
Extracellular signals can trigger intracellular signaling 
pathways that frequently involve the translocation of 
transcription factors from the cytoplasm, where they are 
sequestered, into the nucleus, where they elicit gene 
activation. Th e study of translocation dynamics and their 
eff ect on gene expression has many unanswered ques-
tions (Box 1) but has benefi ted in recent years from the 
development of live-cell techniques for the study of 
biological systems. Traditional transcriptional analyses 
often provide an averaged output measured from a cell 
population [1], which tends to mask the behavior of indi-
vidual cells. Using novel approaches, however, it has 
become possible to focus on transcription factor dynamics 
in individual living cells. In a study recently published in 
Molecular Cell, Yissachar et al. [2] use the nuclear factor 
of activated T-cells (NFAT) signaling system pathway 
employed by the immune system to examine the dynamic 
properties of NFAT transcription factor translocation to 
the nucleus in response to extracellular cues in rat cells, 
and discover striking diff erences in comparison to the 
previously characterized p53 and nuclear factor-κB 
(NF-κB) signaling systems.

Transcription factors can exhibit nucleo-cytoplasmic 
oscillations during unperturbed and stress 
conditions
Temporal and spatial information extracted from time-
lapse movies of cells expressing fl uorescently tagged 

transcription factors shows that nucleo-cytoplasmic 
oscillations are common. For example, DNA damage 
leads to increased levels of the tumor suppressor p53, a 
transcription factor, and its negative regulator, trans-
formed Mouse double minute 2 homolog (Mdm2), in the 
nucleus. p53 accumulation follows an oscillating mode of 
approximately 6 hours for each pulse, while Mdm2 makes 
a delayed nuclear appearance but follows a similar 
dynamic pattern [3]. As damage increases, more pulses 
are observed, yet their intensity remains unmodifi ed 
(Figure 1a). Th e basal dynamics of p53 under non-stressed 
conditions show similar pulses; however, these pulses do 
not culminate in gene activation, due to an absence of the 
post-translational modifi cations required to activate p53 
[4]. Similar pulsation phenomena are observed for the 
NF-κB transcription factor after tumor necrosis factor α 
(TNF-α) stimulation. Asynchronous nucleo-cytoplasmic 
2-hour oscillations begin as a response to TNF-α and 
continue for more than 20 hours [5], with the frequency 
of NF-κB oscillations acting as a control switch for the 
expression of diff erent gene sets. Similar experiments 
performed under physiological TNF-α levels show com-
parable 2-hour pulses, although the response is substan-
tially delayed, less synchronized and occurs in a smaller 
fraction of the cell population (Figure  1b), implying a 
mechanism of threshold activation [6].

Transcription factor isoforms: redundancy or 
unique functionality?
Yissachar et al. [2] have now used NFAT transcription 
factors as a basis for investigating how activation dynamics 
can vary between isoforms within a trans crip tion factor 
family. Th e NFAT family consists of fi ve protein members 
(NFAT1 to NFAT5), four of which are regulated by 
calcium signaling. All contain a DNA-binding domain, 
and have an NFAT homology region, which harbors a 
transactivation domain. NFAT1, 2 and 4 are transcription 
factors that function in T cells, and have been considered 
redundant owing to their high sequence and structural 
similarity. Indeed, knockout mice lacking a single NFAT 
gene exhibit only minor alterations in immune response, 
and it is only when additional NFAT genes are knocked 
out simultaneously that an acute immune response 
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emerges. However, accumulating evidence now suggests 
that the transcriptional response can be differentially 
mediated by each isoform, either by way of varying 
expression levels in different tissues or by interactions 
with different co-activators. Since ‘isoform redundancy’ 
is nowadays a term less frequently used to excuse our 
limited understanding of protein diversity, we should 
assume that the distinctness of each isoform lies at 
intricate functional levels yet to be unraveled.

Consistent with this view, the study by Yissachar et al. 
[2] demonstrates that NFAT isoforms harbor functional 
uniqueness. Using an elegant set-up for monitoring 
trans cription factors in living cells, the authors examined 
the dynamics of the transcriptional response produced 
by two NFAT isoforms, NFAT1 and NFAT4, in mast cells. 
The authors dissected the temporal and spatial elements 
of NFAT transcriptional dynamics in response to various 
cues, such as an increase in extracellular calcium or an 
immune response. Their results reveal the true colors of 
NFAT1 and NFAT4 signaling traits and, importantly, the 
subtle yet biologically significant differences in trans crip-
tional dynamics.

Signaling in real-time: from extracellular calcium 
to nuclear transcription factor accumulation
Immunofluorescent staining of endogenous NFAT1 and 
NFAT4 reveals a cytoplasmic localization in mast cells 
under unperturbed conditions. Upon calcium stimula-
tion, NFAT4 translocates to the nucleus in a sub popu-
lation of cells, while NFAT1 remains uniformly cyto plas-
matic across the cell population. Using two-color live-cell 
time-lapse imaging, performed on mast cells stably co-
expressing GFP-NFAT1 or GFP-NFAT4, together with a 
marker of the cell nucleus, NFAT4 is observed shuttling 

in and out of the nucleus, while GFP-NFAT1 does not 
translocate (Figure 1c). The oscillating behavior of NFAT4 
persists for more than 12 hours and consists of irregularly 
dispersed 10-minute periods of nuclear localization. 
Halving the calcium concentration did not reduce the 
duration of NFAT4 nuclear localization or its nuclear 
intensity levels. Nevertheless, low calcium levels did 
reduce the frequency of the bursts, as well as the 
percentage of cells that actually responded to the signal 
(Figure  1c). Altogether, these findings demonstrate that 
an intensification of the extracellular calcium signal 
strength increases both the responsiveness of the cell 
population and the number of translocation events 
within a time period. Interestingly, once the initial signal 
had been relayed, nuclear NFAT4 molecules shifted to a 
dynamic behavior free from calcium level influence. This 
dynamic behavior is probably governed by unidentified 
kinases or binding proteins.

Merging of different extracellular signals on the 
same signaling pathway results in diverse nuclear 
outputs
The calcium-stimulated nuclear translocation of NFAT 
transcription factors is mediated by their dephosphory-
lation at the hands of calcineurin phosphatase. Given that 
the same pathway is activated during an immune res-
ponse, the authors tested the effect of immunoglobulin E 
(IgE) activation on NFAT translocation. Even though 
NFAT4 exhibited nuclear localization bursts in only a 
fraction of the cell population under these conditions, as 
observed with calcium treatment, its translocation 
behavior was notably different in that oscillations ceased 
after only 2  hours or so. Interestingly, an increase in 
antigen concentration brought about a long-lasting nuclear 
NFAT4 localization time (2 to 3  hours) in place of the 
bursting phenotype (10-minute bursts).

As with NFAT4, NFAT1 behavior also differed between 
calcium and IgE stimulations. Whereas calcium did not 
perturb NFAT1’s uniform cytoplasmic distribution, a 
gradual nuclear accumulation occurred over the course 
of several hours. This redistribution was then reversed by 
a slow clearing out from the nucleus (Figure 1c).

Comparative analysis of NFAT isoform 
translocation dynamics
Exhaustive comparative image analysis of NFAT1 and 
NFAT4 behavior in hundreds of cells revealed inherent 
differences in the dynamic performance of transcription 
factor isoforms, even when acting in the same cells and 
responding to the same extracellular signals. First, the 
difference in response times showed a unique behavior 
for each isoform. Under high antigen levels, the NFAT4 
response was highly synchronized in the responding cells 
and reached 20% of its maximum amplitude after 

Box 1. Transcription factor dynamics: unanswered 
questions

Crucial questions regarding transcription factor dynamics in 
the context of signaling pathways remain unanswered, even 
after decades of biochemical analysis. Questions to be explored 
include:

•	 Is	a	single	stimulation	pulse	sufficient	for	the	activation	of	
a particular signaling pathway and for the realization of the 
ultimate transcriptional response, or are several repeated inputs 
required?

•	 Are	cells	sensitive	to	different	signal	intensities,	or	are	they	
instead responsive to the frequencies at which signals arrive?

If we are to understand how cells integrate the information 
arriving at the cell surface into a physiologically meaningful 
transcriptional response, we will need to decipher the kinetics 
of the signaling response. A fruitful approach to addressing 
these questions is proving to be the visualization of transcription 
factors in action at the single-cell level.
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1 minute or so. Decreased antigen levels led to a loss of 
synchronization within the population, but notably, even 
though some cells had a delayed response, the whole 
population finally responded. In contrast, the response 
time for NFAT1 was somewhat slower, averaging over 3 
to 4  minutes, and was unaffected by antigen levels. 
Second, although increased antigen levels led to the 
doubling of nuclear duration times for both NFAT1 and 
NFAT4, the magnitude of NFAT4 nuclear accumulation 
remained constant, whereas NFAT1 exhibited a dose-
dependent increase in nuclear localization. 

Autocorrelation analysis of the NFAT data attributed 
two kinetic populations to NFAT4 nuclear dynamics. A 
slow component (55  minutes) determines the overall 
response duration and is common to both NFAT4 and 
NFAT1, while a fast component unique to NFAT4 
(1.5  minutes) is responsible for nuclear bursts. The 
rapidity of this response substantially differs from the 
prolonged p53 and NF-κB responses [3,5], even though 
NF-κB can respond to the same Fc receptor signaling 
pathway.

A pulsing signal received by the immune system
IgE-mediated activation triggers signaling through the 
constant presence of the signaling molecule in the 
extracellular medium. However, immune cells traveling 
in between cells and tissues are most likely to encounter 
brief and pulsatile signals, as observed during T-cell 
activation and calcium signaling [7]. To simulate such a 
situation in culture, Yissachar et al. [2] used antigen 
pulses of varying durations and varying signal strength. 
They measured a 60-second nuclear import rate for 
NFAT4, which was considerably faster than the 5 minutes 
observed for NFAT1. Correspondingly, nuclear export 
rates of NFAT4 were 3  minutes and 32  minutes for 
NFAT1. When the NFAT dephosphorylation signal was 
terminated with cyclosporine, a calcineurin phosphatase 
inhibitor, similar (fast) export times were observed for 
both isoforms. This observation is consistent with NFAT 
molecules constantly shuttling between the nucleus and 
cytoplasm during signal activation, with the net accumu-
lation of NFAT molecules in the nucleus determining the 
amplitude of the response.

Figure 1. Transcription factor dynamics in single living cells. (a) DNA	damage	affects	transcription	factor	dynamics.	p53	(green)	exhibits	
more	frequent	nuclear	pulses	as	damage	levels	increase	(disrupted	black	and	red	chromosomes).	(b) Increasing doses of extracellular stimulation 
(plus	signs)	affects	the	synchronization	of	the	initial	cytoplasm-to-nucleus	translocation	time.	High	levels	of	TNF-α	increase	the	overall	population	
response,	observed	as	elevated	nuclear	NF-κB	(green)	and	increased	synchronization.	Colored	plots	represent	the	initial	NF-κB	nuclear	translocation	
times	(minutes)	for	each	depicted	cell.	(c) NFAT	isoforms	respond	differently	to	stimuli.	Top:	calcium	levels	modulate	the	frequency	of	NFAT4	nuclear	
localization.	A	rise	in	calcium	levels	increases	the	frequency	of	NFAT4	nuclear	localization	(green)	bursts,	which	last	for	up	to	12	hours,	while	NFAT1	
remains	cytoplasmic	(red).	Bottom:	immunoglobulin	E	(IgE)	mediates	activation	of	NFAT1	and	NFAT4.	In	response	to	low	antigen	levels,	NFAT4	
exhibits nuclear bursts that become sustained nuclear localization at high antigen levels. NFAT1 shows a gradual response to both low and high 
antigen levels, but with higher amplitude at high levels. (d) Unique transcription factor dynamics control gene expression patterns. Pulsed or 
sustained	p53	nuclear	accumulation	(green)	under	DNA	damage	conditions	determines	cell	fate	by	driving	expression	of	distinct	sets	of	genes.	
Pulsed p53 leads to cell recovery and proliferation, whereas sustained p53 ends in activation of senescence or apoptosis pathways.
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Finally, Yissachar et al. established that NFAT1 accu-
mu lation intensifies in response to an increase in either 
the activating signal or the pulse duration. By contrast, 
the same magnitude of response was observed for NFAT4 
irrespective of treatment, although each cell responded 
in an all-or-none fashion. For low antigen levels and short 
pulses, only 10% of the cell population responded, 
whereas long pulses increased this proportion to 65%, 
owing to more cells having an opportunity to respond 
when the signal persisted. Another recent study similarly 
showed a differential outcome on the activation of gene 
transcription between pulsed and sustained signaling of 
p53 [8]. In that study, short p53 pulses delayed the 
activation of genes regulating cell senescence and proli fera-
tion, while prolonged pulses accelerated the expres sion of 
senescence- and apoptosis-related genes (Figure 1d).

Perspectives
Yissachar et al. demonstrate that the mode of trans crip-
tional activation can vary according to a transcription 
factor’s nucleo-cytoplasmic oscillations, and to its sensi-
tivity to the intensity and duration of an activating signal. 
Having established that these variations occur even 
between highly similar transcription factor isoforms, 
leading them to respond quite differently to the same 
signal transduction pathway disseminating through the 
cell, it now remains to be seen how these diverse outputs 
translate to changes in the dynamic make-up of the trans-
criptome. For instance, do transcription factor bursts in 
the nucleus result in stochastic gene expression events? Is 
the number, frequency or length of transcrip tion factor 
pulses exploited by the cell to increase mRNA expression 
levels, or does a gene perhaps become desensitized to the 
signal after its initial expression takes place? By com-
bining live-cell systems for examining transcription 
factor dynamics with those that are capable of tracking 
transcriptional output in real time [9,10], it will be 
possible to comprehensively visualize and analyze the 
complete signaling transcription pathway.
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