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In the originally published version of this paper, panels in Figures 3C, 3D, 5D, and 5E contained incorrect labeling—‘‘scrambled’’

labels should have been written as ‘‘untreated’’. Also, the text describing Figure 5E contained incorrect percentages. The revised

figures and text appear below (text edits indicated in bold).

These corrections do not change the conclusions of the study in any way, and the authors apologize for any confusion these errors

may have caused.

Cytoplasmic Actin Protein Levels Regulate the Transcription of the b-actin Gene
..

Comparing the 20-min time point shows that while during a regular serum response only 73% of the cells in the population had

responded, in actin-depleted cells, 89% of the cells were transcribing b-actin mRNA. Furthermore, in b-actin-depleted cells, 55%

of the cells had three or four active alleles compared to only 15% of the population under normal conditions (Figure 5E).
Figure 3. SRF Knockdown Results in Decreased b-actin Transcription Levels during the Serum Response

.

(C) The average number of active alleles per cell in SRF siRNA-treated cells (green line) versus untreated cells (blue line). Dotted black line represents the average

number of active alleles per cell under steady-state conditions in untreated cells. Inner plot represents the SD of the distribution of active allele numbers for SRF

siRNA and untreated cells (100 cells for each time point; error bar, SD).

(D) Comparing the number of active b-actin alleles for the 10-min time point between SRF siRNA-treated cells (gray) and untreated cells (pink) (100 alleles; error

bar, SD; *p < 0.05, **p < 0.01). Scale bar, 10 mm.
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Figure 5. b-Actin Knockdown Results in Increased b-actin Transcription following Serum Induction

.

(D) The average number of active alleles per cell in actin siRNA-treated cells (red line) versus untreated cells (blue line). Dotted black line represents the average

number of active alleles per cell under steady-state conditions in untreated cells. Inner plot represents the SD of the distribution of active allele numbers for

untreated and actin siRNA-treated cells (100 cells for each time point; error bar, SD).

(E) Comparing the number of active b-actin alleles for the 20-min time point between untreated (white) and actin siRNA-treated cells (gray) (100 alleles; error bar,

SD; *p < 0.05, **p < 0.01).
Cell Reports 1, 1283–1285, November 10, 2015 ª2015 The Authors 1285

http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.10.048&domain=pdf


Please cite this article in press as: Kalo et al., Cellular Levels of Signaling Factors Are Sensed by b-actin Alleles to Modulate Transcriptional Pulse In-
tensity, Cell Reports (2015), http://dx.doi.org/10.1016/j.celrep.2015.03.039
Cell Reports

Article
Cellular Levels of Signaling Factors
Are Sensed by b-actin Alleles to Modulate
Transcriptional Pulse Intensity
Alon Kalo,1 Itamar Kanter,1 Amit Shraga,1 Jonathan Sheinberger,1 Hadar Tzemach,1 Noa Kinor,1 Robert H. Singer,2,3,4

Timothée Lionnet,2,3 and Yaron Shav-Tal1,*
1The Mina and Everard Goodman Faculty of Life Sciences and Institute of Nanotechnology, Bar-Ilan University, Ramat Gan 5290002, Israel
2Department of Anatomy and Structural Biology, Albert Einstein College of Medicine, Bronx, NY 10461, USA
3Transcription Imaging Consortium, Howard Hughes Medical Institute, Janelia Research Campus, Ashburn, VA 20147, USA
4Gruss Lipper Biophotonics Center, Albert Einstein College of Medicine, Bronx, NY 10461, USA
*Correspondence: yaron.shav-tal@biu.ac.il

http://dx.doi.org/10.1016/j.celrep.2015.03.039

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
SUMMARY

The transcriptional response of b-actin to extra-
cellular stimuli is a paradigm for transcription factor
complex assembly and regulation. Serum induction
leads to a precisely timed pulse of b-actin transcrip-
tion in the cell population. Actin protein is proposed
to be involved in this response, but it is not known
whether cellular actin levels affect nuclear b-actin
transcription. We perturbed the levels of key
signaling factors and examined the effect on the
induced transcriptional pulse by following endoge-
nous b-actin alleles in single living cells. Lowering
serum response factor (SRF) protein levels leads to
loss of pulse integrity, whereas reducing actin pro-
tein levels reveals positive feedback regulation, re-
sulting in elevated gene activation and a prolonged
transcriptional response. Thus, transcriptional pulse
fidelity requires regulated amounts of signaling pro-
teins, and perturbations in factor levels eliminate
the physiological response, resulting in either tuning
down or exaggeration of the transcriptional pulse.

INTRODUCTION

The b-actin protein is a building block of the cytoplasmic cyto-

skeleton, and it plays crucial roles in processes such as cell

motility, division, and gene expression (Pollard and Cooper,

2009). The b-actin gene (ACTB) is one of many genes rapidly

induced to transcribe in response to mitogenic signals, such

as serum. The serum response has served as the basis for

studies examining the induction of gene expression (Linzer and

Nathans, 1983). Mitogenic induced transcription is independent

of de novo protein synthesis, and the transcriptional pulse of

such genes, termed immediate early (IE) or primary genes, is fol-

lowed by a second wave of gene induction (Wick et al., 1994).

The transcriptional response of b-actin to serum or growth fac-

tors is mediated by serum response elements (SREs) located
in the promoter region. The response to serum has a well-char-

acterized signaling pathway, culminating in a sharp pulse of

b-actin transcription that arises several minutes after the addition

of serum (Femino et al., 1998). The serum response factor (SRF)

is a conserved nuclear transcription factor that binds to a

consensus sequence, termed the CArG box, in the promoters

of many mitogen-responsive and muscle-specific genes,

including b-actin (Miano et al., 2007; Posern and Treisman,

2006). Recently, a genome-wide study identified�3,100 binding

sites for SRF and 960 serum-responsive SRF-linked genes

(Esnault et al., 2014).

SRF interacts with two types of transcriptional co-factors: (1)

members of the ternary complex factor (TCF) family that bind

E-twenty-six (Ets) motifs adjacent to the CArG box (Posern and

Treisman, 2006), and (2)MTRFs (myocardin-related transcription

factors) whose activity is typically regulated by Rho-family

GTPases and monomeric actin. The recruitment of TCF or

MTRF to promoters is mutually exclusive (Miralles et al., 2003)

due to competition for a common domain of SRF (Hill et al.,

1994). In fibroblasts, the majority of the SRF binding sites identi-

fied recruit MRTFs while only some are bound by TCFs (Esnault

et al., 2014). Additionally, in many of the induced genes, chro-

matin immunoprecipitation (ChIP) analysis shows that MTRFs

promote RNA polymerase II (Pol II) recruitment and activation.

Loss of SRF in transgenic mice shows numerous defects in

developmental pathways, and alteration of SRF levels in human

diseases is disruptive to normal homeostatic processes (Miano,

2010).

Examination of the signaling pathway involving SRF and

MTRF-A (also termed megakaryoblastic acute leukemia [MAL]

or MKL1) has demonstrated the association of this pathway

with the cytoplasmic life cycle of cytoskeletal actin protein

(Luxenburg et al., 2011; Miralles et al., 2003; Salvany et al.,

2014; Vartiainen et al., 2007). In many cell types, MAL is pre-

dominantly cytoplasmic and can rapidly shuttle in and out

of the nucleus (Vartiainen et al., 2007). Upon serum stimula-

tion, MAL localizes to the nucleus, where it can interact with

SRF on target genes (Miralles et al., 2003). Uniquely, the cyto-

plasmic sequestration of MAL is achieved by binding to mono-

meric actin (G-actin). Serum stimulation and Rho signaling
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promote F-actin assembly and thus allow nuclear import of MAL

(Paw1owski et al., 2010).

Imaging of transcription in living cells using fluorescence mi-

croscopy has become an important approach for understanding

the dynamics of gene expression, providing unique information

complementing data obtained from biochemical, molecular,

and bioinformatics approaches (Coulon et al., 2013; Darzacq

et al., 2009; Hager et al., 2009). Other studies have examined

the dynamics of signaling proteins in response to signaling

cues (Kalo and Shav-Tal, 2013; Purvis and Lahav, 2013). How-

ever, because the influence of the signaling proteins on tran-

scription kinetics of a specific target gene was not directly

measured in real time, high-resolution quantitative information

on the impact of factors on downstream gene expression in living

cells is lacking. Moreover, the transcription-based studies in

mammalian cells have typically been performed on exogenous

gene constructs (Brody et al., 2011; Darzacq et al., 2007; Janicki

et al., 2004), and it was not possible to directly examine tran-

scription on endogenous genes, let alone on the identical alleles

of the same gene in the same cell.

In this study we followed the transcriptional activity of single

alleles in real time during signal transduction by analyzing the

serum response pathway from the signaling factors to the tran-

scription kinetics of the endogenous b-actin gene. We asked

how crucial the physiological levels of signaling proteins are for

the fidelity of the generated transcriptional pulse.

Using a cell system in which the endogenous b-actin mRNAs

are labeled during transcription, thereby serving as a marker

for quantifying the transcriptional output, we could follow the ki-

netics of signal dissemination reaching the b-actin gene after

addition of serum. Uniquely, this quantification was performed

on several b-actin alleles simultaneously, within fixed cells and

single living cells. We examined how changes in the amounts

of key proteins involved in the signaling pathway influenced the

transcriptional pulse. The response was abrogated when the

levels of the transcription factor SRF were reduced, resulting in

a subdued and impotent transcriptional response. In contrast,

we discovered a positive feedback mechanism whereby

reduced cytoplasmic b-actin protein levels led to the upregula-

tion of the b-actin transcriptional output and to a highly coordi-

nated serum response. This study shows that regulated amounts

of signaling factors are required in order for the cell to achieve a

uniform transcriptional pulse from several alleles; otherwise, the

response is either eliminated or exaggerated. The very rapid time

frames of signal propagation from the cell membrane to the pro-

moter and nucleo-cytoplasmic transport kinetics of mRNAs, as

measured in this study, underscore the timescales of gene

expression dynamics revealed from living-cell measurements.

RESULTS

Quantifying the Transcriptional Pulse of the b-actin

Gene after Serum Induction
Mouse embryonic fibroblasts (MEFs) generated from a trans-

genic mouse containing an integration of 24 MS2 sequence

repeats in the 30 UTR of both b-actin alleles were used. The

immortalized MEFs stably expressed the MS2-YFP fusion coat

protein (MCP-YFP) with a nuclear localization sequence (NLS),
2 Cell Reports 11, 1–14, April 21, 2015 ª2015 The Authors
thereby allowing the detection of endogenous b-actin-MS2

mRNAs in living cells. It was confirmed that neither the MS2 re-

peats nor the MCP-YFP protein affected b-actin mRNA levels

and that the known serum response was intact (Lionnet et al.,

2011). The MEF cell line had a tetraploid karyotype, harboring

four b-actin alleles. This proved useful for the simultaneous

tracking of four alleles per cell, instead of the usual two, to

thereby obtain significant information as to the correlation of ac-

tivity between identical alleles.

We used the MEFs to characterize and quantify the response

of the b-actin gene to the signaling pathway activated by serum

and then to examine the effect that key players of the signaling

pathway have on the nature of the transcriptional response.

We first measured the kinetics of the induction of the four alleles

during the serum induction response. A cell population under

normal growth conditions in the presence of serum exhibits the

whole range of numbers of active alleles (Figures 1A and 1B),

with two active alleles per cell dominating (38% ± 2%). In

contrast, overnight serum-starved cells showed a significant

decrease in activity, with 52% ± 5% of the population showing

no active alleles and 34% ± 3% with only one allele (Figures

1A and 1C). No cells had four active alleles, and only 2% ± 1%

had three active alleles.

To follow the induction timescale, starved-cell populations

were released from starvation by the direct addition of serum

into the medium and were then fixed at the indicated times for

a period of 30 min (Figure 1A; Movie S1). A change in the tran-

scriptional response was detectable already at the 5-min time

point (Figure 1D). A clear shift in the number of active alleles

was detectable at 10 min post-serum addition (Figure 1E), with

a peak of activation at 15 min (Figure 1F), the latter showing

that 52% ± 5% of the population now had three active alleles

per cell and 44% ± 6% of the population had either four or two

active alleles. At 20 min, the response sharpness was reduced

(Figure 1G) and continued to subside at 30 min (Figure 1H). Spe-

cifically, while at 15 min after serum over 95% of the cells in the

population had two active alleles or more, by 20 min, 27% ± 3%

of the cell population already had no active alleles. Plotting the

average number of active alleles over time (Figure 1I; black

dotted line denotes the average number of active alleles in an un-

perturbed cell population) exemplifies the rapid increase in the

number of active alleles in response to serum release, peaking

between 10 to 15 min and then returning to steady-state levels.

We next wanted to examine whether the increase in the num-

ber of active alleles is necessarily correlated with increasing

levels of b-actin transcription. For this purpose, we quantified

the number of nascent mRNAs associated with each active allele

for all the time points. The analysis was performed using single-

molecule mRNA fluorescence in situ hybridization (FISH) quanti-

fication with a fluorescent probe specific to the MS2 sequence

repeats located in the 30 UTRof the b-actinmRNAs, as described

previously (Yunger et al., 2010, 2013) (Figure S1). Active b-actin

alleles in untreated cells (steady state) had an average of 10 ± 3

nascent mRNAs associated with the gene (Figure 2A). Interest-

ingly, the minor population of active alleles observed in serum-

starved cells produced the same number of nascent transcripts

as in untreated cells, suggesting that during serum starvation,

b-actin alleles are mostly in an inactive state, but if active, they



Figure 1. Dynamics of b-actin Gene Activation following Serum Induction

(A) Active b-actin alleles (arrows) are detectable with the MCP-YFP protein (green) that binds to the b-actin-MS2 nascent mRNAs. Different numbers of active

alleles are observed at each time point from serum release following overnight serum starvation. Hoechst DNA counterstain (blue) and differential interference

contrast (DIC) (gray). Scale bar, 10 mm.

(B–H) Counting the number of active alleles for the indicated time points from serum release (100 cells for each time point; error bar, SD).

(I) The average number of active alleles per cell for each plot shown in (B)–(H). Dotted black line represents the average number of active alleles per cell under

steady-state conditions (from plot B). Inner plot represents the SD of the distribution of active allele numbers for each plot shown in (B)–(H).
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can reach steady-state levels. A significant increase to 34 ± 13

nascent mRNAs per allele was observed from 10 through

20 min, in accordance with the peak of allele activation

described above (Figure 1). The high activity of the genes began

to diminish at 30 min (Figure 2A).

The increase in the average number of nascent transcripts per

allele following serum induction (Figure 2A) suggests that the

alleles are shifted to a higher mode of transcriptional activity. In

order to examine if the gene can indeed transcribe to different

levels, we fit the data from each time point to a Poisson distribu-

tion. Under steady-state or starved conditions, we expected the

number of transcripts per active allele to follow a Poisson distri-

bution, meaning that the gene has a single mode of activity (Dar

et al., 2012; Senecal et al., 2014). This was the case, pointing to a
single transcription mode generating a relatively small amount of

mRNA product (Figures 2A and S2A, red and black bars). How-

ever, during 10–20 min of serum release, transcription levels

increased with higher number of nascent mRNAs per active

allele, which no longer fit a Poisson distribution (Figure S2A,

pink, yellow, and green histograms). After 30 min, the number

of nascent mRNAs decreased and again fit a Poisson distribu-

tion. These findings suggest the existence of more than one

‘‘ON’’ transcriptional mode while the cell gears up to respond

to the activation by serum, and they explain the transition from

the narrow RNA distribution on each allele to a wide one during

the serum response (Figure S2B). Finally, we could show that

there was a positive linear correlation between the number of

active alleles and the increase in nascent mRNAs associated
Cell Reports 11, 1–14, April 21, 2015 ª2015 The Authors 3



Figure 2. Quantitative Analysis of the b-actin Transcriptional

Response to Serum Induction

(A) The number of nascent mRNAs transcribed by the b-actin alleles at different

time points after serum induction was counted by quantitative RNA FISH. The

peak between 10 and 20min and decline after 30min are depicted with a black

dotted line. The red bar represents the average number of nascent b-actin

mRNAs under steady-state conditions (30 alleles for each time point; error bar,

SD; *p < 0.005, **p < 0.0001).
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with the active alleles over time (Figure S2C), altogether showing

that serum induction relays a double message by increasing the

number of transcribing alleles and elevating the levels of mRNAs

transcribed from each of the alleles.

The transcriptional pulse generates a pool of mRNAs en route

to the cytoplasm. In order to detect this nucleo-cytoplasmic

mRNA wave, we counted the total number of b-actin mRNAs

found throughout the nucleus and the cytoplasm (Figures S3A–

S3I). A positive linear correlation between the number of nuclear

and cytoplasmic b-actin mRNAs was observed regardless of the

cell volume (Figure S3J). We could therefore present these

numbers as a ratio between the cytoplasmic and nuclearmRNAs

(C/N ratio; Figure 2B) without normalizing to the nuclear volume.

The C/N ratio was always of high value, since most of the mRNA

population normally resides in the cytoplasm. Uniquely, we

observed a declining C/N ratio from the time of release from

serum starvation and through 15 min after release, due to the

elevated levels of mRNA transcription observed during the

serum response (Figure 2A) and the subsequent wave of nuclear

b-actin mRNAs on their way to the cytoplasm. Specifically, we

detected a change at 5 min after serum and a significant change

at 15 min, which is the peak of the transcriptional pulse. After

15min, the C/N ratio began to climb back up, reflecting a decline

in the rate ofmRNAproduction. These data portray the timescale

of the moving wave of nuclear b-actin mRNAs being exported as

a result of the transcriptional pulse (Figure 2B).

Despite the elevated transcriptional response during serum in-

duction, only some of the cells in the population activated their

four b-actin alleles. To ascertain the point of the transcriptional

peak, which seemed to occur when three rather than four alleles

were activated (Movie S2), we used the coefficient of variation

(CV) of allele activity within each cell. We expected to find low

variance in transcription levels when the peak of the pulse had

been reached and the alleles were responding with maximum

output. The CV is obtained by dividing the SD by the average

number of nascent transcripts counted on each allele in the

same cell. The values obtained are dimensionless and therefore

comparable, describing the variation in transcription levels be-

tween the alleles (Figure 2C). The variation in transcription levels

in cells exhibiting two to four active alleles was presented as a

normalized plot for the different time points. Each dot represents

the CV for a particular cell.

The analysis shows that in untreated cells, there was a wide

distribution of CV values per cell as expected, since there was

no signal to coordinate between the alleles. In contrast, in
(B) The C/N ratio was calculated by counting the number of b-actin mRNAs in

the nucleus and cytoplasm. Nuclear b-actin mRNA accumulation is observed

for 15 min after serum release (decreasing C/N ratio), and from 15 min, an

increase in the C/N ratio is seen due to the decline in the b-actin transcriptional

pulse in conjunction with mRNA nucleo-cytoplasmic export. The dotted black

line represents the average C/N ratio in cells under steady-state conditions (15

cells for each time point; error bar, SD; *p < 0.005).

(C) Top: the coefficient of variation is obtained by dividing the SD by the

average number of nascent transcripts counted on each allele in the same cell.

Orange, pink, or blue circles represent single cells exhibiting two, three, or four

active alleles, respectively. Bottom: the averaged sum of intensity of all active

alleles for each time point from the top plot (ten cells for each time point; error

bar, SD).



Figure 3. SRF Knockdown Results in Decreased b-actin Transcription Levels during the Serum Response

(A) SRF mRNA levels were reduced by siRNA (error bar, SD; *p < 0.0005). A scrambled siRNA (scr-siRNA) was used as a control, and expression levels were

normalized to GAPDH mRNA levels.

(B) b-actin active alleles at the 10-min time point comparing cells treated with Cy5-labeled siRNA to SRF (cytoplasmic magenta dots) to scr-siRNA. Active alleles

were detected by MCP-YFP (green) and endogenous SRF levels by immunofluorescence to SRF (red), Hoechst (blue), or DIC (gray).

(C) The average number of active alleles per cell in SRF siRNA-treated cells (green line) versus scr-siRNA (blue line). Dotted black line represents the average

number of active alleles per cell under steady-state conditions in cells treated with scr-siRNA. Inner plot represents the SD of the distribution of active allele

numbers for SRF siRNA- and scr-siRNA-treated cells (100 cells for each time point; error bar, SD).

(D) Comparing the number of active b-actin alleles for the 10-min time point between SRF siRNA-treated cells (gray) and scr-siRNA (pink) (100 alleles; error bar,

SD; *p < 0.05, **p < 0.01). Scale bar, 10 mm.
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serum-starved cells that did exhibit basal transcription from

several alleles (Figure 2A), there was a reduction in the CV per

cell, because all alleles were transcribing at low levels. Serum in-

duction increased the variation levels for two (orange dots) or

three activated alleles (purple dots) until the 20-min time point.

Then, the CV levels declined substantially, suggesting that a

steady state had been reached, where all three activated alleles

exhibited similar transcriptional outputs (Figure 2C, 20 min pur-

ple dots). This is in agreement with the data (Figures 1 and 2A)

showing that three active alleles at 20 min transcribe to the high-

est levels. In contrast, in cells treated with serum for 5–15 min,

there was variation in the levels of activity between the alleles

in each cell, indicating that the system was still responding to

the signal and had yet to reach its climax. The variation levels

for four active alleles remained high due to high variation in the

amount of nascent transcripts among four alleles in the same

cell (Figure 2C, blue dots), suggesting a difference in the syn-

chronization of the serum response for three versus four alleles.

The issue of coordination between alleles will be examined

below.

The peak of the response could also be seen by summing the

average intensity for all transcribing alleles at each time point,

showing that transcriptional activity increased from the moment

of serum induction and peaked between 10 and 20 min with the
activation of three alleles (Figure 2C, bottom, orange and purple

lines). Appearance of the forth allele was accompanied by a

decrease in the average allele intensity, indicating that total tran-

scription levels drop toward the end of the serum response (Fig-

ure 2C, bottom, blue line). The peak of the response with three

and not four alleles might imply that the availability of signaling

factors dictates the strength of the transcriptional output. There-

fore, we perturbed the levels of crucial factors and examined the

fidelity and integrity of the transcriptional response.

SRF Is Crucial for the Fidelity of the Transcriptional
Serum Response
SRF is a nuclear transcription factor that binds to several

sites in the b-actin promoter and mediates the serum response.

Using small interfering RNA (siRNA) specific to murine SRF, the

levels of SRF mRNA (Figure 3A) and protein (Figure 3B) were

significantly reduced. A significant decrease in serum response

kinetics was observed following SRF knockdown, and only a

moderate response peak at 15 min was seen (Figure 3C). While

the regular response prompted the simultaneous activity of

three alleles on average, knockdown of SRF amounted to an

average of only two active alleles (Figure 3C). Examination of

the 10-min time point shows a statistically significant shift toward

lower numbers of active alleles, namely, only 79% of the cell
Cell Reports 11, 1–14, April 21, 2015 ª2015 The Authors 5
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population had responded at 10 min compared to 92% under a

regular serum response. Also, a dramatic reduction in the cell

population with four active alleles was observed (Figure 3D).

Moreover, the fluorescence intensity of the active alleles in the

images was weaker (Figure 3B), and indeed quantification of

the number of nascent transcripts showed a significant reduc-

tion in the transcriptional output (Figure S4A) and no correlation

between allele activation and nascent mRNA levels (Figure S2C).

Altogether, this demonstrated that regulated amounts of nuclear

SRF are required for the sharp transcriptional serum response;

otherwise, activation was significantly toned down.

The above quantifications portray a static picture for the

different time points. In order to examine the effect of reduced

SRF levels on the dynamic properties of the serum response,

we implemented time-lapse imaging into the analysis and char-

acterized transcription kinetics using three parameters: (1) the

time to reach gene activation from serum induction, (2) the

time frame during which the gene remains active, and (3)

whether the activation of the alleles is coordinated. We identi-

fied cells that received the siRNA to SRF using fluorescently

labeled siRNA (Figures 3B and 4A; Movie S3). Examination of

these cells over time pointed to lower levels of transcriptional

activation and to less active alleles compared to cells that did

not receive the siRNA (Figures 3C and 4A; Movie S4). Measure-

ments of the actual time span during which the alleles were

active showed that under regular conditions, the transcriptional

response to serum lasted from 10 to 25 min, with some alleles

continuing to transcribe for up to 40 min. However, reduced

levels of SRF shortened the activation times to between 5 to

15 min only (Figure 4B). Moreover, while the appearance of

active alleles several minutes after serum addition indicates

that the extracellular signal has reached the promoter, under

reduced SRF levels, the sharp response time was lost and a

wide range of response times (up to 8 min) was observed (Fig-

ure 4C). This implied that the integrity of the signaling chain had

been impaired and could not relay the extra-cellular signal in a

reliable manner. Indeed, the C/N ratio measured under SRF-

knockdown conditions showed that the wave of nuclear b-actin

mRNAs was lost, thereby subduing the transcriptional response

(Figure S4B).

To display the disarray in the transcriptional response

following reduction of SRF levels, we calculated the response

correlation coefficient between alleles in the same cell (Fig-

ure 4D). Under regular conditions, it was common to observe

that alleles in the same cell were synchronously induced with

the same kinetics, thus having positive correlation coefficients

(Figure 4E). However, when SRF levels were reduced, the corre-

lation scores were reduced and widely distributed (Figures 4D

and 4F), suggesting that signal perpetuation was disordered

and therefore allele activationwas non-synchronized (Figure 4G).

In contrast, the distribution of the correlation scores under un-

perturbed conditions was tight, signifying the integrity of the

signaling pathway.

Cytoplasmic Actin Protein Levels Regulate the
Transcription of the b-actin Gene
The serum response results not only in the interaction of SRF

with b-actin promoters but also in the assembly of cyto-
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plasmic b-actin filaments (F-actin) from now-available G-actin

monomers. Therefore, we postulated that a reduction in avail-

able b-actin protein might increase MAL nuclear accumulation

and thus trigger an induction in b-actin transcription, thereby car-

rying out a positive feedback. b-actin mRNA and protein levels

were significantly reduced using siRNA knockdown (Figures

5A–5C). The kinetics of b-actin allele transcriptional induction

by serum showed that under b-actin-depletion conditions, the

gene responded more rapidly, reaching the peak response at

10 min, which lasted longer than in unperturbed cells, and cells

exhibited a relatively high number of active alleles (Figure 5D).

Comparing the 5-min time point shows that while during a regu-

lar serum response only 58% of the cells in the population had

responded, in actin-depleted cells, 82% of the cells were tran-

scribing b-actin mRNA. Furthermore, in b-actin-depleted cells,

37% of the cells had three or four active alleles compared to

only 12% of the population under normal conditions.

We next characterized the response dynamics with the same

parameters used in the SRF-depletion experiments. Time-lapse

imaging showed a fast and elevated transcriptional response

(Figure 6A; Movie S5). The duration of allele activation was

significantly prolonged, at times reaching up to an hour (Fig-

ure 6B), and the wave of endogenous mRNAs released from

the genes could be followed (Figure S5A; Movies S5 and S6).

However, the time to begin activation from serum addition had

a wider distribution compared to unperturbed conditions (Fig-

ure 6C). Correlation coefficients showed that the serum

response continued to be highly synchronized despite the in-

crease in the number of cells transcribing from all four alleles

(Figures 6D–6G). Since the fluorescence intensity of the tran-

scribing alleles in actin-depleted cells appeared stronger, we

quantified the number of nascent transcripts associated with

the active alleles. Indeed, there was a 1.5-fold increase in the

number of nascent transcripts compared to untreated cells.

The increase occurred gradually and reached the peak of activ-

ity at 35 min after serum addition and subsided after an hour

(Figure 7A). This was significantly different than untreated cells

(now quantified for an hour time frame as well) and SRF-

depleted cells (Figure S4B), and it was seen also for the total

nascent mRNAs per cell (Figure S5B). The C/N ratio remained

low for a longer time (Figure 7B; until 30 min after serum,

compared to 15 min in untreated cells) indicative of the

extended time period of gene activity in response to serum.

Altogether, these data show that reduction in b-actin protein

levels positively feed back to the b-actin gene to induce a strong

transcriptional response following serum release, reflected by

high transcription levels, a long-lasting response, and high syn-

chronization among the four active alleles.

Potential for Coordinated Allele Transcription in a Cell
Population Is Defined by SRF and Actin Availability
The serum response causes a shift to coordinated allele activa-

tion compared to the stochastic activation observed under

steady-state conditions. This was measured in single cells. To

examine the behavior of the allele activation within the cell pop-

ulation, we modeled the data to examine the potential of a cell to

initiate b-actin mRNA transcription. We wished to understand

whether the levels of SRF and actin influence the probability to



Figure 4. Low Levels of SRF Abolish the Integrity of the b-Actin Serum Response

(A) Frames from Movie S3 showing an un-transfected (right) and Cy5-labeled SRF siRNA-transfected cell (left, cytoplasmic magenta dots) during serum release

following overnight starvation. Serumwas added directly to cells under themicroscope and images were acquired after 2min of focus adjustment (every 1min for

1 hr). The sum intensities of the active alleles over time (white and magenta arrows) were measured in the MCP-YFP channel (green). Scale bar, 10 mm.

(B andC) Kinetic analysis of the transcriptional serum response of the b-actin alleles shows the total duration activation time of the transcribing alleles (green), and

the time to reach activation from serum induction (blue), for each allele in scr-siRNA (n = 84) and SRF siRNA-treated cells (n = 54).

(D) Correlation scores were calculated between all possible pairs of active alleles (red) for scr-siRNA (n = 75 pairs) and SRF siRNA-treated cells (n = 51 pairs).

(E and F) The sum intensity over time for three active alleles in the same cell (blue, red, and green lines) for an untreated (E) and a SRF siRNA-treated cell (F). The

maximum intensity of each allele was normalized to 1, and the Pearson correlation score (r) for each allele pair was measured.

(G) Boxplot representing the distribution of all Pearson correlation scores for each allele pair in scr-siRNA (green) and SRF siRNA-treated cells (magenta); (n = 75

scores and 51 scores respectively; median indicated as black line, *p < 0.0001).
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Figure 5. b-Actin Knockdown Results in Increased b-actin Transcription following Serum Induction

(A) Cells treated with scr-siRNA or siRNA to b-actin stained with phalloidin/fluorescein isothiocyanate (green), Hoechst (blue), or DIC (gray). The reduction in actin

stress fibers is seen, while MCP-YFP remains.

(B) b-actin expression levels at the 10-min time point comparing cells treated with Cy5-labeled actin siRNA (cytoplasmic magenta dots) or scr-siRNA. Active

alleles detected by the MCP-YFP protein (green). b-actin protein levels were examined by a b-actin antibody (cyan) and Hoechst (blue). Scale bar, 10 mm.

(C) b-actin mRNA levels were reduced by siRNA (error bar, SD; *p < 0.0005). A scrambled siRNA was used as a control and expression levels were normalized to

GAPDH mRNA levels.

(D) The average number of active alleles per cell in actin siRNA-treated cells (red line) versus scr-siRNA (blue line). Dotted black line represents the average

number of active alleles per cell under steady-state conditions in cells treated with scr-siRNA. Inner plot represents the SD of the distribution of active allele

numbers for scr-siRNA and actin siRNA-treated cells (100 cells for each time point; error bar, SD).

(E) Comparing the number of active b-actin alleles for the 20-min time point between scr-siRNA (white) and actin siRNA-treated cells (gray) (100 alleles; error bar,

SD; *p < 0.05, **p < 0.01).

Please cite this article in press as: Kalo et al., Cellular Levels of Signaling Factors Are Sensed by b-actin Alleles to Modulate Transcriptional Pulse In-
tensity, Cell Reports (2015), http://dx.doi.org/10.1016/j.celrep.2015.03.039
initiate transcription within a cell population. Since each allele

transcribes independently from other alleles (in the same cell

and in the population) (Figure S2C), we fitted the data extracted

from counting active alleles at different time points of serum

release to a binomial distribution (Figure S6; Table S1). A bino-

mial model can predict if there is more than one population

with different probabilities to activate the b-actin gene. The exis-

tence of a single population with the same high probability to

activate the gene is defined as a coordinated expression state

where there is a high chance of finding active alleles in each

cell. In a case where there are sub-populations with different

probabilities of gene activation, we define a stochastic expres-

sion state where cells activate the gene in an uncoordinated

manner. The analysis revealed that under some conditions there

were sub-populations of cells significantly differing in the proba-

bility to activate their alleles, namely, high or low probability to

activate transcription in response to serum. As expected, under
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serum-starvation conditions, there were always sub-populations

with different probabilities for allele activation, in agreement

with the RNA-quantification experiments (Figures 1C and 2A)

showing that some starved cells do not transcribe b-actin

mRNA while others can express the gene to the same levels as

in steady state. Starved, actin-depleted cells also had sub-pop-

ulations but with relatively high probabilities to activate the gene

compared to normal actin levels, emphasizing the positive feed-

back when actin levels were reduced and suggesting that under

these conditions, all cells in the population are primed for

activation.

Sub-populations were also observed at the 5-min time point

after serum release for all conditions, with higher probability to

activate in actin-depleted cells. This changed at the peak of

the response (10–15 min) where cells exhibited well-coordinated

gene activation detected from one population with high probabil-

ity to activate. This, however, was lower in SRF-depleted cells.
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Looking at 20 min and onward, in untreated and SRF-depleted

cells, there were again sub-populations, in contrast to actin-

depleted cells where one population with high activation proba-

bility was sustained.We suggest that the sub-populations reflect

different gene-activation potential depending on the amount of

available factors responsible for activating the gene. This anal-

ysis points to the ability of cells to modulate transcription levels

by sensing perturbations in the levels of key factors involved in

the signal pathway.

DISCUSSION

Transcriptional Output Levels Are Transiently
Modulated in Dependence on Cell State
Kinetic measurements in living cells offer tools for studying gene

expression in real time. Using a unique endogenous system for

following transcription kinetics of an important gene in vivo,

generated via a knockin mouse approach, we have been able

to quantify the serum-induced transcriptional output of the

b-actin gene at high spatial and temporal resolution. In this

approach, we have used not the translated protein product as

the measured output but rather b-actin mRNA levels that are in

fact the initial output generated in response to the signal. The

analysis was performed in single, fixed and living cells,

comparing between identical alleles of the b-actin gene. Reduc-

tion of actin protein levels led to the strengthening of the tran-

scriptional pulse, whereas an ineffective pulse was found when

SRF levels were reduced.

At steady state, the average cell population exhibited two

simultaneously active b-actin alleles. At the peak of the pulse,

most cells exhibited three active alleles. While this might suggest

that there is not enough signaling/transcription factor to activate

the full set of four alleles, the fact that reduction of actin protein

led to a 2-fold increase in the number of cells exhibiting four

alleles shows that the factors necessary for full activation of all

four alleles are present in sufficient quantities. This suggests

that signaling levels can be modulated to reach the required

transcriptional output depending on the state of the cell. This,

together with the quantitative mRNA analysis, means that at

steady state, the b-actin gene does not realize its full transcrip-

tional capacity. The serum response shifts to a higher transcrip-

tion gear, but apparently even then the limit of activity has yet to

be reached, since actin depletion in conjunction with the serum

response culminates in an even stronger transcriptional output.

Moreover, the data show that perturbing the cellular levels of

the signaling proteins eliminates the pulse-like behavior of the

serum response, resulting in either a feeble attempt at gene

activation (SRF depletion) or an exaggerated transcriptional

response (actin depletion) not resembling a pulse anymore.

Thus, the precision of a transcriptional response is governed

by expression of the ‘‘correct’’ amounts of signaling proteins;

otherwise, the signal timing will be off, the response sharpness

will be dampened, and the output will be inaccurate.

Signaling Protein Levels Influence the Probability of an
Allele to Begin Transcribing
Transgenic mice with deletions in the SRF gene show defects in

many organs (Miano, 2010) and in embryogenesis (Luxenburg
et al., 2011). Varying levels of SRF are associated with different

human diseases, suggesting a role in disease pathogenesis.

SRF siRNA-depleted cells are faulty in cell adhesion, spreading,

invasion, and motility properties (Medjkane et al., 2009). In this

study, perturbation in the levels of SRF or actin led to a significant

change in the duration of the transcriptional pulse.We compared

the different gene-activation patterns during serum response by

measuring the signal intensity of each allele for each treatment

over time. While the time frame during which allele activity was

first detected was in the several-minutes range for all treatments

(Figure 7C), the duration of gene activation decreased after

SRF knockdown and increased following knockdown of actin

(Figure 7D). The slight delay in activation times (Figure 7C) in

actin-depleted cells highlights the importance of the precise

physiological amount of factors for creating a sharply timed tran-

scriptional pulse.

Comparing the correlation scores shows that while SRF

knockdown led to asynchronous transcription of the activated

alleles, actin knockdown significantly elevated the correlation

scores, in addition to the 2-fold increase in cells synchronously

exhibiting all four active alleles (Figure 7E). In order to examine

the levels of correlation scores during activation of four alleles

in untreated versus actin- and SRF-siRNA treated cells, we

sorted the averaged correlation scores according to cells exhib-

iting two, three, and four active alleles (Figure 7F). This analysis

showed that while a less synchronized activity was seen during

activation of four alleles in untreated cells, thus lowering the cor-

relation scores, in actin-depleted cells, the activation of all four

alleles contributed to an overall increase of these values, thus

maintaining the same distribution of correlation scores as in un-

treated cells (Figure 7E). As expected, SRF siRNA-treated cells

showed relatively low correlation scores, even if only two alleles

activated. The binomial model contributes to our understanding

of the system by showing that SRF knockdown causes an overall

reduction in the probability to begin transcribing, whereas actin

knockdown has the opposite effect and raises the probability

to transcribe at every time point, even in a population of starved

cells.

Dynamics of Signal Transduction and Gene Activation
The appearance of the active b-actin alleles seen in live-cell

movies showed that transcriptional activity could be detected

starting 2 or 3 min after serum induction. Taking into account

that mRNA detection is based on the MS2 sequence repeats

located in the 30 UTR, this means that RNA Pol II reaches the

30 UTR region a couple of minutes after serum addition. The mu-

rine b-actin gene (chromosome 5) consists of six exons spanning

3.6 kb, while the 1.2-kb MS2 region was inserted 441 bp down-

stream of the stop codon. Therefore, Pol II moved a distance

of �4.5 kb in 2–3 min, which equals a �2-kb/min elongation

rate. In addition, since the b-actin gene is not known to have pro-

moter-poised Pol IIs, this implies that signal propagation from

the cell membrane to the nucleus, together with the assembly

of Pol II on the promoter, occurs very rapidly, within the time

frame of 1 min.

However, since we require a minimal amount of fluorescence

to track and follow a single active allele, we were not able to

detect the actual stages of the transition from a transcriptionally
Cell Reports 11, 1–14, April 21, 2015 ª2015 The Authors 9



Figure 6. Positive Feedback of b-actin Transcription under Low Levels of Actin Protein

(A) Frames fromMovie S5 showing twoCy5-labeled actin siRNA-transfected cells (cytoplasmicmagenta dots) during serum release. Serumwas added directly to

cells, and images were acquired after 2 min of focus adjustment (every 2.5 min for 1 hr). The sum intensities of the active alleles over time were measured in the

MCP-YFP channel (green). Endogenous b-actin mRNAs are shown with white arrows and a circle. Scale bar, 10 mm.

(legend continued on next page)
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inactive to a fully active state. This time frame, which is not fluo-

rescently detectable until enough mRNA signal accumulates, in

fact encompasses crucial events of transcription factor assem-

bly, such as RNA Pol II recruitment to the promoter, and the initi-

ation of transcription. It is likely that the reduction in signaling

factor levels affects exactly this time frame and leads to the phe-

nomena described when SRF and actin levels are low. There-

fore, to obtain information on the transition time to an active

state, we applied a mathematical model combining data ex-

tracted both from live-cell imaging and fixed cells (Figures S7

and S8; Table S2). The model captures the transition from

sub-populations with different gene activation potentials to a

single population with a relatively high probability of gene acti-

vation, as described in the binomial model (Figure S6). Modeling

these data show that the transition times between an inactive

and a fully active state are substantially different during the

serum response, depending on signaling factor availability. For

example, substantially longer transition times were found under

the mild transcriptional response when SRF levels were low

compared to unperturbed conditions (Table S2). Moreover, the

time to transition from an inactive to an active state when SRF

was lacking lasted longer than the actual time the allele was

found at full capacity, probably reflecting the futile attempts of

the promoter to assemble productive events of polymerase

recruitment. In contrast, lowering actin levels, another crucial

factor in this pathway, did not substantially affect the transition

into the active state, thus up-keeping the sharp transcriptional

response.

Analysis of the cytoplasmic to nuclear b-actin mRNA ratio over

time from serum induction provided a window for examining the

kinetics of b-actin nucleo-cytoplasmic transport and export. At

steady state, b-actin mRNA is predominantly cytoplasmic with

little nuclear accumulation, as expected from coding mRNAs.

In a previous study (Ben-Ari et al., 2010), we examined the

time frame of b-actin nucleo-cytoplasmic transport in compari-

son to the serum-induced cytoplasmic b-actin mRNA localiza-

tion process, which causes the targeting of b-actin mRNAs to

the leading edge of the cell. We showed that the transport of

b-actin mRNAs transcribed from a tetracycline-induced b-actin

gene, occurredwithin a time frame of 10–20min, while themove-

ment into the cell protrusions occurred within 5 min after serum

induction (Latham et al., 1994). This means that there are two

separate serum-induced b-actin mRNA pools: an existing cyto-

plasmic population that moves to the leading edge, and a newly

transcribed population. Now, our study shows that indeed the

time frame for endogenous b-actin mRNA transport to the cyto-

plasm after serum induction occurs in a 15-min time range and

that most of the b-actin mRNA wave has left the nucleus by

30–40 min. In fact, under actin-depletion conditions when tran-

scription levels were elevated, we could visualize for the first
(B and C) Kinetic analysis of the transcriptional serum response of the b-actin allele

the time to reach activation from serum induction (blue), for each allele in scr-siR

(D) Correlation scores were calculated between every possible pairs of active alle

(E and F) The sum intensity over time for four alleles in the same cell (blue, red, gre

each allele was normalized to 1, and the Pearson correlation score (r) for each a

(G) Boxplot representing the distribution of all Pearson correlation scores for each

scores and 53 scores, respectively; median indicated as a black line; *p > 0.5).
time the wave of endogenous mRNAs released from the genes

and traveling in the nucleus. The time frame agrees with the

diffusion coefficients measured for various mRNAs (Ben-Ari

et al., 2010; Mor et al., 2010; Shav-Tal et al., 2004). Moreover,

even though the alleles were situated close to the nuclear

envelope, the mRNAs diffused through the whole nucleus.

However, this wave was non-existent when SRF levels were

reduced. This is interesting because SRF knockdown does not

eradicate all SRF and as such does not eliminate the ability of

the b-actin alleles to respond to the signal. Therefore, looking

globally at the four alleles of b-actin transcribing at basal low

levels, as part of the �1,000 genes that respond to serum by

SRF binding (Esnault et al., 2014), implies that even though tran-

scription can be induced to some extent by the remaining SRF

proteins, the cell requires that normal levels of SRF be present

since only then can it elicit a strong and punctual transcriptional

pulse.

Cell Sensing of Actin Protein Levels Governs b-actin

Activity Levels
The serum response results in the interaction of SRF protein

with the b-actin promoter, through the disassembly of the

MAL-actin interaction, resulting also in the assembly of cyto-

plasmic b-actin filaments (F-actin) from the now-available G-

actin monomers. Interestingly, in recent years, the role of actin

has been demonstrated in the regulation of gene expression

via the nuclear pool of the actin protein (Hendzel et al., 1999;

Huet et al., 2012; Jockusch et al., 2006; Lundquist et al.,

2014; McDonald et al., 2006; Khanna et al., 2014; Treisman,

2013). Specifically in SRF signaling, G-actin in a mutant non-

polymerizing form, or as NLS-actin, negatively regulates SRF

(Posern et al., 2002). The inhibition is specific to SRF-controlled

promoters (Miralles et al., 2003; Sotiropoulos et al., 1999). Pos-

ern and Treisman have suggested that the cell can sense a

drop in G-actin levels and thereby activate transcription

accordingly (Posern and Treisman, 2006). A recent study in

Drosophila found that actin is the sole target gene controlling

invasive migration and is probably an ancestral system that

evolved to respond to stimuli that initiate cell migration (Sal-

vany et al., 2014). Along this line of thought, we postulated

that a reduction in available actin protein might feed back to

the nucleus and trigger an induction in b-actin transcription

and in particular should influence the kinetic parameters of

the serum response. This feedback was directly measured

with our live-cell system. We found that under actin protein

depletion, the b-actin gene responded more rapidly to serum

induction, showing an elevated and substantially extended

transcriptional response. The C/N ratio of b-actin mRNAs re-

mained low for 30 min in the actin-depleted cells compared

to untreated cells, indicative of prolonged gene activity when
s shows the total duration activation time of the transcribing alleles (green), and

NA (n = 84) and actin siRNA-treated cells (n = 50).

les (red) for scr-siRNA (n = 75 pairs) and actin siRNA-treated cells (n = 53 pairs).

en, and yellow lines) in two actin siRNA-treated cells. The maximum intensity of

llele pair was measured.

allele pair in scr-siRNA (green) and actin siRNA-treated cells (magenta); (n = 75
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Figure 7. The Levels and Duration of the b-actin Activity following Serum Induction Change upon Altering the Levels of Factors of the Signal

Transduction Chain

(A) The number of nascent mRNAs transcribed by the b-actin alleles at different time points after serum induction was counted by quantitative RNA FISH in scr-

siRNA (blue) and actin siRNA-treated cells (red) (30 alleles for each time point; error bar, SD; *p < 0.0005).

(B) The C/N ratio shows b-actin mRNA accumulation during 15 min of serum release in scr-siRNA (blue line) compared to 30 min in actin siRNA-treated cells (red

line) (15 cells for each time point; *p < 0.05, **p < 0.0005, ***p < 0.0001).

(C) The time to reach activation from serum induction presented as the cumulative distribution function (CDF), describing the probability at which the first time

points of allele activation appeared during the serum response, for scr-siRNA and siRNA-treated cells to SRF and actin (blue, green, and red lines, respectively).

(D) The duration of gene expression presented as the ‘‘survival function’’ of activated alleles during the serum response for scr-siRNA and siRNA-treated cells to

SRF and actin (blue, green, and red lines, respectively). The ‘‘survival function’’ is an accumulative distribution function that describes the probability that a system

will survive beyond a specified time. In this case, it describes the fraction of alleles that ceased transcribing during the serum response.

(E) Boxplot representing the distribution of all Pearson correlation scores for each allele pairs in scr-siRNA (blue), SRF siRNA-treated cells (green), and actin

siRNA-treated cells (red). Below: the dotted black line indicates the percentage of cells that exhibited four active alleles (n = 75, 51, and 53 pair scores,

respectively; black line indicates median; *p < 0.0001).

(F) The correlation scores for each treatment from (E) sorted to the averaged correlation score in cells exhibiting two, three, and four alleles (error bar, SD).
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actin levels were reduced. Altogether, we suggest a transcrip-

tion-based compensation mechanism that ‘‘senses’’ the levels

of actin protein in the cell, whereby the serum response can
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elicit an exaggerated reaction at the gene level by over-pro-

duction of b-actin mRNA as well as a lengthy time window of

gene activation.
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EXPERIMENTAL PROCEDURES

More details on the experimental procedures can be found in Supplemental

Experimental Procedures.

Cell Culture

MEF cells (Lionnet et al., 2011) weremaintained in high-glucose DMEM (Gibco)

supplemented with 10% fetal bovine serum (HyClone Laboratories). For serum

starvation, cells were starved overnight (19 hr), and then serumwas added to a

final concentration of 10% to begin the serum response.

Total RNA Purification

Total RNA was isolated using Tri-Reagent (Sigma). cDNA (1 mg RNA) was syn-

thesized using the ReverseAid First Strand cDNA Synthesis Kit (Fermentas).

siRNA

For more information, see Supplemental Experimental Procedures.

Immunofluorescence and FISH

Immunofluorescence andFISHprocedures andsingle-molecule quantifications

were performed according to published protocols (Yunger et al., 2010, 2013).

Fluorescence Microscopy and Live-Cell Imaging

Wide-field fluorescence images were obtained using the Cell̂ R system based

on an Olympus IX81 fully motorized inverted microscope.

C/N Ratio

Quantification of cytoplasmic and nuclear mRNAs was performed using 3D

stack FISH images acquired in the Cy3 (mRNA detection) and Hoechst chan-

nels. Stacks were uploaded into Imaris (Bitplane), and the total cellular mRNAs

were identified.

Mathematical Model and Binomial Model

For more information, see Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

eight figures, two tables, and six movies and can be found with this article

online at http://dx.doi.org/10.1016/j.celrep.2015.03.039.
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