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ABSTRACT
Dynamic regulation of gene expression via signal transduction
pathways is of fundamental importance during many biological
processes such as cell state transitioning, cell cycle progression and
stress responses. In this study we used serum stimulation as a cell
response paradigm to apply the nascent RNA Bru-seq technique in
order to capture early dynamic changes in the nascent transcriptome.
Our data provides an unprecedented view of the dynamics of genome-
wide transcription during the first two hours of serum stimulation in
human fibroblasts. While some genes showed sustained induction or
repression, other genes showed transient or delayed responses.
Surprisingly, the dynamic patterns of induction and suppression of
response genes showed a high degree of similarity, suggesting that
these opposite outcomes are triggered by a common set of signals. As
expected, early response genes such as those encoding components
of the AP-1 transcription factor and those involved in the circadian clock
were immediately but transiently induced. Surprisingly, transcription of
important DNA damage response genes and histone genes were
rapidly repressed.Wealsoshow thatRNApolymerase II accelerates as
it transcribes large genes and this was independent of whether the
genewas induced or not. These results provide a unique genome-wide
depiction of dynamic patterns of transcription of serum response genes
and demonstrate the utility of Bru-seq to comprehensively capture rapid
and dynamic changes of the nascent transcriptome.
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INTRODUCTION
Signal transduction cascades are critical regulators of cell processes
such as differentiation, proliferation, and stress responses. These
cascades activate preexisting transcription factors, which in turn
induce various groups of targets genes. Some of these target
genes are also transcription factors that, after the completion of
transcription and translation, go on to regulate their own sets of
target genes. These series of regulatory and transcriptional networks
allow for an initial triggering event to produce complex global gene
expression changes in a temporal and dynamic way.

Growth factor activation is a widely used system for studying
rapid changes in gene expression. Fibroblasts grown in serum-free
media enter a G0/G1 state, and subsequent addition of serum to these
cells results in global gene expression changes as cells prepare to
progress through the cell cycle again (Winkles, 1997). Studies
analyzing the genome-wide early transcriptional response to serum
stimulation indicate that response genes exhibit various temporal
expression patterns (Amit et al., 2007; Iyer et al., 1999; Tullai et al.,
2007). In addition to recruitment and initiation of transcription by
RNA Polymerase II (RNAPII), several additional mechanisms are
thought to influence gene expression timing, including release of
paused polymerases, elongation progression, termination, and
polyadenylation (Jonkers and Lis, 2015). These various points of
regulatory control, which differ for individual response genes, make
it challenging to unravel the complex global patterns of
transcriptional activation and repression.

Methods such as microarrays and RNA-seq are excellent for
detecting polyadenylated mRNA or changes in the total mRNA
pool, however, the detection of these changes may not directly
reflect the initial transcriptional response. Therefore we used
Bru-seq, a nascent RNA sequencing technique (Paulsen et al.,
2014, 2013), to focus on changes in transcriptional initiation
genome-wide following serum stimulation of human fibroblasts.
By measuring changes in the nascent RNA production emanating
from transcription start sites (TSSs), we could identify genome-
wide dynamic changes in productive transcription initiation. Our
data indicate that there are several distinct gene expression patterns
of induction and repression that occur in response to serum
stimulation, and genes in distinct cellular pathways often exhibit
similar response patterns. Furthermore, by measuring the
movement of induced or repressed transcription waves through
the bodies of large genes we found that the transcription
machinery accelerates as it traverses genes. This study was able
to explore the global dynamics of RNA production in unparalleled
detail during the early serum response and showcases the unique
utility of Bru-seq in capturing genome-wide transcriptional
dynamics.

RESULTS
Immediate and sustained effects of serum stimulation on
transcription initiation
In this study, we used Bru-seq to explore the dynamic landscape of
the nascent transcriptome as human fibroblasts responded to serum
stimulation following a 48 h period in serum-starved conditions
(Fig. 1). Cells were incubated with 2 mM bromouridine (Bru) for
30 min to label nascent RNA either in serum-starved cells, or
during 30 min intervals following serum addition. At the end of the
labeling periods, cells were lysed in Trizol and total RNA was
isolated. The Bru-labeled nascent RNAwas captured from the total
RNA using anti-BrdU antibodies conjugated to magnetic beads,
and then converted into cDNA libraries and deep sequenced.Received 4 May 2016; Accepted 9 May 2016
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Exploring nascent RNA production using Bru-seq allowed us to
capture the dynamic landscape of transcription alterations during
the first 2 h of the serum response. By mapping the reads for each
30 min labeling period, we were able to visualize active
transcription across individual genes. To focus on changes in
productive initiation, we measured the abundance of reads within
the whole gene for those 30 kb or shorter, and within the first 30 kb
for genes longer than 30 kb. We chose a 30 kb window because we
expected that based on an average elongation rate of 1.4 kb/min
(Veloso et al., 2014), RNAPII would have fully traversed the
sampling area during the 30 min labeling period. Importantly, this
approach made it possible to assess the initiation rate for very
large genes for which rate otherwise may have been severely
underestimated if transcription within the full length of the gene
was considered.
We observed that some genes, such as TPM1 encoding an actin

skeleton protein, were immediately upregulated following serum
addition, visible through an increase in transcription reads
across the entire gene (Fig. 2A). This increase was observed
during each labeling period. The FERMT2 gene encoding a
scaffolding protein behaves in a very similar manner, but because
this gene is considerably longer we only observe transcription reads
at the 5′ end of the gene during the first labeling period (Fig. 2B);
however, during the subsequent labeling period (30-60 min), the
transcription wave had reached the 3′ end of the gene. One
advantage of nascent RNA Bru-seq over traditional RNA-seq,
which measures steady-state RNA, is that it can capture rapid
inhibition of transcription very efficiently since it does not rely on
the degradation of pre-existing RNA for detection of inhibition. For
example, the APCDD1 gene coding for a protein that inhibits WNT
signaling was actively transcribed during serum starvation but was
rapidly repressed upon serum addition (Fig. 2C). RUNX2,
encoding a transcription factor, was also repressed by serum and
due to its considerable length (>100 kb) transcription at the end of
the gene was unaffected until 60-90 min after serum addition
(Fig. 2D). Thus, even though genes can be induced or repressed
immediately after serum addition, there is a time delay before the
generation or loss of full-length products that is proportional to
their gene lengths.

Transient effects of serum stimulation on transcription
initiation
While the previously described genes displayed sustained
transcriptional induction or repression following serum stimulation,
other genes demonstrated transient regulation. For example, the
transcription factor geneNR4A3was immediately induced after serum
addition, but transcription returned to serum-starved levels within
60 min after stimulation (Fig. 3A). SAMD4A, encoding a RNA-
binding protein, was also transiently induced and transcription
returned to serum-starved levels after 60-90 min. As the SAMD4A
gene is very long (>200 kb), there was a delay before the 3′ end of the
gene experienced the effects of this brief pulse of transcriptional
induction (Fig. 3B). We also observed genes such as KIRREL,
encoding a signaling protein (Fig. 3C), and ABCA1, encoding a
protein involved in cholesterol transport (Fig. 3D), that showed
inhibition of productive initiation after serum addition followed by a
reset to baseline expression.

Delayed effects of serum stimulation on transcription
initiation
Certain genes showed a delayed transcriptional response following
serum activation. For example, transcriptional induction of the
transcription factor gene NFKB1 peaked during the 30-60 min
labeling period (Fig. 4A) and induction of ALCAM, encoding a cell
adhesion protein, peaked during the 90-120 min labeling period
(Fig. 4B). The LAMA2 gene, encoding a basement membrane
protein, was repressed 30-60 min after serum addition (Fig. 4C), and
the metalloproteinase encoding gene PAPPA showed a brief modest
initial induction followed by repression 60-90 min after serum
addition (Fig. 4D). These delayed responses may be regulated by
transcription activators or repressors that are transcriptionally
induced during the immediate response to serum.

Genome-wide patterns of transcription regulation following
serum stimulation
After observing this variety of transcriptional responses, we
went on to perform a genome-wide analysis of serum-induced
transcriptional changes. Using a two-fold change cutoff for serum-
induced transcriptional change in the first 30 kb of expressed
genes, we observed 1417 genes upregulated (Fig. 5A) and 636
genes downregulated (Fig. 5F) in at least one labeling period
following serum stimulation. Heat maps were generated for these
serum response genes based on the fold-change values from each
serum-stimulated labeling period compared to starved cells. We
classified serum response genes based on transcription patterns
near the TSS during the first 2 h following serum stimulation using
the following categories: sustained induction or repression
(Fig. 5B,G), induction or repression followed by a return to
baseline expression (Fig. 5C,H), delayed induction or repression
(Fig. 5D,I), and both induction and repression (Fig. 5E,J).
Enrichment of genes involved in nucleosome assembly was
linked to a broad sustained repression of the large histone gene
cluster on chromosome 6 by serum (Fig. S1). These results, which
could only be obtained by a nascent RNA sequencing approach
such as Bru-seq, show the intricate patterns by which cells regulate
transcription in response to a major cell stimulus such as serum. It
also highlights the importance of measuring transcription in a
continuous manner following exposure to the stimulus in order to
capture all transient transcription events. A novel finding of this
study was that the patterns of transcription repression mirrored the
patterns of transcription induction suggesting that these opposite
outcomes are regulated by similar mechanisms.

Fig. 1. Experimental outline. Bromouridine labeling (2 mM) of nascent RNA
was performed for 30 min (blue field) on (1) starved human fibroblasts, or (2-5)
at different times after serum addition. Cells were maintained in serum-free
media for 48 h prior to treatments.
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Functional analysis of the serum response
We utilized the database for annotation, visualization and
integrated discovery (DAVID) functional annotation tool to
explore whether the serum response genes identified by Bru-seq
were enriched for certain functional pathways, including known
pathways related to serum activation. First we focused on the
group of transcriptionally induced genes to identify potential
pathways induced in response to serum stimulation. We found
significant enrichment of genes related to cellular structures such
as ‘focal adhesion’, ‘tight junctions’, ‘actin cytoskeleton’, and
‘extracellular matrix’ (Fig. 6A; Fig. S2), which are structures
known to be important during the serum response and wound
healing (Cooper et al., 2004; Iyer et al., 1999). Genes involved in
various signaling pathways such as MAPK, chemokine, toll-like
receptor, and TGF-β signaling were also enriched following serum
stimulation. Enrichment of these pathways was seen during each
labeling period.
Next we examined our set of transcriptionally repressed genes to

identify potential pathways which were downregulated in response

to serum activation. We observed enrichment of genes involved
in signaling pathways including MAPK, ErbB, Jak-STAT, and
cytokine receptor signaling (Fig. 6B; Fig. S2). While the genes
involved in these pathways were enriched during each labeling
period, genes in other pathways had higher enrichment scores only
during the later labeling periods. These pathways included
‘nucleotide excision repair’, ‘p53 signaling’, ‘cell cycle’, ‘WNT
signaling’, and ‘aminoacyl tRNA biosynthesis’, (Fig. S3).

Additionally, we performed a gene set enrichment analysis
(GSEA) for each labeling period (Subramanian et al., 2005).
Expressed genes during a given period were ranked according to
log2-fold changes in expression compared to starved cells, and this
ranked gene list was used to calculate normalized enrichment scores
(NESs) for gene sets. Gene sets with high NESs during each
labeling period, indicating sustained increased transcription levels,
included genes induced by neuregulin (NRG1), estrogen growth
factor (EGF), transforming growth factor beta (TGF-β), tumor
necrosis factor (TNF), Wilms tumor 1 (WT1), KRAS, and the
inflammatory response (Fig. 6C). Gene sets with low NESs during

Fig. 2. Immediate serum-response genes. Bru-seq traces for TPM1 (A), FERMT2 (B), APCDD1 (C) and RUNX2 (D) during starved conditions and after
different periods of serum stimulation. Annotated genes are shown at the top in either red or green. The positive y-axis represents plus-strand signal of
transcription moving from left to right and the negative y-axis represents minus-strand signal of transcription moving from right to left. Transcription induction is
indicated by a green arrow and transcription repression is indicated by a red T. The graphs at the bottom depict the log2-fold change values calculated within the
first 30 kb of the genes for each labeling period.
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each labeling period, indicating sustained decreased transcription
levels, included those related to meiosis, telomere and chromosome
maintenance, RNA pol I transcription, and amyloids (Fig. 6D).
Genes involved in the response to ionizing radiation, resistance
to the chemotherapeutic drugs doxorubicin and camptothecin, the
G2/M checkpoint, as well as genes induced by MYC, and genes
repressed by NRAS were initially induced in response to serum but
at later time points were repressed (Fig. 6E).

DNA damage repair and signaling genes inhibited by serum
stimulation
As observed in the GSEA analysis, transcription of a number of
genes involved in DNA damage repair and signaling were rapidly
suppressed following serum stimulation (Fig. 7). Both ERCC6,
which encodes the CSB protein involved in transcription-coupled
repair, and CUL4B, which encodes an ubiquitin ligase implicated in
DNA repair, were rapidly repressed. RAD50, which encodes a
protein in the DNA double-strand break processing complex MRN,
and REV3L,which encodes the catalytic subunit of translesion DNA
synthesis polymerase zeta, were also suppressed during the first two
hours following serum stimulation. Finally, transcription of ATM,

which encodes a DNA damage response kinase, was suppressed
after serum addition. The functional implications of the
downregulation of these DNA damage response genes during the
serum response are not known.

AP-1, circadian clock, miRNAs and p53 response genes are
affected by serum
The AP-1 transcription factor components FOS and JUN are known
to be rapidly induced following serum stimulation (Herschman,
1991). Bru-seq revealed that six out of seven of these genes were
rapidly induced after serum addition followed by a reset of nascent
transcription, with the exception of JUNB, which was induced
and sustained throughout the 2 h period after serum addition
(Fig. S4). The mechanism of this burst of transcription followed by
a reset may stem from the release of RNA polymerases from a
promoter-proximal pause site, as is known for FOS (Liu et al.,
2015; Plet et al., 1995), or the activation of inhibitory factors
suppressing subsequent rounds of transcription, like FOSL1
(Hoffmann et al., 2005). Serum stimulation inhibited transcription
of a number of p53-response genes either immediately or after a
short delay (Fig. S5). Serum starvation has been shown to

Fig. 3. Transient responding genes following serum stimulation. Bru-seq traces for NR4A3 (A), SAMD4 (B), KIRREL (C) and ABCA1 (D) during starved
conditions and during different periods following serum addition. Data representation as in Fig. 2.
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increase expression of p53, with subsequent decrease after
re-addition of serum (Hasan et al., 1999). Circadian clock genes
also responded to serum stimulation, with some genes showing
sustained induction and others showing a transient induction
(Fig. S6). Lastly, Bru-seq analysis allows for the identification of
miRNA transcription units, and we observed that serum stimulation
affected nascent transcription of a number of miRNAs such as
miR21 (Fig. S7).

Transcription accelerates towards the 3′ end of genes
Extremely long genes are estimated to take several hours for the
completion of transcription, however, it has been suggested that
elongation rates accelerate as RNAPII travels across the gene body
and this could act to reduce transcriptional delays (Danko et al.,
2013; Jonkers et al., 2014). We previously used BruDRB-seq to
assess transcription elongation rates in the beginning of large genes
in the same fibroblast cell line used in this study (Veloso et al.,
2014). For very large genes (>200 kb) we could estimate the
elongation rates during each 30 min time interval following serum
stimulation by measuring the change in the location of the front of

the transcription wave. We found that the first 30 min Bru-labeling
interval generated large variability in the distances travelled by
RNAPII probably due to variability in transcription initiation
timing. Therefore, we excluded the first time interval and instead
examined the distances traveled by the transcription wave during
the three later labeling periods. Transcription rates for each gene
were calculated using the genomic distance between leading
edges of transcription waves between two time intervals divided
by the 30 min labeling time. The median distance covered by the
transcriptional wave across 21 induced genes was 60 kb, 90 kb, and
100 kb during the 30-60, 60-90, and 90-120 min labeling periods,
respectively. This translates into an average elongation rate of
1.97 kb/min, 2.79 kb/min, and 3.32 kb/min for the respective time
intervals and supports the idea that RNAPII accelerates as it travels
across large genes (Fig. 8A-C,G; Figs S8, S9). Long genes
repressed by serum exhibited a retreating wave of transcription
which was used to measure elongation rates in a similar way. In 21
repressed genes, RNAPII was estimated to travel a median distance
of 70 kb, 90 kb, and 100 kb during the 30-60, 60-90, and
90-120 min labeling periods, respectively. The corresponding

Fig. 4. Delayed serum-response genes.Nascent RNA sequencing reads forNFKB1 (A), ALCAM (B), LAMA2 (C) andPAPPA (D) during starved conditions and
during different periods following serum addition. Data representation as in Fig. 2.
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elongation rates were 2.33 kb/min, 3.19 kb/min, and 3.25 kb/min
for the respective time intervals (Fig. 8D-F,H; Figs S10, S11).
These findings suggest that transcription complexes accelerate
as they traverse large genes, but that these increased elongation
rates are not the result of gene induction caused by stimulation by
serum but rather an inherent feature of transcription over long
distances.

DISCUSSION
During a global cellular response, cells undergo widespread
expression changes in order to modulate their function to adapt to
changes in their environment. The ability to successfully follow
the temporal chain of events occurring during a particular cellular
response is critical for understanding the complex regulatory
networks which orchestrate these gene expression changes.
Categorizing response genes which display similar expression

patterns can assist in identifying common regulatory mechanisms.
Regulation of transcription initiation is a key step in establishing
precise temporal expression of response genes, however, transcription
elongation and RNA processing events create time delays for the
generation of full-length mature mRNAs, and these delays are
especially apparent for long genes. Therefore, by capturing nascent
transcriptome dynamics and focusing on transcription initiation
events immediately following cellular stimulation, we can more
accurately assess early regulatory patterns and better model the
mechanisms responsible for these changes.

In this study we present the first genome-wide data set of nascent
transcription changes during serum activation. Our characterization
of the early serum response is a reflection of temporal patterns of
productive initiation because our focus was on transcription
occurring near TSSs. This classification is distinct from previous
studies that used steady-state RNA or mRNA detection and

Fig. 5. Dynamics of the nascent transcriptome following serum stimulation. Heat maps of induced (A) and repressed (F) genes in response to serum
stimulation based on log2-fold change values within the first 30 kb of genes. Examples of gene groupings exhibiting various transcriptional patterns are shown in
graphs (B-E) and (G-J).
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therefore categorized response genes based on transcript completion
rather than initiation of transcription (Amit et al., 2007; Iyer et al.,
1999; Tullai et al., 2007). We identified 1417 induced and 636
repressed genes during the first two hours following serum addition,
and these genes displayed diverse transcriptional patterns. We
identified a set of genes that showed an immediate transcriptional
response and genes that responded after a delay. We were also able
to categorize genes based on the behavior of their transcriptional
initiation over time, including whether the change in RNA initiation
was sustained or transient. Genes that exhibit similar transcriptional
patterns may be subject to the same mechanisms of transcriptional
regulation. For example, at the level of transcription initiation,
response timing might be related to enhancer status at the time of
stimulation. Primed enhancers might regulate rapidly induced genes
while de novo enhancer selection might result in a delayed response.
Also related to initiation, different sets or combinations of
transcription factors or repressors may be responsible for
immediate responses compared to delayed responses.
Alternatively, regulation at the level of promoter-proximal
pausing and release may also regulate response timing. Whether a
transcriptional response is transient or maintained may be a factor of
whether negative feedback mechanisms act to detect and limit RNA
production. While this study did not explore specific mechanisms of

transcriptional control, it provides a foundation for future studies by
establishing candidate gene sets that may be coordinately regulated.

By following nascent transcription genome-wide over the first
2 h after serum addition, we observed a number of very diverse gene
activation responses. One set of genes was immediately induced and
showed sustained enhanced transcription initiation throughout the
time course (Fig. 2A,B, Fig. 5B). This behavior likely reflects genes
that are activated by transcription factors that have sustained activity
in the presence of serum. Another set of genes showed a transient
induction pattern (Fig. 3A,B, Fig. 5C). It is possible the transient
induction pattern observed is due to a serum-mediated release of
RNAPII from promoter-proximal arrest sites (Adelman and Lis,
2012; Liu et al., 2015; Muse et al., 2007). Interestingly, following
this release these genes did not re-fire even though the continued
presence of serum should maintain activating signals, thus cells
appear to have the ability to limit the expression of these genes to
one ‘wave’ of transcription through the genes. Alternatively,
transient activation of a transcription factor or serum-induced
transcription of a small gene encoding a transcription suppressor
could explain the transient nature of expression. Another common
pattern of gene transcription after serum stimulation is a delayed
transcriptional response (Fig. 4A,B, Fig. 5D). These genes are most
likely dependent on the immediate induction of transcription factor

Fig. 6. Gene set enrichment analysis of serum response genes.Enriched pathways identified by DAVID in induced (A) and inhibited (B) gene sets during each
serum-stimulated labeling period. The −log10 values of P-values are displayed. Enriched pathways identified by GSEA in induced (C), inhibited (D), and induced
then inhibited (E) gene sets during each time point. Normalized enrichment scores (NES) are displayed.
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genes where the time delay of the induction of the secondary
response genes is proportional to the sizes of the initially induced
transcription factor genes. Finally, a fairly abundant group of genes
showed a ‘reversal’ pattern where these genes were initially
repressed but then showed highly induced transcription initiation
(Fig. 5E). Such a pattern could potentially be generated by a
feedback loop mechanism where cells compensate for the initial
repression by follow-up overexpression.
The biggest surprise of our study was that the dynamic

transcription patterns we observed for genes induced by serum-
stimulation was also observed in the opposite direction. This novel
data set was made possible because the Bru-seq technique measures
transcription activity and not steady-state RNA, so rapid gene
repression can be assessed as readily as transcriptional activation.
Similarly to gene induction, we observed a group of genes that
showed sustained repression throughout the time course (Fig. 2C,D,
Fig. 5G). Here the presence of serum may inactivate specific
transcription factors and this inhibition is sustained resulting in the
maintenance of reduced transcription initiation of target genes
during the time course. The mechanisms responsible for the
transient repression of transcription of a specific set of genes
(Fig. 3C,D, Fig. 5H) is not fully clear to us, but it is possible that
serum immediately activates promoter-proximal transient
transcription arrest in this set of genes with the subsequent
establishment of a new equilibrium leading to new transcription
emerging throughout the gene after a delay. Alternatively, serum
transiently activates a transcription repressor or transiently
inactivates a transcription activator. The group of genes with
delayed repression (Fig. 4C,D, Fig. 5I) may have binding sites for

repressors encoded in genes that are activated in the primary wave of
serum-induced transcription. Finally, as for the induced gene set,
therewas a subset of genes that showed a ‘reversal’ behavior. After a
transient induction these genes were suppressed at the later time
points (Fig. 5J) and it is possible that these genes were regulated by a
homeostatic feedback mechanism.

We hypothesize that these different transcriptional patterns are
important for establishing temporal expression patterns related to
functional activity. We performed DAVID and GSEA analyses to
explore pathway and gene set enrichment patterns during the early
serum response. We found that pathways which were highly enriched
during the first labeling period, in either the group of upregulated or
downregulated genes, tended to be enriched during the later labeling
periods as well. Many of these enriched pathways were signaling
pathways, such as theMAPKpathway,which is known to be activated
by growth factor stimulation (Assoian and Schwartz, 2001).
Attenuation of MAPK signaling and downstream target gene
expression has been shown to depend on nascent transcription
following activation (Amit et al., 2007); therefore the enrichment of
genes in these pathways may be associated with transcriptional
changes related to turning off the signaling pathway.MAPK signaling
activation results in transcriptional activation of AP-1 components
FOS and JUN (Shaulian and Karin, 2002), which we were able to
observe using Bru-seq. Induction of these genes is accompanied by
the upregulation of alternate AP-1 components which may inhibit
active AP-1 complexes, as has been shown for FOSL1 and JUNB
(Hoffmann et al., 2005; Szabowski et al., 2000). The detection of
genes induced or repressed within the same time frame may help to
identify novel regulators. The transcriptional response timing for these

Fig. 7. DNA damage response genes are downregulated in response to serum. Nascent RNA sequencing reads for ERCC6 (A), CUL4B (B), RAD50 (C),
REV3L (D) and ATM (E) during starved conditions and during different periods following serum addition. Data representation as in Fig. 2.
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regulators is likely influenced by many factors, including RNA
and protein abundance; therefore simultaneous assessment of
transcriptional and translational regulation may be necessary to
connect functional activity to temporal gene expression regulation.
Interestingly, we observed a significant downregulation of p53

response and DNA damage response genes following serum
stimulation. Protein levels of p53 are known to increase in serum-
starved cells due to enhanced protein stability, but p53 protein levels
return to baseline following addition of serum (Hasan et al., 1999;
Shi et al., 2012). The decrease of p53 target genes following serum
addition is therefore likely related to the expected lower protein
levels of p53. Our Bru-seq data detected repression of the p53 target
gene CDKN1A, encoding the G1 cell cycle arrest protein p21, which
has also been observed to have increased levels in starved cells (Shi
et al., 2012). Surprisingly, we observed decreased transcription of
the DNA damage response signaling genes ATM and RAD50
following serum stimulation. The functional implications related to
the downregulation of these DNA damage response genes following
serum activation will need to be explored in more detail.
Lastly, our data demonstrated that elongation accelerates as

RNAPII travel across long genes, which is consistent with previous
studies (Danko et al., 2013; Jonkers et al., 2014). Since average
elongation rates were found to increase across both induced and
repressed genes following serum stimulation, our results suggest that
acceleration of transcription elongation is not due to serum
activation but rather is an inherent characteristic of transcription
elongation. The mechanism responsible for this accelerated
elongation may be related to a gradual shift in the phosphorylation

pattern of the c-terminal domain (CTD) of RNAPII as it traverses
genes (Jonkers and Lis, 2015).

Taken together, this study provides a novel view of the dynamic
transcriptome as cells adjust to a new environmental condition after
serum addition. Bru-seq revealed both known and novel changes in
gene transcription during the early serum response. The assessment
of global transcriptional output provides clues as to how regulation
of transcription is accomplished after cellular stimulation. We
believe that nascent sequencing techniques, such as Bru-seq, will be
critical to assess and untangle the mechanisms behind temporal and
dynamic expression changes for a wide range of cellular responses.

MATERIALS AND METHODS
Cell culture and serum stimulation
HF1, hTERT immortalized foreskin-derived human fibroblasts (Paulsen
et al., 2014, 2013), were grown in MEM supplemented with 10% FBS,
L-glutamine, vitamin mix, and antibiotics. These cells are routinely tested
for mycoplasma contaminations. Starved cells were grown in the same
media minus FBS for 48 h. For serum stimulation experiments, FBS was
added to the media of starved cells (final concentration 10%). Serum
addition was followed by 30 min bromouridine labeling, either immediately
or after a 30, 60, or 90 min incubation period. Bru-labeling was performed in
serum-starved cells and at different time-intervals following serum addition
as illustrated in Fig. 1.

Bru-seq analysis
Bru-seq was performed as previously described (Paulsen et al., 2014, 2013).
Briefly, bromouridine (Bru) (Aldrich) was added to the media of starved
or serum stimulated cells to a final concentration of 2 mM and incubated at
37°C for 30 min. Total RNAwas isolated using TRIzol reagent (Invitrogen),

Fig. 8. Transcription accelerates during elongation. Nascent RNA sequencing reads for large induced genes (A-C) during the different labeling periods
(0-30 min yellow, 30-60 min green, 60-90 min blue, 90-120 min orange). Nascent RNA sequencing reads for large inhibited genes (D-E) during the different
labeling periods (0-30 min orange, 30-60 min blue, 60-90 min green, 90-120 min yellow). Estimated distances of each transcription wave are indicated over or
under each arrow. The mean of the estimated elongation rates of 21 genes with standard deviations are displayed for (G) induced and (H) inhibited genes for
the different labeling periods. The P-values are indicated above each comparison.
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and Bru-labeled RNAwas isolated by incubation of the isolated total RNA
with anti-BrdU antibodies (BD Biosciences) conjugated to magnetic
Dynabeads (Invitrogen) under gentle agitation at room temperature for
1 h. cDNA libraries were prepared from the isolated Bru-labeled RNA using
the Illumina TruSeq library kit and sequenced using Illumina HiSeq
sequencers at the University of Michigan DNA Sequencing Core. The
sequencing and read mapping were carried out as previously described
(Paulsen et al., 2014, 2013).

Gene expression and serum response analysis
RPKM (reads per kilobase per million mapped reads) values were calculated
for individual genes over 300 bp for starved cells and for each serum
stimulated sample. For genes under 30 kb, RPKMwas calculated using read
counts from the entire gene. For genes 30 kb and over, an RPKM value was
calculated using read counts from the first 30 kb downstream of the TSS.
Genes were classified as expressed if they had an RPKM value greater than
0.5 in starved cells or in at least one serum stimulated sample.

To identify response genes, an inter-sample comparison analysis was
done to obtain RPKM fold-change values for each gene in a given serum
stimulated sample compared to the starved sample (Paulsen et al., 2014,
2013). Genes with a greater than twofold change in any serum stimulated
sample compared to starved cells were categorized as serum-response genes.
Genes with greater than a twofold increase were classified as induced and
genes with greater than a twofold decrease in RPKM values were classified
as repressed. Repressed genes were required to be expressed (RPKM
value>0.5) during the starved condition.

For the generation of the heat maps, induced and repressed response
genes were clustered based on when the first 30 kb of the gene reached a
greater than twofold change compared to starved cells. Genes were also
clustered based onwhether the expression changewas sustained or transient.
Sustained response genes maintained a greater than twofold change in the
labeling periods following the initial response. Transient response genes had
expression levels that returned to starved levels (less than twofold change)
during the labeling periods following the initial response.

Gene enrichment analysis
We used DAVID Bioinformatics Resource 6.7 (Huang et al., 2009a,b) to
perform gene set enrichment analysis on the serum-responsive genes. The
background gene set used for the analysis contained all genes that were
expressed above 0.5 RPKM in the tested cells. We performed a functional
annotation analysis using induced and repressed response gene sets from
each labeling period. Here we present enriched pathways with a P-value
<0.05. We also performed gene set enrichment analysis (GSEA)
(Subramanian et al., 2005). All genes expressed >0.5 RPKM were rank-
ordered according to log2-fold changes compared to the gene expression in
serum-starved cells.

Elongation analysis
Images displaying read distributions across genes longer than 200 kb were
visually assessed to estimate distances travelled by RNAPII in the 30-60,
60-90, and 90-120 min labeling periods according to the changing positions
of the transcriptional wave. Twenty-one genes were analyzed for groups of
induced and repressed genes, and mean, standard deviation, and median
values were recorded for the different labeling periods. These values were
used to calculate an average elongation rate for induced and repressed genes
during each labeling period.

Acknowledgements
We thank the personnel at University of Michigan Sequencing Core for professional
technical assistance and Manhong Dai and Fan Meng for administration and
maintenance of the University of Michigan Molecular and Behavioral Neuroscience
Institute (MBNI) computing cluster.

Competing interests
The authors declare no competing or financial interests.

Author contributions
K.S.K., M.T.P. performed the Bru-seq experiments. K.S.K., B.M., K.B. and M.L.
contributed to data analysis. M.L. conceived the method principle and M.L. and

M.T.P. contributed to method development and design. K.S.K. and M.L. contributed
to figure production and manuscript writing.

Funding
This work was supported by research grants from the National Institute of
Environmental Health Sciences [1R21ES020946], National Human Genome
Research Institute [1R01HG006786] and the National Institutes of Health
[P50CA130810]. K.S.K. was supported, in part, by a National Institutes of Health
training grant [T32GM07544] and B.M. was supported by the University of Michigan
School of Public Health Environmental Toxicology and Epidemiology Program,
National Institute of Environmental Health Sciences [T32ES007062].

Data availability
The primary data used in the analyses is deposited at NCBI’s Gene Expression
Omnibus with accession number GSE81548 at http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE81548.

Supplementary information
Supplementary information available online at
http://bio.biologists.org/lookup/doi/10.1242/bio.019323.supplemental

References
Adelman, K. and Lis, J. T. (2012). Promoter-proximal pausing of RNA polymerase

II: emerging roles in metazoans. Nat. Rev. Genet. 13, 720-731.
Amit, I., Citri, A., Shay, T., Lu, Y., Katz, M., Zhang, F., Tarcic, G., Siwak, D.,

Lahad, J., Jacob-Hirsch, J. et al. (2007). A module of negative feedback
regulators defines growth factor signaling. Nat. Genet. 39, 503-512.

Assoian, R. K. and Schwartz, M. A. (2001). Coordinate signaling by integrins and
receptor tyrosine kinases in the regulation of G1 phase cell-cycle progression.
Curr. Opin. Genet. Dev. 11, 48-53.

Cooper, L., Johnson, C., Burslem, F. and Martin, P. (2004). Wound healing and
inflammation genes revealed by array analysis of ‘macrophageless’ PU.1 null
mice. Genome Biol. 6, R5.

Danko, C. G., Hah, N., Luo, X., Martins, A. L., Core, L., Lis, J. T., Siepel, A. and
Kraus, W. L. (2013). Signaling pathways differentially affect RNA polymerase II
initiation, pausing, and elongation rate in cells. Mol. Cell 50, 212-222.

Hasan, N. M., Adams, G. E. and Joiner, M. C. (1999). Effect of serum starvation on
expression and phosphorylation of PKC-alpha and p53 in V79 cells: implications
for cell death. Int. J. Cancer 80, 400-405.

Herschman, H. R. (1991). Primary response genes induced by growth factors and
tumor promoters. Annu. Rev. Biochem. 60, 281-319.

Hoffmann, E., Thiefes, A., Buhrow, D., Dittrich-Breiholz, O., Schneider, H.,
Resch, K. and Kracht, M. (2005). MEK1-dependent delayed expression of Fos-
related antigen-1 counteracts c-Fos and p65 NF-kappaB-mediated interleukin-8
transcription in response to cytokines or growth factors. J. Biol. Chem. 280,
9706-9718.

Huang, D. W., Sherman, B. T. and Lempicki, R. A. (2009a). Bioinformatics
enrichment tools: paths toward the comprehensive functional analysis of large
gene lists. Nucleic Acids Res. 37, 1-13.

Huang, D. W., Sherman, B. T. and Lempicki, R. A. (2009b). Systematic and
integrative analysis of large gene lists using DAVID bioinformatics resources. Nat.
Protoc. 4, 44-57.

Iyer, V. R., Eisen, M. B., Ross, D. T., Schuler, G., Moore, T., Lee, J. C. F., Trent,
J. M., Staudt, L. M., Hudson, J., Jr, Boguski, M. S. et al. (1999). The
transcriptional program in the response of human fibroblasts to serum. Science
283, 83-87.

Jonkers, I. and Lis, J. T. (2015). Getting up to speed with transcription elongation by
RNA polymerase II. Nat. Rev. Mol. Cell Biol. 16, 167-177.

Jonkers, I., Kwak, H. and Lis, J. T. (2014). Genome-wide dynamics of Pol II
elongation and its interplay with promoter proximal pausing, chromatin, and
exons. Elife 3, e02407.

Liu, X., Kraus, W. L. and Bai, X. (2015). Ready, pause, go: regulation of RNA
polymerase II pausing and release by cellular signaling pathways. Trends
Biochem. Sci. 40, 516-525.

Muse, G. W., Gilchrist, D. A., Nechaev, S., Shah, R., Parker, J. S., Grissom, S. F.,
Zeitlinger, J. and Adelman, K. (2007). RNA polymerase is poised for activation
across the genome. Nat. Genet. 39, 1507-1511.

Paulsen, M. T., Veloso, A., Prasad, J., Bedi, K., Ljungman, E. A., Tsan, Y.-C.,
Chang, C.-W., Tarrier, B., Washburn, J. G., Lyons, R. et al. (2013). Coordinated
regulation of synthesis and stability of RNA during the acute TNF-induced
proinflammatory response. Proc. Natl. Acad. Sci. USA 110, 2240-2245.

Paulsen, M. T., Veloso, A., Prasad, J., Bedi, K., Ljungman, E. A., Magnuson, B.,
Wilson, T. E. and Ljungman, M. (2014). Use of Bru-Seq and BruChase-Seq for
genome-wide assessment of the synthesis and stability of RNA. Methods 67,
45-54.

Plet, A., Eick, D. and Blanchard, J. M. (1995). Elongation and premature
termination of transcripts initiated from c-fos and c-myc promoters show dissimilar
patterns. Oncogene 10, 319-328.

846

RESEARCH ARTICLE Biology Open (2016) 5, 837-847 doi:10.1242/bio.019323

B
io
lo
g
y
O
p
en

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81548
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81548
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81548
http://bio.biologists.org/lookup/doi/10.1242/bio.019323.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.019323.supplemental
http://dx.doi.org/10.1038/nrg3293
http://dx.doi.org/10.1038/nrg3293
http://dx.doi.org/10.1038/ng1987
http://dx.doi.org/10.1038/ng1987
http://dx.doi.org/10.1038/ng1987
http://dx.doi.org/10.1016/S0959-437X(00)00155-6
http://dx.doi.org/10.1016/S0959-437X(00)00155-6
http://dx.doi.org/10.1016/S0959-437X(00)00155-6
http://dx.doi.org/10.1186/gb-2004-6-1-r5
http://dx.doi.org/10.1186/gb-2004-6-1-r5
http://dx.doi.org/10.1186/gb-2004-6-1-r5
http://dx.doi.org/10.1016/j.molcel.2013.02.015
http://dx.doi.org/10.1016/j.molcel.2013.02.015
http://dx.doi.org/10.1016/j.molcel.2013.02.015
http://dx.doi.org/10.1002/(SICI)1097-0215(19990129)80:3<400::AID-IJC11%3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0215(19990129)80:3<400::AID-IJC11%3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0215(19990129)80:3<400::AID-IJC11%3.0.CO;2-U
http://dx.doi.org/10.1146/annurev.bi.60.070191.001433
http://dx.doi.org/10.1146/annurev.bi.60.070191.001433
http://dx.doi.org/10.1074/jbc.M407071200
http://dx.doi.org/10.1074/jbc.M407071200
http://dx.doi.org/10.1074/jbc.M407071200
http://dx.doi.org/10.1074/jbc.M407071200
http://dx.doi.org/10.1074/jbc.M407071200
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1126/science.283.5398.83
http://dx.doi.org/10.1126/science.283.5398.83
http://dx.doi.org/10.1126/science.283.5398.83
http://dx.doi.org/10.1126/science.283.5398.83
http://dx.doi.org/10.1038/nrm3953
http://dx.doi.org/10.1038/nrm3953
http://dx.doi.org/10.7554/eLife.02407
http://dx.doi.org/10.7554/eLife.02407
http://dx.doi.org/10.7554/eLife.02407
http://dx.doi.org/10.1016/j.tibs.2015.07.003
http://dx.doi.org/10.1016/j.tibs.2015.07.003
http://dx.doi.org/10.1016/j.tibs.2015.07.003
http://dx.doi.org/10.1038/ng.2007.21
http://dx.doi.org/10.1038/ng.2007.21
http://dx.doi.org/10.1038/ng.2007.21
http://dx.doi.org/10.1073/pnas.1219192110
http://dx.doi.org/10.1073/pnas.1219192110
http://dx.doi.org/10.1073/pnas.1219192110
http://dx.doi.org/10.1073/pnas.1219192110
http://dx.doi.org/10.1016/j.ymeth.2013.08.015
http://dx.doi.org/10.1016/j.ymeth.2013.08.015
http://dx.doi.org/10.1016/j.ymeth.2013.08.015
http://dx.doi.org/10.1016/j.ymeth.2013.08.015


Shaulian, E. and Karin, M. (2002). AP-1 as a regulator of cell life and death. Nat.
Cell Biol. 4, E131-E136.

Shi, Y., Felley-Bosco, E., Marti, T. M., Orlowski, K., Pruschy, M. and Stahel, R. A.
(2012). Starvation-induced activation of ATM/Chk2/p53 signaling sensitizes
cancer cells to cisplatin. BMC Cancer 12, 1-10.

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., Paulovich, A., Pomeroy, S. L., Golub, T. R., Lander, E. S. et al. (2005).
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 102, 15545-15550.

Szabowski, A., Maas-Szabowski, N., Andrecht, S., Kolbus, A., Schorpp-
Kistner, M., Fusenig, N. E. and Angel, P. (2000). c-Jun and JunB

antagonistically control cytokine-regulated mesenchymal–epidermal interaction
in skin. Cell 103, 745-755.

Tullai, J. W., Schaffer, M. E., Mullenbrock, S., Sholder, G., Kasif, S. and Cooper,
G. M. (2007). Immediate-early and delayed primary response genes are distinct in
function and genomic architecture. J. Biol. Chem. 282, 23981-23995.

Veloso, A., Kirkconnell, K. S., Magnuson, B., Biewen, B., Paulsen, M. T.,Wilson,
T. E. and Ljungman, M. (2014). Rate of elongation by RNA polymerase II is
associated with specific gene features and epigenetic modifications. Genome
Res. 24, 896-905.

Winkles, J. A. (1997). Serum- and polypeptide growth factor-inducible gene
expression in mouse fibroblasts. Prog. Nucleic Acid Res. Mol. Biol. 58, 41-78.

847

RESEARCH ARTICLE Biology Open (2016) 5, 837-847 doi:10.1242/bio.019323

B
io
lo
g
y
O
p
en

http://dx.doi.org/10.1038/ncb0502-e131
http://dx.doi.org/10.1038/ncb0502-e131
http://dx.doi.org/10.1186/1471-2407-12-571
http://dx.doi.org/10.1186/1471-2407-12-571
http://dx.doi.org/10.1186/1471-2407-12-571
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1016/S0092-8674(00)00178-1
http://dx.doi.org/10.1016/S0092-8674(00)00178-1
http://dx.doi.org/10.1016/S0092-8674(00)00178-1
http://dx.doi.org/10.1016/S0092-8674(00)00178-1
http://dx.doi.org/10.1074/jbc.M702044200
http://dx.doi.org/10.1074/jbc.M702044200
http://dx.doi.org/10.1074/jbc.M702044200
http://dx.doi.org/10.1101/gr.171405.113
http://dx.doi.org/10.1101/gr.171405.113
http://dx.doi.org/10.1101/gr.171405.113
http://dx.doi.org/10.1101/gr.171405.113
http://dx.doi.org/10.1016/S0079-6603(08)60033-1
http://dx.doi.org/10.1016/S0079-6603(08)60033-1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


