neuropsychiatric disorders [115,132,154,155]. The continuous and pulsatile stimulations
eicit dramatically different transcriptional programs[94,102,167] that may have evolved to
eicit divergent physiological responses. Indeed, correlation between the mode of hormone
secretion and downstream physiological effects are well documented for other systems. For
example, continuous or intermittent delivery of the gonadotropin releasing hormone (GnRH)
eicit dramatically different downstream effects [8,43]. The exact mechanisms behind these
effects are not completely understood, but some recent models suggest convergence of
distinct pulsatile signals at the transcriptome [182]. Pulsatile GhRH administration is used
clinicaly for treatment of infertility, while constant administration induces chemical
castration and is used in therapy of prostate cancer [106]. It has also been demonstrated that
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intermittent parathyroid hormone (PTH) administration has anabolic effects on the bone,
improves bone mass density and counteracts glucocorticoid-induced osteoporosis [193],
while continuous PTH administration has catabolic effects and induces bone resorption
[47,145,180]. Some studies have shown that genes positively related to osteogenesis,
BAALC (brain and acute leukemia cytoplasmic), are upregulated by intermittent but not by
continuous PTH administration /n vivo[143] while SOST gene, identified as potent negative
regulator, is downregulated by the intermittent PTH [161]. Further studies are needed to
fully understand the molecular nature of these differencesin response to PTH delivery
patterns.

Another example is growth hormone (GH) secretion which is characterized by an ultradian
rhythmicity generated by the interplay of the stimulatory and inhibitory effects of GH
releasing hormone (GHRH) and somatostatin (Ss), respectively. Cellular levels of Ssand
GHRH mRNA in rat brain measured by in situ hybridization oscillate in ultradian manner
[202], providing a mechanism for the observed GH oscillations. Ultradian GH release
pattern [36,178] is more evident in the male [31]. These sex-specific differencesin the GH
release correlate with certain physiological responses such as body growth [66] and the
activity of hepatic steroid metabolism enzymes [108]. DNA binding affinity of the STAT-5
[177] aswell as the sex-specific DNA hypersensitive sites and corresponding gene
transcription have been a so shown to be temporally related to the GH pulses[91] shedding a
light on some of the potential molecular mechanisms.

These examples show that the patterns of hormone release are crucial for the downstream
physiological effects. The fact that many metabolic and endocrine signals reach their cellular
targetsin a pulsatile fashion suggests an intriguing possibility that cells may possess the
means for extracting information encoded by the various physical parameters of these
signals. For example, it has been suggested that the “calcium code” alows the cellsto
decode the frequency of Ca?* oscillations [27,93]. It could be specul ated that hormone
oscillations may also carry additional information beyond the biochemical properties of the
hormone. If thisis correct, it will be important to understand how these different patterns are
recognized by their targets, and how thisinformation is “decoded”.

Based on our GR studies, we propose that common denominators of an extrinsically
regulated oscillatory cascade include a highly responsive signal transduction pathway(s),
transcription factor dynamics and cyclic changes in chromatin accessibility of regulatory
elements leading to tight coupling of transcription and hormone level fluctuations. We also
speculate that cellular pathways are fine-tuned to read and respond to differential “codes’ of
temporally delivered signals and adjust their transcriptional and other cellular responses for
optimal physiological effects, and that this process is much more common than previously
appreciated.

5. Perspectives

Transcription is one of the most studied cellular functions, yet our understanding of this key
processis still evolving. Some of the most fascinating features of transcription are without a
doubt its stochasticity, dynamic regulation and adaptability found in single cell organisms as
well asin the cells of amulticellular organism. While the single cell must adapt to changes
in the environment, individual cellsin the multicellular organism respond to aweb of
intercommuni cating processes and regulatory signals which are crucial for their function as
apart of atissue or an organ. Clearly, the dynamic features of transcriptional regulation
could be best studied at single cell, single promoter or even asingle molecule level.
However, these properties are best understood in the light of awhole body physiology and

Biochim Bigphys Acta Author manuscript; available in PMC 2013 July O1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stavrevaet a.

Page 10

higher level system biology approach, where extracellular signals, either anticipated or not,
are an integral part of dynamic transcriptional regulation.

The endocrine system is characterized by many periodic features with wide temporal range
including seasonal and monthly reproductive cycles, circadian variations and high frequency
(ultradian) fluctuations [17,53,54,95,186]. Thisis an excellent model for integrating and
regulating diverse transcriptional responses leading to specific physiological outcomes. On
every level of temporal hierarchy thereis a necessity for coordination of diverse signalsto
maintain coherent system states. Dynamic and stochastic assembly of cellular transcription
machinery at gene promotersisideally suited to integrate elaborate intrinsic and extrinsic
inputs with multiple periodicities and translate them to an appropriate gene expression
program.

From hormonal secretion to gene expression, cellular dynamics are rich in oscillatory
regulation. When organized in time and space, they can give rise to long-range coordination
of gene expression. The literature reviewed here suggests that transcriptional output isa
result of the dynamic interplay of diverse regulatory mechanisms, many of which remain to
be discovered.
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Fig. 1. Chromatin cycle—transient interactions of glucocorticoid receptor (GR) with chromatin
revealed by fluorescent recovery after photobleaching (FRAP) method

A) Fast recovery upon laser photobleaching of the GFP-tagged GR (GFP-GR) associated
with its respective regulatory elements demonstrates the transient nature of these
interactions. B) Even faster GFP-GR recovery is observed upon hormone withdrawal. C)
GFP-GR recovery profile in the presence and absence of hormone reflect differential affinity
of the hormone-bound and hormone-free receptor to its regulatory elements. D) Schematic
representation of the transient, nevertheless slower exchange of the hormone-activated
receptor with the regulatory elementsis reflected in the reduced mobility of the FRAP curve
in C. E) Hormone-free receptor loses its affinity to specific sites and is extremely mobile as
demonstrated by its FRAP curvein C.
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Fig. 2. Chaperonecycle
A) Upon dissociation from regulatory elements, GR will either re-enter the chromatin cycle
or lose its hormone. Hormone—free GR is incapable of binding hormone on its own, and

regains its hormone-binding affinity only after association with nuclear chaperone
machinery. B) In the absence of hormone, GR association with chaperone machinery
protects it from proteasome-mediated degradation. Chaperone cycle and proteasome
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machinery recycle or degrade GR molecules, respectively, serving as a GR quality control

system.
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Fig. 3. Ultradian hormone fluctuationsinduce cyclic release of nascent RNA from GR-regulated
genes
A) Glucocorticoids are released from the adrenal glands in circadian, aswell as ultradian
manner. B) Schematic representation of the hormone level fluctuations. C) During the
ultradian peak GFP-GR accumulates at the MM TV array locus, while the ultradian trough is
accompanied with aredistribution of the GFP-GR molecules due to the loss of the affinity of
hormone-free receptorsto their regulatory elements. Photos are adapted from [167]. D)

Hormone level fluctuations lead to pulsatile release of nascent RNA from GR-regulated
genes, or gene pulsing.
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