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We explored how transcriptional noise propagates in gene-regulatory pathways by studying the
induction of two downstream genes by transcription factors c-fos and c-jun. They are produced for a
brief period following serum stimulation of cells and then activate the promoters of their target
genes by binding to them as heterodimers. We found that, even though they are coordinately
expressed at the population level, in individual cells the expression of c-fos and c-jun is noisy and
uncorrelated with each other. The expression of the downstream genes is also noisy, but there is
little or no effect of the noise in the upstream genes on the expression of the downstream genes. The
noise is not transmitted, because the number of heterodimers present in single cells is relatively
invariant, and the induction of downstream genes is insensitive to the number of heterodimers in
individual cells. Sequestration of promoters of the downstream genes within compact chromatin is a
likely cause of this insensitivity. These barriers to the propagation and amplification of noise are
likely to be commonplace in higher eukaryotes.
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Introduction

Over the last decade, it has become apparent that gene expression
in individual cells deviates substantially from the average
behavior of cell populations (Raj and van Oudenaarden, 2008;
Eldar and Elowitz, 2010). Often referred to, and analyzed as
‘noise’, this heterogeneity among genetically identical cells has
been documented in bacteria, yeast, and higher eukaryotes.
Instances have been found in which organisms exploit it for
adaptation and development (Losick and Desplan, 2008; Boettiger
and Levine, 2009). Underscoring its importance to medicine,
cellular heterogeneity in gene expression may explain why only a
fraction of cells become induced pluripotent cells during cellular
reprogramming and why a fraction of tumor cells often exhibit
drug resistance (Sharma et al, 2010; Buganim et al, 2012).

Heterogeneity in gene expression arises both from global
factors that impact all genes, such as the differential
abundance of RNA polymerase, or of ribosomes, in different
cells; and gene-specific factors, such as probabilistic inter-
actions of promoters with the gene activators. Referred to as
extrinsic and intrinsic noise, respectively, the nature and the
relative contributions of these components to the total noise
differ between bacteria, yeast, and higher eukaryotes (Raj and
van Oudenaarden, 2008).

Transcriptional heterogeneity can be particularly acute in
higher eukaryotes (Raj et al, 2006). It varies from gene to gene

and is regulated in certain cases (Raj and van Oudenaarden,
2008; Zenklusen et al, 2008; Boettiger and Levine, 2009;
Gandhi et al, 2011; Munsky et al, 2012; Muramoto et al, 2012).
The extent of heterogeneity has been recorded for a large
number of genes on the genomics scale (Shalek et al, 2013).
The heterogeneity arises because mRNAs are produced in
bursts of synthesis that start and end randomly and then decay
rapidly (Chubb et al, 2006; Raj et al, 2006; Boettiger and
Levine, 2009; Suter et al, 2011). One hypothesis that explains
the origins of RNA synthesis bursts in eukaryotes is that the
promoters are not readily accessible to transcription factors,
because they are tightly sequestered within insulating
chromatin. Random chromatin remodeling events permit their
initial binding, followed by the recruitment of the chromatin
decondensation and transcription apparatus, which results in
many rounds of concerted mRNA synthesis (Raser and O’Shea,
2004; Raj et al, 2006; Boeger et al, 2008). Observations that
genes in which RNA polymerase is prepositioned on the
promoters yield relatively less stochastic mRNA synthesis are
consistent with this idea (Boettiger and Levine, 2009;
Muramoto et al, 2012). Among other hypotheses invoked to
explain this heterogeneity is DNA looping between promoter
and the 30-end of the gene which facilitates recycling of RNA
polymerase on the same gene (Hebenstreit, 2013).

If transcriptional heterogeneity is so common and unavoid-
able, then how do the fluctuations in the expression of
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upstream genes propagate into the expression of the down-
stream genes that they control (Raj and van Oudenaarden,
2008; Eldar and Elowitz, 2010; Balazsi et al, 2011; Munsky
et al, 2012)? Studies of synthetic circuits in bacteria and
yeast provided evidence of amplified propagation of noise
in those systems (Blake et al, 2003; Pedraza and
van Oudenaarden, 2005). If the acute transcriptional noise
observed in higher eukaryotes (Raj et al, 2006) was to
be similarly amplified in gene-regulatory pathways, then those
pathways will be rendered unstable. Although instances
where gene-regulatory circuits have redundant pathways to
mitigate the effects of noise have been found (Raj et al, 2010),
whether and to what extent the noise propagates in
gene-regulatory circuits in higher eukaryotes have not been
studied so far.

We examined the propagation of noise in an archetypical
gene-regulatory pathway in HeLa cells in which transiently
expressed transcription factors c-fos and c-jun induce the
expression of a set of downstream genes. We found that even
though the expression of mRNAs of these transcription factors
is noisy, their noise does not propagate into the downstream
genes. The transmission of noise is impeded at two different
steps: the heterodimers of c-fos and c-jun proteins exhibit a
lesser variability than the mRNAs that encode the individual
proteins (likely due to the higher stability of the former) and
the chromatin context of the downstream genes and the
mechanism of their induction is such that it insulates them
from the variations in the heterodimers. The existence of these
noise buffers explains how cells are able to minimize the
propagation of noise in gene-regulatory pathways and main-
tain their constant phenotypes.

Results

Expression of c-fos and c-jun mRNAs is noisy and
is not correlated within individual cells

When serum is added to serum-starved cells, a group of genes
are expressed immediately. Some of these ‘early response
genes’ encode for transcription factors that turn on ‘late
response genes’ (Figure 1A) (Iyer et al, 1999). The products of
early response genes include a family of transcription factors
called AP-1 factors (Figure 1B). They dimerize in a combina-
torial manner and then activate the expression of a set of

delayed response genes (Figure 1B). c-fos and c-jun are the
most well-characterized prototypical members of the AP-1
family. Soon after their syntheses, c-fos and c-jun migrate to
the nucleus, heterodimerize, bind to the promoters of their
target genes, and then turn them on. Post-translational modifi-
cations, particularly phosphorylation of c-jun by the jun
amino-terminal kinase (JNK), are important for this gene
activation (Derijard et al, 1994). Their syntheses, however,
occur only transiently, due to a feedback mechanism that turns
off the c-fos gene soon after its induction (Sassone-Corsi et al,
1988; Schonthal et al, 1988). The c-fos c-jun pathway not only
allows us to study how noise in gene expression propagates in
gene-regulatory pathways in higher eukaryotes, it enables an
investigation of a related question as to how heterogeneity in
gene expression of components affects the levels of noise
in multi-subunit protein complexes.

Because they need to act together, the c-fos and c-jun
mRNAs are expressed in a coordinated manner during a brief
window of time after serum stimulation (Martens et al, 2003).
To determine whether the expression of these two genes is also
coordinated in individual cells, we investigated whether there
is any cell-to-cell heterogeneity in the expression of these
mRNAs. To accomplish this, we counted the number of
molecules of each mRNA species in individual cells by single-
molecule fluorescence in situ hybridization (smFISH) (Raj
et al, 2008) at different times after the addition of serum to
HeLa cell cultures that were starved of serum (Figure 2). We
found that, on average, the kinetics of induction in individual
cells mirrors the kinetics of induction observed in earlier
studies from ensembles of cells (Martens et al, 2003).
However, at the peak of c-fos and c-jun expression at 30 min
after serum addition, there was a remarkable lack of
correlation between their expressions in individual cells
(Figure 2A and B). Similar lack of correlation was observed
at the later time points (Figure 2C).

Could a differential onset of mRNA synthesis account for
this lack of correlation? One of the manifestations of mRNA
synthesis occurring in random bursts is that, during the
bursts of synthesis, many mRNA molecules accumulate at the
gene locus before they have a chance to disperse into the
nucleoplasm (Chubb et al, 2006; Raj et al, 2006). Accordingly,
clusters of both c-fos and c-jun mRNAs were visible in the
nuclei, marking the onset of gene expression. An analysis of
individual cells for the presence of these RNA clusters
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Figure 1 (A) The addition of serum to serum-starved cells leads to the immediate induction of expression of a number of genes. Some of these ‘immediate early
response genes’ encode transcription factors such as c-fos and c-jun that turn on ‘late response genes.’ The expression of immediate early genes decreases after an
initial rise, but the late response genes are expressed in a sustained manner over time. This figure is derived from Lodish et al (2000). (B) Diagram showing the
relationships among members of the c-fos/c-jun pathway that were investigated. Species whose levels were measured in single cells are indicated by gray arrows below
the blocks. We measured the heterodimers and downstream mRNAs in the same cells, rather than upstream and downstream mRNAs, because by the time downstream
mRNAs begin to get expressed, the c-fos and c-jun mRNAs disappear from the cells.
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indicated that by 15 min, at least one of the alleles of each gene
is turned on in 83% of the cells (Figure 3), indicating a
concordant onset of expression from the two genes. However,
by 30 min, as new RNA synthesis comes to a stop due to a
negative feedback mechanism in which c-fos protein mediates
the suppression of synthesis of its own mRNA (Sassone-Corsi
et al, 1988; Schonthal et al, 1988), the clusters of mRNAs at
gene loci dissipate due to the dispersal of the mRNA molecules
(Figure 3B).

Evidence that c-fos protein mediates the suppression of
mRNA synthesis became apparent when we added the protein
synthesis inhibitor cycloheximide to the culture at the same
time that we added the serum, which caused the gene
loci to remain active for much longer (Figure 3A). These
observations indicate that the expression of the two mRNAs
begins in a rapid and coordinated manner, but becomes
uncorrelated thereafter because different cells yield bursts of
different sizes and durations. These observations also suggest
that each gene is able to fire off just one burst of expression before
the negative feedback mechanism turns it off permanently.

At the peak of their expression (B30 min after activation),
we not only observed the lack of correlation between the
syntheses of the two mRNAs, but also observed a large cell-to-
cell variation in the number of molecules of each mRNA in

individual cells (Figure 2B, marginal histograms). The cell-to-
cell variation, or noise strength, is often quantified by either of
two parameters—Fano factor (square of the standard deviation
(s) divided by the mean (m)) or coefficient of variation
(s/m). The Fano factor provides a measure of how far a
population departs from a Poisson distribution, which would
occur if mRNAs were to be produced and degraded steadily
with equal rates in different cells (Ozbudak et al, 2002;
Taniguchi et al, 2010). The Fano factor for the Poisson
distribution is one. However, Fano factor is useful only when
integer counts for the molecules are available, or when the
units of the measurements being compared are the same.
Being a unit-less quantity, the coefficient of variation (s/m), on
the other hand, permits comparison between measurements
in different units, but it does not provide a convenient
comparison with the Poisson’s distribution. We will use both
parameters here.

Using the Fano factor as a measure of noise strength, we
found that for c-fos and c-jun the Fano factors were 71 and 30,
respectively, deviating significantly from the Poisson behavior.
These strikingly high levels of cell-to-cell variations raise a
question as to how different cells are able to express the
downstream genes controlled by c-fos and c-jun at relatively
similar levels to ensure constant phenotypes.

c-fos c-jun Interpretation
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Figure 2 The numbers of c-fos and c-jun mRNA molecules do not correlate with each other in individual cells. (A) Single-molecule FISH images of representative cells
30 min after the addition of serum to cells that were starved of serum for 48 h. The two left-hand panels are merged z-stacks, indicating the probes used; and the right-
hand panel displays the identified mRNA molecules (small balls) and active gene loci (larger balls) on a diffraction interference contrast image. (B) The number of c-fos
and c-jun mRNAs in 100 individual cells 30 min after serum stimulation. The red dots correspond to the data obtained from the four cells shown in the images. Marginal
histograms show the distribution of each mRNA among the 100 cells that were examined. (C) Number of c-fos and c-jun mRNA molecules per cell as a function of time
after the addition of serum and the correlation coefficients between them at each time point. Error bars represent the 95% confidence interval obtained from
measurements made on 50–100 cells. Source data for this figure is available on the online supplementary information page.
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Cell-to-cell variation in c-fos and c-jun proteins

The noise in mRNA expression is often higher than the noise in
the corresponding proteins, because the half-life of mRNAs is
usually shorter than the half-life of the proteins that they
encode (Raj et al, 2006; Taniguchi et al, 2010; Schwanhausser
et al, 2011). In the case of c-fos and c-jun, mRNAs degrade
rapidly with a half-life of 9 and 11 min, respectively (27),
whereas the corresponding proteins are considerably more
stable (Rahmsdorf et al, 1987; Kovary and Bravo, 1991). The
c-fos protein displays a biphasic stability curve, which has an
initial phase of relatively fast decay with 45 min half-life and
then a second phase of slower decay with a half-life of
90–120 min (Rahmsdorf et al, 1987; Kovary and Bravo, 1991). A
second study estimated an average half-life of 162 min for c-fos
protein (Bossis et al, 2003). c-jun protein half-life has been
estimated to be 90–120 min (Rahmsdorf et al, 1987; Kovary and
Bravo, 1991). On the other hand, the median half-life of most of
the mRNAs is 9 h and the median half-life of most of the
proteins is 43 h in mammalian cells (Schwanhausser et al,
2011).

To explore whether the relatively longer half-life of c-fos and
c-jun proteins buffers them against fluctuations in the

synthesis of their mRNAs, we estimated the cell-to-cell
variations in their levels by immunofluorescence (IF). We
used a pair of antibodies specific for c-fos and c-jun
simultaneously to determine the levels of both from the same
cells. The analysis was restricted to the nucleus where most of
the signals were localized (Supplementary Figure S1A).
Although induction of both proteins by serum could be
clearly detected by this technique, their mean levels varied
to a great extent between different time points after induction
(Supplementary Figure S1B). We also estimated the coeffi-
cients of variation at each time point and are presenting the
data for 6 h in Supplementary Figure S2. This analysis reveals
that the coefficient of variation of c-fos protein at 6 h is similar
to that of its own mRNA (at 30 min), whereas, the coefficient of
variation of c-jun protein at 6 h is lower than its own mRNA
(Supplementary Figure S2). During the period of 15 min to 12 h
after induction, the coefficients of variation of proteins ranged
from 0.26 to 0.49 for c-jun and from 0.42 to 0.58 for c-fos.

Imaging c-fos and c-jun heterodimers

The functional unit responsible for the induction of down-
stream genes is the heterodimer formed by the c-fos and c-jun
proteins, rather than the individual proteins. We therefore
developed an approach to obtain a measure of the numbers of
these heterodimers in individual cells. In this approach, we
utilized an in situ proximity ligation assay (PLA), which
enables the specific detection of two protein molecules that
exist in close proximity to each other in a complex (Soderberg
et al, 2006). During PLA, each of the two proteins in the
complex is first probed with a pair of specific primary
antibodies that are isolated from two different species. In a
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second step, species-specific secondary antibodies are bound
to each primary antibody. Each of those secondary antibodies
is linked to a different oligonucleotide, and if the two different
oligonucleotides are in close proximity to each other (by virtue
of the two proteins being present in the same complex), then
the oligonucleotides are able to serve as templates for the
creation of a circular DNA. This circular DNA then serves as a
template for an enzymatic ‘rolling-circle’ amplification, gen-
erating a tandemly repeated single-stranded DNA sequence
that remains tethered to the complex, which is then made
visible as an intensely fluorescent spot by the hybridization of
labeled probes against the repeated sequences (Figure 4A).

The detection of the c-fos/c-jun heterodimer was quite
specific, because PLA spots appeared only after serum
stimulation, the spots were largely restricted to the nucleus,
and the spots were not seen when serum induction was
accompanied by the addition of U0126, a small-molecule
inhibitor of mitogen-activated protein kinases, which
specifically induce c-fos expression (Favata et al, 1998)

(Figure 4B and C). Additional evidence of the specificity of
PLA for the detection of c-fos/c-jun heterodimers has been
described by Baan et al (2010).

To show that the number of spots quantitatively reflects the
number of heterodimers present in individual cells, we
engineered a protein in which the c-fos coding sequence was
fused with the c-jun coding sequence following an approach
described earlier by Bakiri et al (2002). In addition, at the
C-terminal of this construct we introduced an artificial
sequence, called a FLAG tag, which can serve as a marker for
the fused protein. This construct provided us an opportunity to
measure the same protein by PLA and IF in the same cells
(Figure 5A).

A gene encoding the fusion protein was placed under the
control of a doxycycline promoter and introduced into the
genome of a HeLa cell line that also expresses Tet A
transactivator and a stable cell line was isolated (Figure 5A).
This cell line expresses the reporter in the absence of doxycycline
but not in its presence. When c-fos and c-jun mRNAs were

0 10 20 30 40 50 60

0

20

40

60

80

100

120

140

160

R = 0.57

FLAG immunofluorescence (a.u.)

P
LA

 s
po

ts
 in

 n
uc

le
us

 (
nu

m
be

rs
)

FLAG immunofluorescence PLA spots

1

5

3

4
2

1
5

4

3

2

Polyadenylation
signalc-jun c-fos

Doxycycline responsive
promoter Spacer

Stop
FLAG

Rabbit Mouse Goat

0 50 100 150 200 250 300
0

2

4

6

8

10

12

14

Number of heterodimers in nucleus

N
um

be
r 

of
 c

el
ls

Figure 5 A demonstration of the proportionality of number of PLA spots with the amount of component proteins and the distribution of PLA spots in HeLa cells.
(A) Schematic illustration of an engineered construct in which a c-fos coding sequence was fused to a c-jun coding sequence and a FLAG tag was added at the
C-terminal. This fusion protein was detected by PLA (using indicated c-fos and c-jun specific antibodies) and the FLAG tag was detected by direct immunofluorescence
(IF) with the help of the indicated third antibody. (B) FLAG IF and PLA signals from the same field of cells expressing the reporter gene integrated into their genomes.
(C) Number of PLA spots versus integrated fluorescence intensity in the nuclei of single cells. Red circles, cells in the absence of doxycycline (expressing the reporter),
blue spots, data from cells indicated in the image in (B), and green circles, cells in the presence of doxycycline (no expression from the reporter). (D) Distribution of c-fos/
c-jun heterodimers from the endogenous gene in unmodified HeLa cells (not the clone discussed above) in the nuclei of 75 cells 6 h after serum induction. Source data for
this figure is available on the online supplementary information page.

Barriers to transmission of transcriptional noise
K Shah and S Tyagi

& 2013 EMBO and Macmillan Publishers Limited Molecular Systems Biology 2013 5



imaged in the cells expressing this construct the spots from the
two co-localized indicating expression of an mRNA in which
both coding sequences are present. This behavior is distinct from
cells that express the natural c-fos and c-jun mRNAs whose spots
never co-localize (Figure 2A). The fused protein was present
largely in the nucleus as indicated by staining with antibodies
specific to c-fos, c-jun, and FLAG (Figure 5B). Most importantly,
we could detect c-fos and c-jun specific PLA spots and FLAG-
specific IF in the same cells (Figure 5B).

Consistent with the previous observations that doxycycline
control genes undergo stochastic expression (Raj et al, 2006),
there was a large difference in the number of PLA spots
and FLAG IF signals in individual cells for this construct.
However, when the FLAG signal was large, the number of
spots was also large (Figure 5B and C). The number of PLA
spots was generally proportional to the integrated IF signal in
the nucleus, and in the absence of induction, no PLA spots were
detected (Figure 5B and C). These results obtained with an
artificial construct can be extrapolated to the natural situation to
suggest that the number of PLA spots is proportional to the
number of actual c-fos/c-jun heterodimers in the cell.

Number of c-fos/c-jun heterodimers is relatively
invariant

After establishing this proportionality with the reporter cell
line, we analyzed normal HeLa cells for the number of PLA
spots in individual cells after 6 h of serum addition. This
analysis revealed that the cell-to-cell variation in the levels of
heterodimers (Fano factor 11) is considerably less compared
to the variation observed for c-fos and c-jun mRNAs
(Figure 5D). How does the cell-to-cell variation in heterodimer
compare with the variations in individual proteins? For this
comparison, the Fano factor cannot be used, because the units
of measurements for the two are different. Instead, we used
coefficient of variation which showed that the coefficient
of variation of c-fos protein was higher than the coefficient of
variation of heterodimers, whereas the coefficient of variation
of c-jun protein was about the same as the coefficient of
variation of heterodimers (Supplementary Figure S2).

When one component displays higher variability than the
other, how will the variation in the product be decided? Since
the minority component decides how many heterodimers will
be produced, it is likely that the variation in the minority
component will dominate the variation in the heterodimers,
provided that it remains in the minority over time. However,
since the absolute levels of c-fos and c-jun proteins in
individual cells are not known presently, we cannot say
whether it is c-fos or c-jun that decides the variability of
heterodimers.

Nevertheless, the higher stability of individual proteins is
likely to contribute to a reduction in the variation. In addition,
the proteins are likely to become more stable upon hetero-
dimerization. Earlier observations that c-fos protein exhibits
biphasic stability with an early stage of faster decay and a later
stage of slower decay (Kovary and Bravo, 1991), implies that
the c-fos/c-jun heterodimers are more stable than the
individual proteins. This is supported by our own observations
(data not shown) that the half-life of the heterodimers is 44 h,
which is considerably longer than the reported half-life of the

individual proteins. In addition to the higher stability of
heterodimers, other factors that are more completely described
in the discussion may also contribute to the lower heterodimer
variation.

Noise in the expression of downstream genes

Do the relatively constant levels of c-fos/c-jun heterodimers in
different cells lead to noise-free expression of downstream
genes? To explore this issue, we selected two downstream
genes, collagenase 1 (also known as matrix metalloproteinase-
1 (MMP-1)) and cyclooxygenase-2 (cox-2) (also known as
prostaglandin-endoperoxide synthase 2) that are specifically
induced by c-fos/c-jun heterodimers, and are not induced by
other members of the AP-1 transcription factor family. Diverse
and strong evidence exists for this specificity: (a) c-fos is
needed for the expression of collagenase 1 and antisense RNA
complementary to c-fos mRNA abolishes this expression
(Schonthal et al, 1988); (b) in cell lines derived from mice in
which the c-fos gene was knocked out, collagenase 1 gene is
not induced by serum activation (Hu et al, 1994); (c) targeted
chromatin immunoprecipitation experiments indicate that the
collagenase 1 promoter is occupied by both c-fos and c-jun
after serum activation (Martens et al, 2003); and (d) among the
fused genes constructs obtained by tethering c-jun with AP-1
factors ATF2, c-jun, Fra1, Fra2, or c-fos, only the c-jun/c-fos
combination binds to, and induces expression from, the
collagenase 1 promoter (Bakiri et al, 2002; Wisniewska et al,
2007). Similarly, the promoter of the cox-2 gene is occupied by
both c-fos and c-jun, and is cooperatively induced in their
presence (Chen et al, 2005).

The mRNAs of collagenase 1 and cox-2 were imaged, along
with the heterodimers of c-fos and c-jun, in the same cells as a
function of time elapsed after the addition of serum. Consistent
with previous observations (Martens et al, 2003), the hetero-
dimers became detectable soon after serum induction, yet the
two downstream mRNAs appeared after a lag period that was
different for each mRNA (Figure 6B). Because of this lag, and
because the c-fos and c-jun mRNAs disappear from cells by
60 min (Figure 2C), the upstream and downstream mRNAs
do not coexist at the same time. However, the c-fos/
c-jun heterodimers do coexist with the two downstream
mRNAs (Figure 6A and B). The synthesis of the downstream
mRNAs was dependent upon the presence of c-fos/c-jun
heterodimers, as the addition of serum in the presence of the
c-fos inhibitor U0126 did not result in the synthesis of
heterodimers by 4 h, and the synthesis of downstream mRNAs
was not observed (Figure 6B).

Strikingly, at the time of the peak synthesis of the two
downstream mRNAs (at 6 h), when the number of hetero-
dimers was very similar in different cells, the expression of the
two downstream mRNAs was highly stochastic, as indicated
by the marginal histograms in Figure 6C. Straight lines fitted
to the heterodimer versus collagenase 1 and cox-2 mRNA
distributions at 6 h after induction originated at the middle of
the heterodimer distributions, and exhibited shallow slopes
and low correlation coefficients (Figure 6C). This was also true
at other time points, with the slopes of the lines ranging from
0.02 to 0.37 for collagenase 1 and 0.02 to 0.13 for cox-2, and
their correlation coefficients ranging from 0.16 to 0.38 for
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collagenase 1 and 0.10 to 0.42 for cox-2. These observations
indicate that although the heterodimers are needed for the
expression of downstream mRNAs, the likelihood of induction
does not increase substantially with the number of hetero-
dimers present in the cells.

Even though most cells contained similar levels of hetero-
dimers, very few cells expressed collagenase 1 mRNA.
However, those that did produce the mRNAs, contained many
mRNA molecules, resulting in a ‘long-tailed’ population
distribution. Akin to wealth distribution in society, these
distributions signify a high cell-to-cell variation, due to the
synthesis of mRNA occurring in random bursts (Figure 6C)
(Raj et al, 2006). The probability of finding cells expressing
cox-2 mRNA was relatively higher; however, its mRNA
distribution was also long-tailed (Figure 6C). The noisy
synthesis of both mRNAs was reflected in the very high Fano
factors associated with their expression (Figure 6C).

Since both downstream genes are induced by the same
heterodimers, is their expression correlated? We plotted the
number of collagenase 1 mRNAs against the number of cox2
mRNAs in the same cells (Supplementary Figure S3). Only a
weak correlation (R¼ 0.47) was observed between them,
indicating that the induction of these two gene loci is relatively
independent of each other in single cells, even though they
both respond to the same transactivator. This is consistent
with the previous results where two genes with identical
promoters, responding to the same transactivator, but situated
at distant genomic loci, displayed uncorrelated noise (Raj et al,
2006).

As summarized in Figure 7, we observed that noise levels,
denoted by Fano factors, are high in the mRNAs of upstream genes,
low in the heterodimers, and again high in the downstream
mRNAs. Even though noise in the transcription factor heterodimers
is buffered, the expression of the downstream genes is still noisy.
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Figure 6 Noisy expressions of collagenase 1 and cox-2 mRNAs, in spite of relatively constant levels of c-fos/c-jun heterodimers. (A) Triplex detection of cox-2 and
collagenase 1 mRNAs and c-fos/c-jun heterodimers 6 h after serum induction. The three left-hand panels are raw merged z-stacks showing the indicated targets, and the
right-hand panel shows the identified molecules overlaid on an image of cells stained for their nuclei. (B) Time course of the appearance of nuclear c-fos/c-jun
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Discussion

Different activation mechanisms and noise
characteristics of upstream and downstream
genes

Our results point to a distinction in the mechanisms of
activation of the upstream and downstream genes in this
pathway. While the c-fos and c-jun genes are turned on
rapidly and concurrently in almost all cells and produce a
single burst of mRNA synthesis, the downstream genes are
expressed in random bursts in a few cells and after a lengthy
lag period. Significantly, earlier studies have shown that
RNA polymerase II is prepositioned on the promoters of the
c-fos and c-jun genes (Ramirez-Carrozzi et al, 2009), but
is recruited de novo to the promoters of the downstream
genes before their induction (Martens et al, 2003) (Supple-
mentary Figure S4). It is likely that the prepositioned RNA
polymerase II is a part of the mechanism that has evolved to
ensure that the mRNA synthesis begins immediately upon
receipt of the serum stimulus and occurs synchronously
in all cells. A de novo recruitment of the polymerase II to
the promoter, on the other hand, leads to a slower and
more stochastic onset of the genes as we found in the case of
the two downstream genes. A similar observation was
made previously by Boettiger and Levine (2009) who found
that genes that have RNA Pol II prepositioned on their
promoters display synchronous activation in the mesoderm
of Drosophila embryo and genes that need to recruit Pol II
de novo are expressed in a stochastic manner. Since many
genes have prepositioned RNA Pol II, it is likely that they will

exhibit a comparatively less cell-to-cell variation in gene
expression.

A ‘Noise Bottleneck’ in the c-fos c-jun
gene-regulatory pathway

We found that although the expression of both upstream
and the downstream genes in the c-fos c-jun pathway is
noisy, the noise from upstream genes is not transmitted into
the downstream genes. This conclusion is based on two
observations each pointing to a separate step. First, the noise
in the key intermediate, c-fos/c-jun heterodimer, is lower than
either the upstream or the downstream mRNAs, and second,
the number of heterodimers does not correlate with the
frequency of induction of downstream genes.

Given the high variation in the mRNAs of both c-fos and c-jun,
how is low variation in the heterodimers achieved? As we
discussed before, that both c-fos and c-jun proteins are more
stable than their parent mRNAs, in addition, the heterodimer is
likely to be even more stable than the individual proteins. Since
higher stability buffers against temporal fluctuations (Raj et al,
2006), this higher stability is expected to be a key reason why
heterodimers have lower variation than the parent mRNAs.

It is likely that other factors also contribute to lower the
variations in heterodimers. In addition to forming hetero-
dimers with each other, c-fos and c-jun proteins associate with
other members of the AP-1 family of transcription factors
(Kovary and Bravo, 1991) whose variation will impact the
c-fos/c-jun heterodimer variation. A priori, the c-fos/c-jun
heterodimer variation will be largely set by the variation of the
least abundant component (either c-fos or c-jun), with
influences from the noise in other interacting AP-1 transcrip-
tion factors. Theoretical studies suggest that the dynamics of
complex formation can automatically reduce noise in multi-
subunit protein complexes (Konkoli, 2010). In addition to this
network of transcription factors, other cellular factors influ-
ence the activity of c-fos and c-jun. For example, phosphoryla-
tion of c-jun by JNKs is necessary for its ability to activate gene
(Derijard et al, 1994). Therefore, how many copies of active
heterodimers are present in a given cell will also depend upon
the levels of JNKs in that cell.

The second barrier that prevents propagation of noise in
this gene-regulatory pathway stems from the structure of
chromatin and relates to how genes are induced. Our data
show that although the variation in heterodimers is low, it is
significant. To the extent heterodimers vary from cell-to-cell,
this variability is not reflected in the probability with which the
cells make the downstream mRNAs (Figure 6C). Although the
downstream genes do need heterodimers for their expression,
the likelihood of their expression in individual cells is rather
insensitive to the number of heterodimers present in the cell. A
similar observation was made earlier by Raj et al (2006) who
found that in the case of tetracycline controlled genes, the tet
transactivator was needed for the activation of its target genes
but that activation was rather insensitive to the amount of
tet transactivator. This suggests that the sequestration of
gene-regulatory regions within chromatin is simultaneously
responsible for generating the intrinsic stochasticity of gene
expression and for insulating it from fluctuations in the
amounts of upstream gene products.
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mRNAs for the upstream genes c-fos and c-jun, c-fos/c-jun heterodimers, and
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Differences from prokaryotes

In contrast with the observations detailed above, two previous
studies, one performed in bacteria (Pedraza and van
Oudenaarden, 2005) and the other performed in yeast (Blake
et al, 2003), documented amplified propagation of noise into
downstream genes. The noise was amplified in those studies
because the promoters of the downstream genes in both cases
were readily accessible to the transactivator proteins and could
thus experience and respond to fluctuations in levels of
upstream transcription factors. In E. coli, the subject of the first
study, there are no nucleosomes to impede the access of
transactivator to the promoter; and in S. cerevisiae, the subject
of the second study, the promoters were depleted of nucleo-
somes relative to the coding sequences (Lee et al, 2007).
Furthermore, one of the promoters in the latter study, GAL1-
GAL10, harbors a prepositioned accessory transcription factor,
RSC, which likely facilitates the entry of transactivator
(GAL4p) (Floer et al, 2010). Although the density of nucleo-
somes in eukaryotic promoters is generally lower than it is in
coding regions, they are nonetheless sequestered from trans-
cription factors (as is the case for collagenase 1) (Martens et al,
2003). Furthermore, the other barrier to the transmission
of noise in c-fos/c-jun pathway, the heterodimerization-
mediated buffering was also absent in the previous studies
because the transcription factors functioned as monomers.

Given the prevalence of di- and multi-meric transcription
factor complexes and their de novo recruitment to promoters
sequestered within tight chromatin, the buffering mechanisms
that we describe must be commonplace in higher eukaryotes
and likely have an important role in maintaining their constant
phenotypes. However, this is likely to be just one out of many
mechanisms. For example, Raj et al (2010) discovered that there
are redundant arms in some regulatory circuits, where each arm
serves to circumvent the noise stemming from the other arm.

Materials and methods

Cell culture

HeLa cells were plated over 0.17 mm thick glass coverslips coated with
gelatin and cultured in the a modification of Eagle’s Minimum
Essential Medium (Sigma, St Louis, MO) supplemented with 10% fetal
bovine serum (Clontech, Mountain View, CA). After culturing the cells
for 24 h, the cells were washed and cultured in serum-free medium for
48 h. Thereafter, this medium was replaced with pre-warmed medium
containing 20% serum and 200mM tetradecanoyl phorbol acetate
(TPA) (Sigma). The coverslips were withdrawn after indicated periods
of time, rapidly washed with phosphate-buffered saline (PBS), and
fixed using 4% formaldehyde in PBS solution for 10 min at room
temperature. In experiments that included the addition of an inhibitor
of mitogen-activated protein kinases, 10 mM U0126 (Promega, Sunny-
vale, CA) was added to the serum containing medium. In experiments
in which new protein synthesis was inhibited, cycloheximide (Sigma)
at a final concentration of 50mg/ml was added to the culture medium.

Cloning a c-fos/c-jun fusion protein

To fuse the coding sequences of c-fos and c-jun, we followed the
approach previously described by Bakiri et al (2002). An important
difference was that we used a previously constructed c-fos clone
(Vargas et al, 2011) as the source of its coding sequence. In this clone, a
full-length human c-fos gene, including its introns, was placed under
the control of a doxycycline responsive promoter in vector pTRE2Hyg
(Clontech). In our scheme, we first amplified the c-jun coding

sequence from genomic DNA, using a forward primer, GTGTCCCCCGC
TTGCCACAG, located in the 50-UTR, and a reverse primer, TCAGCCCC
CGACGGTCTCTC, located in the 30-UTR; and we then cloned it into a
pCR-4 TOPO cloning vector (Life Technologies, Carlsbad, CA). Since
the c-jun gene harbors no introns, this was equivalent to cloning its
cDNA. The resulting clone was modified to introduce a BamH1 site at
the 50 end of the c-jun coding sequence, and to introduce an Mlu1 site
at the 30 end of the c-jun coding sequence, using a QuickChange
site-directed mutagenesis kit (Stratagene, San Diego, CA). The
BamH1–Mlu1 fragment, containing the c-jun coding sequence, was
then excised from this clone and inserted at the 50 end of the c-fos
genomic sequence within pTRE2Hyg-c-fos, using the same pair of
restriction enzymes to linearize the host plasmid. The resulting clone
was further modified to introduce an 8-amino acid-long linker (Bakiri
et al, 2002) between the coding sequence of the two genes. The
introduction of this linker also removed the start codon from the
c-fos sequence, creating a fused coding frame for the two genes. A
DNA fragment (50-GACTACAAGGACGACGACGACAAG-30) encoding
the FLAG sequence was inserted just before the stop codon of c-fos
by site-directed mutagenesis. This construct was linearized with
restriction enzyme Fsp1, transfected into HeLa-tet-off cells (Clontech),
and then several stable cell lines expressing the continuous gene under
doxycycline control were isolated.

Single-molecule fluorescence in situ hybridization

We imaged individual mRNA molecules by hybridizing a set of 48
oligonucleotide probes to each mRNA species. Each oligonucleotide in
a set was labeled with one fluorescent dye moiety. The dyes used to
label each set were Alexa 594, Cy5, or tetramethylrhodamine, each of
which fluoresces in a different color. When so many probes bind
simultaneously to the same mRNA, each molecule becomes so
intensely fluorescent that it can be seen as a fine fluorescent spot in a
fluorescence microscope; whereas the background appears as a low-
level, diffused fluorescence (Raj et al, 2008). Evidence for the single-
molecule sensitivity and near absolute specificity of this system is
reviewed in Supplementary Information provided by Batish et al (2012).

The Ensemble IDs of the sequences of the transcripts that we probed
are c-fos, ENST00000303562; c-jun, ENST00000371222; collagenase 1,
ENST00000315274; and cox-2, ENST00000367468. The 48 probes in
each set, each 20 nucleotides long, were selected for these transcripts
using the Stellaris probe designer program available online at http://
www.biosearchtech.com/stellarisdesigner/. The probe sequences will
be provided upon request. Oligonucleotide sets corresponding to the
designed probes, with each probe having a 30-amino group, were
obtained from the Biosearch Technologies (Novato, CA), pooled in
equimolar amounts, and coupled to one of the three fluorescent dyes
mentioned above, using their respective succinimidyl esters for
linkage to their 30-amino groups, as described previously (Raj et al,
2008). The oligonucleotides coupled to the dye were then purified,
using high-pressure liquid chromatography.

Fixed cells attached to coverslips were permeabilized by incubation
with 70% alcohol for 1 h, equilibrated briefly with 10% formamide in
2X saline sodium citrate (SSC) buffer (Ambion, Austin, TX), and then
hybridized overnight at 371C in a humid chamber with the probes.
Each hybridization reaction (50 ml) contained 10% dextran sulfate
(Sigma), 1 mg/ml Escherichia coli tRNA (Sigma), 2 mM ribonucleoside-
vanadyl complex (New England Biolabs, Ipswich, MA), 0.02% RNase-
free bovine serum albumin (Ambion), 10% formamide, and 1 ng/ml of
each probe set. After hybridization, the coverslips were washed twice
with 10% formamide in 2X SSC at room temperature, and then
mounted in oxygen-depleted mounting medium (Raj et al, 2008).

PLA combined with smFISH

We performed PLA first and then fixed the cells a second time, followed
by smFISH for the downstream mRNAs. For PLA, we utilized reagents
from a Duolink PLA Kit (Olink Biosciences, Uppsala, Sweden). To
protect the cellular RNA during PLA, we included RNase inhibitor from
human placenta (New England Biolabs) in the incubation steps,
included ribonucleoside-vanadyl complex in washing buffers, and used
diethylpyrocarbonate-treated water for dilution of the reagents. For
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each incubation step, the coverslips were placed over a 50-ml solution
(cell-side facing down) on a strip of Parafilm that was stretched over
glass and placed in a humid chamber. The humid chamber was pre-
equilibrated at the appropriate temperature. For the washing steps, the
coverslips were bathed in 1 ml of solution in a 12-well plate.

Our protocol for PLA was composed of the following steps, which
refer to reagents included in the Duolink PLA Kit. (1) Fixed cells were
permeabilized by bathing the coverslips in 70% ethanol for 1 h. (2) The
cells were blocked using 1X blocking solution supplemented with
1 unit/ml of RNase inhibitor for 1 h at room temperature. (3) Primary
antibodies against human c-fos (mouse antibody, SC-8047; Santa Cruz
Biotechnologies, Santa Cruz, CA) and c-jun (rabbit antibody, SC-1694;
Santa Cruz Biotechnologies) were added at 1–100 dilution in the
blocking solution, and the coverslips were then incubated overnight at
41C in a humid chamber. (4) Excess primary antibodies were removed
by washing the coverslips twice with wash buffer A (0.01 M Tris–HCl
pH 7.4, 0.15 M NaCl, 0.05% Tween-20 (Sigma), and 2 mM ribonucleo-
side-vanadyl complex). (5) Anti-rabbit plus secondary antibody and
anti-mouse minus secondary antibody were incubated in 1X antibody
dilution solution supplemented with 1 unit/ml of RNase inhibitor for
1 h at 371C. (6) Excess secondary antibodies were removed by two
washes with buffer A. (7) The cells were incubated with 1X ligation
buffer, including ligase, for 30 min at 371C, followed by two washes in
buffer A. (8) The cells were then incubated with 1X rolling-circle ampli-
fication mixture, including the DNA polymerase and the detection
probes, for 1 h at 371C, followed by two washes in buffer A. (9) The
cells were fixed for a second time with 3.7% formaldehyde in 1X PBS
for 10 min, followed by equilibration in 10% formamide in 2X SSC. (10)
In situ hybridization was performed as above. The specificity of the
primary antibodies was confirmed by preliminary direct IF staining.

The number of spots that are obtained in PLA depends upon the
abundance of the complexes, the degree to which the epitopes that are
recognized by the primary antibodies are exposed, the distance
between the target proteins, and their disposition relative to each
other. Proteins that are as far as 30–40 nm from each other in the
complex can reliably be detected (http://www.olink.com/node/180).
We obtain B100 PLA spots per cell for the c-fos/c-jun heterodimer,
which is likely to be a small fraction of the total number of heterodimer
complexes present in each cell. However, the number of spots detected
in a cell is proportional to the number of heterodimers present, and the
average number of PLA spots/cell as a function of time follows the
expected kinetics (Figure 5).

PLA combined with direct IF for FLAG

The same protocol as above was generally followed with an exception
of the RNAse inhibitors, which were excluded. During the step of
primary antibody addition an FLAG tag-specific goat antibody A190-
101A (Bethyl Laboratories, Montgomery, TX) was included in the
incubation mixture in addition to the antibodies for c-fos and c-jun
mentioned above. A secondary antibody labeled with fluorescein and
specific for the goat constant region was included in the reaction
mixture during the DNA replication step. The detection label for PLA
was Cy5 rather than fluorescein used in the protocol above.

Imaging and image analysis

An inverted wide-field microscope (Axiovert 200M, Zeiss, Oberko-
chen, Germany) equipped with a � 100 oil immersion objective with a
1.3 numerical aperture, and a CoolSNAP HQ camera (Photometrics,
Tucson, AZ) cooled to � 30 1C was used to acquire images. We
acquired 20–30 z-sections, separated from each other by 0.2mm
(0.4mm when PLA and IF were performed) in each channel. The stacks
of images were analyzed using custom image analysis programs
written in a MATLAB environment, as described previously (Raj et al,
2008). Since PLA spots are larger and more intense than mRNA spots,
the size limits used for the detection of mRNA spots were relaxed for
the detection of PLA spots. Cell and nuclear boundaries were specified
by manually drawing regions of interest over diffraction contrast or
DAPI images acquired from a central plane.

To determine the integrated fluorescence intensity in the IF image
stacks, we drew regions of interest around the nuclei and in regions

that were devoid of cells using the DIC image as a guide. The sum of
total fluorescence intensities from the nuclear areas over all the layers
was determined for each cell and then divided by the area of region of
interest to yield a ‘fluorescence density’. The same was done for the
regions of interest from the cell-free blank areas. The average
fluorescence density of the blank regions was subtracted from the
fluorescence density of each nucleus. The same regions of interest
were used to calculate the fluorescence density for IF and number of
spots for PLA.

Statistical analysis

The error bars represent 95% confidence intervals (CIs) obtained from
measurements made on 50–100 cells. For the data shown in Figure 7
and Supplementary Figure S2 for c-fos RNA, c-jun RNA, and their
respective proteins, we obtained 95% CI in standard deviations and
means by bootstrapping of data from a single experiment, whereas for
heterodimers, collagenase 1, and cox 2 mRNAs these parameters were
obtained from three independent experiments. The reported error bars
for Fano factors in Figure 7 represent two times the 95% CI in standard
deviation, plus 95% CI in mean. The reported error bars for coefficient
of variations in Supplementary Figure S2 represent the 95% CI in
standard deviations plus 95% CI in means.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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