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Abstract
An increase in extracellular Ca2+ induces the nuclear localization of the Crz1 transcription factor and
the activation of target genes in yeast. A recent study indicates that nuclear entry occurs in short
stochastic bursts that are unsynchronized within the population of cells. The frequency but not the
amplitude of the bursts is controlled by Ca2+. Modulation of the frequency of the burst coordinates
aspects of expression of Crz target genes.

Signaling pathways must coordinate the activities of dozens or even hundreds of genes in
response to extrinsic stimuli. Activation of these genes, in turn, often sets off cascades of
downstream gene induction, which can give rise to permanent changes, such as cell fate
determination, or transient accommodation to some external stimulus. Keeping such signal
transduction cascades advancing in a predictable way in the face of a host of concurrent
influences must be difficult. What mechanisms assure the coordinate transcription of large
groups of genes that are regulated by a specific signaling pathway?

A recent study in yeast suggests that one way of coordinating the early events in these gene
induction cascades is by modulating the frequency of small bursts of nuclear localization of
transcription factors. By visualizing the nuclear localization of green fluorescent protein
(GFP)–linked Crz1 (Fig. 1A) in single budding yeast cells, Cai et al. found that this calcium-
and calcineurin-sensitive transcription factor moved into the nucleus in a synchronized manner
about 15 to 20 min (τdelay) after extracellular addition of Ca2+ (1). Subsequently, Crz1 exited
and moved back into the nucleus in stochastic, short, un-synchronized bursts of nuclear
translocation events, each lasting about 2 min, during the time that extracellular Ca2+ was
increased. Crz1 exits the nucleus by some undefined but rapid mechanism. The frequency, but
not the amplitude, of these short nuclear bursts of Crz1 was responsive to the concentration of
extracellular Ca2+, such that burst frequency increased with increased extracellular Ca2+. These
bursts were independent of other cellular processes, such as cell cycle, and occurred without
directly preceding spikes in intracellular Ca2+ concentration. The authors also examined
localization of two other yeast transcription factors, the stress-responsive yeast transcription
factor Msn2 and the glucose responsive repressor Mig1, and found similar bursts of nuclear
localization. Both of these transcription factors had previously shown nuclear localization
bursts (2,3); however, in the Cai et al. study, Msn2 and Mig1 bursts were found to be Ca2+-
independent and un-correlated with Crz1 bursts.

The expression of Crz1 target genes (both a synthetic Crz1-responsive reporter construct as
well as an endogenous Crz1 target gene) was proportional to the burst frequency of Crz1 nuclear
translocation, and protein expression followed the exposure to high extracellular Ca2+

concentrations with a 1-and-1/2-hour delay. Removal of Crz1 from the nucleus between bursts
appeared to be incomplete: The total cellular distribution went from highly nuclear to diffuse.
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However, the changes were large enough that a substantial number of target promoters must
have been stripped of the transcription factor yet seemed to “remember” that it was there. The
mechanisms involved in this memory mechanism are not clear, but could involve such
processes as the formation of partially assembled preinitiation complexes or chromatin
remodeling.

Modeling this system with no information about the mechanisms producing rapid exit of Crz1
or the nature of the events taking place during the delay until Crz1 target genes are activated
is challenging. Nevertheless, the authors then mathematically modeled the transcriptional
response to the changes in nuclear burst frequency and found that frequency modulation (FM)
regulation of nuclear translocation bursts would permit coordinated transcriptional regulation
of target genes of a signaling pathway in a manner that is independent of the input function of
the target gene promoter.

To test their prediction, the authors built synthetic reporter genes, which were regulated by
increasing numbers of calcineurin-dependent response elements (CDREs), and also studied
the behavior of endogenous fluo-rescently tagged calcineurin and Crz1 target genes. They
found that the synthetic reporter genes as well as many of the tested endogenous target genes
are coordinated with each other by FM regulation of Crz1 nuclear bursts, despite the fact that
these genes must be regulated by several transcription factors acting in an enhancesome as well
as being controlled by a number of different pathways in addition to calcium-calcineurin. The
90-min delay before target gene activation is perplexing because genes such as fos are activated
and protein appears within 15 min after serum stimulation. Does this long delay imply that
brief intracellular Ca2+ bursts produce an accumulation of some critical intermediate at the
promoter that must achieve a specific level before firing? Does it reflect a higher-order
assembly that would critically affect the mathematical modeling? Or could the long delay be
due to the requirement for another transcription factor at the promoter? If the delay simply
reflects the insensitivity of the GFP assay that the authors used, they will need to adapt a
different assay for accurate modeling.

Nonetheless, frequency modulation could provide a way of coordinating the first wave of gene
expression after an environmental stimulus (Fig. 2). Despite the large number of vertebrate or
insect transcription factors that have been tagged with GFP and observed over long and short
time courses, there seem to be few if any that show these rapid bursts of nuclear localization.
However, some studies using cultured mammalian cell lines have found asynchronous
oscillations in nuclear localization of three transcription factors [p53, nuclear factor κB (NF-
κB), and Hes1] with a much longer time period (2 to 3 hours) (4–8). In the case of NF-κB,
inhibition of oscillatory nuclear shuttling blocked transcription from a NF-κB–dependent
promoter (6).

The first transcription factors shown to function in a quantal or stochastic manner, in that they
are either in an “on” or “off” state, were the nuclear factor of activated T cells (NFAT) (9) and
the glucocorticoid receptor (10). The NFATc family of transcription factors in vertebrates,
which are necessary for lymphocyte activation as well as neural, cardiovascular, bone,
epithelial, neural crest, lymphocyte, muscle, and lung development, are regulated by
calcineurin activity (11–15) like yeast Crz1. Calcium influx in response to numerous receptors
and ligands activates calcineurin, leading to the dephosphorylation and nuclear entry of the
NFATc proteins (16). There, they assemble into NFAT transcription complexes on the
promoters of target genes (Fig. 1B). Although Crz1 is not homologous to NFATc, the
calcineurin binding site and some of the motifs that are dephosphorylated by calcineurin in
Crz1 and the NFATc proteins are similar (Fig. 1, A and B) (17–19).
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Activation of NFAT-dependent transcription in lymphocytes is sensitive to Ca2+ oscillation
frequencies (20–22). In neurons, NFATc translocation to the nucleus is greater in response to
low-frequency stimuli (5 Hz) than in response to high-frequency stimulation (23). During
muscle development, NFAT activity is induced by electrostimulation with a tonic low-
frequency impulse pattern, mimicking the firing pattern of slow motor neurons, but not with
a phasic high-frequency pattern typical of fast motor neurons (24–27). NFATc proteins move
into the nucleus quickly (τdelay = 2 to 10 min) after a Ca2+ stimulus, and single-cell assays in
lymphocytes have shown that promoters are stochastically distributed in either off or on status,
with the intensity of the Ca2+ signal determining the probability of being on (Fig. 1D) (9).

The NFATc pathway also involves negative feedback control at the level of the calcineurin
inhibitor, DSCR1 (Down syndrome critical region 1), also called MCIP1 (modulatory
calcineurin-interacting protein-1) or RCAN (regulator of calcineurin) (28–30), and positive
feedback control on the NFATc1 and c4 promoters (Fig. 1, B and C) (31). The interplay of
these feedback loops could produce oscillations in nuclear localization that depend on the
concentrations of the proteins in the circuit in a specific cell type (Fig. 1C). However, GFP-
tagged NFATc proteins in lymphocytes and neurons accumulate continuously in the nucleus
over 2 to 30 min in response to an increase of intracellular Ca2+ concentration and do not show
bursts of nuclear localization or detectable oscilliations (23,32).

NFATc proteins are rapidly excluded from the nucleus through sequential phosphorylation by
DYRK1a [dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A] and GSK3
(glycogen synthase kinase 3) (23,31,33,34). Mathematical modeling of the NFAT genetic
regulatory circuit indicated that calcineurin-NFAT signaling is robust under most conditions
encountered during development.However, it is particularly sensitive to the gene dosage of
two negative regulators of this signaling pathway, DSCR1 (RCAN1) and DYRK1a, which are
located on chromosome 21 (31). Increased expression of DYRK1a and DSCR1, which
cooperatively reduce nuclear occupancy of the NFATc proteins, destabilizes the NFAT
regulatory circuit and leads to the development of many of the phenotypic features of human
Down syndrome (31).

The advantage of FM regulation of nuclear localization of transcription factors appears to be
in enabling coordination of the activation of large numbers of target genes after a stimulus (Fig.
2). The disadvantage might be that it reduces the information that could be encoded in the
frequency of Ca2+ spikes, which has, for example, been shown to be important in the
development of some NFAT-dependent cell types. It is surprising that similar rapid bursts of
nuclear localization have not been seen in mammal, fly, or worm cells. Could it be that they
have been missed? The studies of Cai et al. indicate that a careful reinspection is worthwhile.
Another avenue for addressing this question would be “reverse mathematical modeling”:
beginning by assuming that there are advantages to coordinating the first wave of gene
activation after nuclear entry of a transcription factor, dreaming up mathematical circuits for
achieving this, and then testing each dreamed-up possibility by searching for corresponding
biological systems and observations to support it. Critical to validation of FM coordination is
whether mutations that affect the oscillatory dynamics of transcription factors underlie
developmental defects, human disease, or both. Perhaps Down syndrome, in which the balance
of nuclear localization of the NFATc family members is tipped toward the cytoplasm by the
increased dosage of the calcineurin inhibitor DSCR1and the NFAT exporter Dyrk1a (31), is
worth careful study in this regard.
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Fig. 1.
(A) Crz1 enters the nucleus in short stochastic bursts lasting about 2 min after undergoing
dephosphorylation in the cytoplasm by the calcium-activated phosphatase calcineurin (Cn)
(1,19). The mechanism through which Crz1 exits the nucleus is not clear. (B) NFATc proteins
are similar to Crz1 in that they are dephosphorylated by calcineurin on similar motifs and enter
the nucleus, where they combine with other proteins to form complexes on the regulatory
regions of target genes (16). The SRR is the serine-rich region, which is multiply
phosphorylated. (C) Feedback loops in the calcineurin/NFAT signaling pathway predict
oscillation with certain parameters (such as concentrations of the proteins) of the pathway that
might be achieved in specific tissues. k, reaction constant. Occ refers to occluded or inactive
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state for calcineurin. (D) NFAT target genes are activated in a stochastic manner with the
probability of being in the on state determined by time after stimulation with Ca2+ (9).
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Fig. 2.
FM coordination. A field of cells undergoing brief stochastic bursts of Ca2+ entry (A) are
brought to coordinated behavior with proportional target gene expression. Gray nuclei in (A)
represent bursts of Crz1 nuclear localization; green nuclei are those in which Crz1 bursts are
not taking place. (B) Both promoters show similar responses to Ca2+ concentration.
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