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Transcriptional events during S-phase are critical for cell cycle progression. Here, by using a nascent RNA capture
assay coupled with high-throughput sequencing, we determined the temporal patterns of transcriptional events that
occur during S-phase. We show that genes involved in critical S-phase-specific biological processes such as nucleosome
assembly and DNA repair have temporal transcription patterns across S-phase that are not evident from total RNA
levels. By comparing transcription timing with replication timing in S-phase, we show that early replicating genes show
increased transcription late in S-phase whereas late replicating genes are predominantly transcribed early in S-phase.
Global anti-correlation between replication and transcription timing was observed only based on nascent RNA but not
total RNA. Our data provides a detailed view of ongoing transcriptional events during the S-phase of cell cycle, and
supports that transcription and replication are temporally separated.

Introduction

Progression through the cell cycle is tightly regulated, and
important insights about the cell cycle control machinery has
been gained from global gene expression studies in eukaryotic
cells, including yeast and human cell lines (HeLa, U2OS, fore-
skin fibroblasts).1-4 The S-phase is a critical period of the cell
cycle, where DNA replication needs to be coordinated with the
expression of S-phase specific genes involved in nucleosome
assembly, DNA replication and repair, and cell proliferation.
Incorrect execution of these events can lead to genomic altera-
tions and oncogenesis, and this has motivated studies of gene
expression levels at different time points during S-phase.5,6 How-
ever, in mammalian cells, the transcriptional events during
S-phase are fast paced, as they all can occur during the course of
5–10 hours. It is therefore possible that total RNA levels, as mea-
sured in previous studies, will not provide sufficient detail. Tran-
siently expressed RNAs may not reach measurable absolute RNA
levels, or their precise transcriptional timing may be obscured by
slow RNA decay at this time scale. We therefore hypothesized
that measurements of nascent RNA levels, rather than absolute
levels, may provide a more informative picture of transcriptional
activity during the course of the S-phase.

One of the most intriguing aspects of S-phase is how the tim-
ing of DNA replication and gene transcription events is coordi-
nated. It has been shown that co-temporal transcription and
replication may lead to collisions between the replication

machinery and transcriptional elongating complexes, which
could be deleterious and accompanied by DNA damage and
recombination.7,8 Visualization of nascent DNA and RNA using
fluorescence microscopy has suggested that replication and tran-
scription are separated during S-phase in mammalian cells.9

However, with the exception of a few selected loci, this has not
been confirmed at global level using higher resolution methodol-
ogies. For example, in multicopy loci such as rDNA (rDNA)
regions, transcription and replication are temporally separated.10

Similar temporal separation has also been noted at the Cyclin B1
gene locus.7,11 Given that these investigations were performed
only on a handful of loci, or using low-resolution techniques,
there is a need to determine the temporal coordination between
replication and gene transcription during S-phase on a global
scale.

We have adapted a nascent RNA capture assay to record
ongoing transcriptional events at different time-points of the S-
phase. By using this assay, we show that gene sets involved in sev-
eral biological processes, including critical S-phase-specific func-
tions such as nucleosome assembly and DNA repair, have
temporal transcription patterns across S-phase that are not evi-
dent from total RNA levels. By comparing ongoing transcrip-
tional events with replication timing across S phase, using both
total and nascent RNA levels, we show that early replicating
genes typically have their peak transcription in late S-phase, while
late replicating genes are most strongly transcribed in early
S-phase. This anti-correlation between replication and gene
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expression on a global scale was evident only using nascent RNA
data but not total RNA, supporting that transcription and repli-
cation are temporally separated during S phase.

Results

Establishment of a nascent RNA capture assay to map
transcriptional events during S phase

To gain insight into ongoing transcriptional events we cap-
tured and deep sequenced the nascent transcriptional output at 3
time points of the S-phase. To capture nascent transcription, we
supplemented culture media with Ethynyl Uridine (EtU), a
nucleoside analog of uracil that was incorporated into RNA
during transcription. The Ethynyl group of EtU was tagged with

a biotin moiety using the “Click It” chemistry reaction, per-
formed on purified RNA or in situ on fixed cells. Then, biotiny-
lated EtU-containing RNA molecules were affinity purified using
streptavidin beads and deep sequenced. A flowchart describing
the outline of labeling and purification protocol of EtU labeled
RNAs is shown in Figure 1A (see Methods for detailed protocol).

We chose to synchronize HeLa cells at the beginning of S
phase using a “double block” method, supplementing the culture
media with thymidine followed by hydroxyurea. This method
has been shown to perform better than other synchronization
methods such as mitotic shake-off, serum starvation or contact
inhibition, which may cause limited synchrony of cancer
cells.12,13 Since hydroxyurea exposure for longer times (more
than 24 hours) can trigger cellular toxicity, fork collapse and

Figure 1. Isolation of nascent RNA at different stages of S-phase progression. (A) Flow chart describing the outline of the nascent RNA capture assay.
Cells were synchronized and nascent RNA was isolated by pulsing cells with EtU at 3 timepoints of the S-phase. RNA was subjected to SOLiD sequencing.
(B) Flow cytometry showing position of the cell population in cell cycle. Unsync: unsynchronized cells, 2 h, 3.5 h and 5 h: 2 hours, 3.5 hours and 5 hours
after block release respectively. (C) EtU incorporation in RNA and not in DNA. Following EtU labeling and Click-IT reaction to add biotin moiety to EtU,
the unsynchronized HeLa cells were immunostained using avidin coupled to Texas red (red color). Cell nuclei were stained with DAPI (blue color).
(D) Pulldown is specific for EtU treated RNA. Agarose gel picture showing the semi-quantitative RT-PCR products of 28 s RNA. Lanes 1-3: non EtU treated
HeLa cell RNA pull down. Lanes 4-6: EtU treated HeLa RNA pull down. Lane 7: control RNA (no pull down).
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double strand breaks in DNA, we limited hydroxyurea treatment
to 12 hours, which has previously been shown to cause no such
deleterious effects. 14 Consistently, we detected no cellular toxic-
ity in our experiments (Fig. 1B and data not shown).

We compartmentalized S phase into 3 partly overlapping
stages of 2 hours. “T0” denote the time point at which the cells
were released from the cell cycle arrest. T0 cells are slightly inside
S-phase, as our synchronizations method arrests the cells at the
onset of S-phase. T5 represents the end of S-phase, as the DNA
amount is doubled at this stage. Hence, T0-T2, T1.5-T3.5 and
T3-T5.0 represent early, mid and late S stages of S-phase, respec-
tively. Upon release from block, for each S phase stage, cells were
grown in media containing EtU and were harvested at the end of
the 2 hours labeling of nascent transcription. Position of the cell
population during cell cycle was monitored by flow cytometry at
each harvesting time point (Fig. 1B). Unsynchronized cells were
used as a control. In addition, cell synchronization was also
assessed by performing RT-qPCR on genes that have been shown
to have periodic expression changes during early (CDC6) and
late stages of S-phase (CCNB1) (Fig. S1).

We next verified incorporation of EtU into nascent RNA by
immunocytochemistry using avidin coupled to Texas red on cells
labeled with EtU for 2 hours followed by its biotinylation using
click chemistry. The specificity of EtU incorporation into RNA,
but not DNA, was confirmed by the disappearance of fluorescent
signal after RNaseA treatment (Fig. 1C). We also repeated this

experiment on cells synchronized at different stages of S-phase, and
observed that the synchronization of cells did not impair EtU
incorporation into nascent RNA (Fig. S2). We further verified the
specificity of EtU labeled nascent RNA purification using 28 S
rRNA as a target. For this purpose, we performed click chemistry
to add biotin moieties to EtU labeled and unlabeled RNA and
purified using streptavidin beads. 28S rRNA was detected by RT-
PCR only from EtU-labeled RNA, but not from unlabeled total
RNA, demonstrating that our purification protocol specifically
purifies EtU-labeled RNA (Fig. 1D).

After verifying the specificity of our nascent RNA capture assay,
we purified biotinylated EtU labeled RNA with streptavidin beads
from early, mid and late stages of S-phase. In addition, unlabeled
steady-state RNA matching the same stages of S-phase was isolated.
Following rRNA depletion, the samples were subjected to deep
sequencing and mapping to the human reference genome.

The nascent RNA assay captures temporal transcriptional
events that are not revealed by total RNA levels

Nascent transcription implies ongoing transcriptional activity,
and nascent RNA is therefore expected to contain relatively more
intronic sequences while total RNA should contain more proc-
essed mRNA. Consistent with this, a higher proportion of
sequencing reads were mapped to introns in EtU labeled RNA in
comparison with the unlabeled total RNA (Fig. 2A). While the
transcriptional profiles obtained using nascent RNA labeling

Figure 2. Temporal transcription patterns during HeLa S-phase determined using massively parallel sequencing. (A) Comparison of total RNA and EtU-
labeled (nascent) RNA with respect to percentage intronic reads shows elevated intronic read coverage in the labeled data. Intronic and total read counts
(intronic C exonic) were determined individually for all expressed genes (>20 reads). Bars show average percentages and error bars indicate C/¡ SEM.
(B) Scatterplot of expression levels obtained based on nascent RNA (x-axis) and total RNA (y-axis), for individual expressed genes in unsynchronized cells
(Pearson’s r D 0.91). The majority of a set of 243 unstable mRNAs (half-live < 100 minutes, defined using available stability data15) showed reduced total
RNA levels relative to their production rates (EtU labeled data). (C–F) Genes associated with nucleosome, CENP-A nucleosome and double strand break
repair GO terms showed elevated transcription in early s-phase, as indicated by the EtU labeled data. Actin cytoskeleton-related genes showed peak tran-
scription in mid S-phase. Levels were normalized relative to the mean expression of each gene across all time points. Box plots: bars correspond to the
median and the central boxes span the middle quartiles. Green lines connect each gene throughout the time series. RPKM, reads-per-kilobase-per-million
reads; t1/2, half-life.
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overall were strongly correlated with the total RNA profiles (r D
0.91) (Fig. 2B), there were still many differences at the level of
individual genes (up to 30-fold) (Fig. 2B). Using available
mRNA stability data from HeLa cells (Actinomycin D chase),15

we found that mRNAs with short half-life consistently had
reduced total RNA levels relative to their rate of production as
indicated by the EtU data, supporting the levels obtained with
the labeling protocol are biologically informative (Fig. 2B).

We next applied Gene Set Enrichment Analysis (GSEA) to
the nascent RNA data, to identify gene categories that showed
patterns of differential transcription across S-phase. Several gene
ontology (GO) categories showed significant temporal changes in
transcription (Table S1) including S phase-relevant categories
such as histone genes (“nucleosome” set), CENP-A containing
nucleosome assembly, and double-stranded break repair genes,
all predominantly transcribed in early S-phase (Fig. 2C-E). Other
categories, such as actin cytoskeleton organization genes, were
predominantly transcribed in mid S-phase (Fig. 2F). Notably,
these stage-specific patterns were often not evident in total RNA
levels, suggesting that the effects were obscured by slow RNA
decay (Fig. 2C-F). For example, in agreement with earlier data 5

we observed that total RNA levels of genes in the nucleosome cat-
egory peaked in mid S phase, whereas in the labeled data, tran-
scriptional activity of these genes was seen predominantly in the
early S, indicating a gradual accumulation of these transcripts in
mid S phase.

Taken together, our results suggest that our nascent capture
assay records ongoing transcriptional events in S phase, and that
it provides information about these events that are not revealed
by total RNA levels.

Replication and transcription timing are inversely correlated
Having established the nascent RNA capture assay, we next

sought to use the obtained data to investigate the relationship
between replication timing and transcriptional timing during
S phase on a global scale. Genes were separated into early and
late replicating sets based on available data from HeLa cells16 and
average expression patterns across the three time points were
determined, using both total and nascent RNA levels. We found
that both types of data confirmed earlier observations that late-
replicating genes in general are expressed at lower levels com-
pared to early-replicating genes (Fig. 3A).17–19

Based on total RNA levels, we observed no differences in the
average temporal transcription patterns of early compared to late
replicating genes (Fig. 3A). However, the nascent RNA data
revealed an inverse relationship between transcription and repli-
cation, such that late replicating genes on average had their peak
transcription in early S-phase and vice versa (Fig. 3A). We found
that this relationship was highly consistent also at the level of
individual genes (Fig. 3B).

We next scored genes based on their temporal expression pat-
terns in S-phase, such that early-expressed genes would be
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dots, while the darker orange line shows a moving average (n D 10 genes). (D) Detailed view of replication and expression timing near the HIST1 histone
cluster on chromosome 6, with histone genes indicated in black.
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assigned a low score and late-
expressed genes would be assigned a
high score (Fig. S3 and Methods).
This allowed us to investigate
expression timing as a function of
genomic position. We found that
the strength of the inverse relation-
ship between replication and tran-
scription timing was variable
between chromosomes (Fig. S4A),
with chromosomes 19 (Fig. 3C) and
6 showing notable anti-correlation.
We also found that the anti-correla-
tion was somewhat more prominent
for genes with strong S phase-spe-
cific expression (Fig. S4B). Early
transcribed genes in histone cluster
1 on chromosome 6 were consis-
tently late-replicating, while several
closely positioned late-transcribed
genes instead replicated early
(Fig. 3D). In addition, using RT-
qPCR we could confirm increased
transcription in early S for several
late-replicating genes in histone
cluster 1 (Fig. 4A), and inversely
late S phase increased transcription
for several genes in early-replicating
regions (Fig. 4B).

Discussion

Using a nascent RNA capture
assay we recorded the timing of
transcriptional events during
S-phase, and found that specific
gene categories, such as nucleosome
assembly, assembly of CENP containing nucleosomes DNA
repair, and actin cytoskeleton organization show distinct tempo-
ral transcription patterns. This stage-specific expression was not
evident based on total RNA levels, consistent with the idea that
transcriptional events during S-phase are too fast-paced to be
accurately reflected in the absolute RNA levels. Thus our nascent
capture assay pinpoints accurate time points for transcriptional
activation during S-phase, and also, reveal the highly dynamic
nature of transcriptional events in this phase of the cell cycle.

When comparing the timing of transcription in relation to
replication during S phase, we have shown that these 2 variables
are inversely correlated: early replicating genes are more strongly
transcribed late in S phase and late replicating genes are prefera-
bly transcribed in early S phase. This relationship was only visible
when considering nascent RNA levels, indicative of transcription
rates.

Collisions between transcription and replication complexes
often result in replication fork stalling, followed by DNA damage

and repair.20 To evade these collisions, diverse mechanisms have
evolved across evolutionary spectrum to separate the timing of
transcription and replication.21 For example, a recent global
investigation in yeast has mapped the most frequent sites of repli-
cation fork pausing to highly transcribed genes, indicating that
the process of transcription could negatively regulate fork migra-
tion.22 Moreover, investigations on a few selected loci also sup-
port that replication and transcription may be temporally
distinct during S phase: In the case of rDNA clusters, active
rDNA copies replicate early and during ongoing replication they
remain transcriptionally silent. Their transcription, however, is
activated once the replication process is complete.10,23 Similar
temporal separation between replication and gene expression was
also noted in case of single copy gene Cyclin B1, which is tran-
scribed in late S-phase but replicated during early S-phase.7

These individual examples are intriguing, but a high-resolution
genome-wide analysis has been missing. Thus, our data provides
a global view of the timing of transcriptional events during
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S-phase and contributes to our understanding of the relationship
between replication and transcription.

Methods

Cell culture and G1/S cell block
HeLa cells were cultured in MEM media (Gibco) supple-

mented with 10% FBS (Gibco), 4 mM glutamine (Sigma) and
antibiotics (penicillin and streptomycin, Gibco), at 37�C in
humidified atmosphere with 5% CO2. For cell synchronization
at the onset of S-phase of the cell cycle, HeLa cells were plated at
35% confluency and incubated for 10 hours in media supple-
mented with 2 mM thymidine (Sigma), washed in PBS and
incubated in media supplemented with 1 mM hydroxyurea
(Sigma) for 12 hours. Cells were released from block by washing
in PBS and incubation in fresh media.

For the labeling of nascent transcripts, cells were incubated for
2 hours in media supplemented with 1 mM Ethynyl Uridine
(Invitrogen). At designated time points, cells with or without
EtU labeling were detached from plates with trypsin, washed in
PBS, and either re-suspended in 70% ethanol (for flow cytome-
try), transferred on a microscope slide with a cytospin centrifuge
(for in situ fluorescence) or subjected to RNA extraction (for
deep sequencing).

Flow cytometry
100 000 cells stored at – 20�C in 70% ethanol were re-

suspended in PBS, incubated at 37�C for 30 min, and then in
1 ml of DNA staining solution (200 ug/ml RNaseA and 50 ug/
ml propidium iodide (Invitrogen) in PBS) for 2 hours at 4�C.
DNA content was analyzed on a Eclipse flow cytometer (iCyt).

In situ fluorescence
Cells transferred to a microscope slide by cytospin centrifu-

gation were fixed in 3,7% formaldehyde in PBS for 30 min.
Slides were washed in PBS and fixation was quenched by incu-
bating in 0,1 M glycine in PBS for 30 min. Cells were permea-
bilized with 0,1% Triton X 100 in PBS (PBS-T) for 10 min
followed by blocking in PBS-T with 1% BSA for 1 hour. EtU
containing RNA was biotinylated by a “Click It” chemistry
reaction with Click It Cell Reaction Buffer Kit (Invitrogen)
according to the manufacturer’s protocol. Biotinylated EtU was
detected using Avidin coupled with Texas Red (Vector labs) at
a 1:500 dilution in PBS-T with 1% BSA for 30 min. Nuclei
were stained with DAPI solution (100 mg/ml in PBS) and the
slides were mounted with Vectashield Hard Set Mounting
Medium (Vector Labs). When applicable, RNaseA digestion
was performed before blocking with 400 mg/ml RNaseA in
PBS for 1 h at 37�C.

Total RNA purification and reverse transcription (RT)
Total RNA were extracted at the designated time points in cell

cycle with SV Total RNA Isolation System (Promega). For
qPCR, 1 mg RNA was converted into cDNA with Superscript II
Reverse Transcriptase (Invitrogen), and Q-PCR was performed

with Go-Taq qPCR Master Mix (Promega) on a Step One Plus
device (Applied biosystems) for 40 cycles (95�C, 15 sec; 55�C,
30 sec; 72�C, 30 sec). Primer sequences are listed in Table S2.

For deep-sequencing, RNA concentration was measured with
Nanodrop and integrity was assessed on Bioanalyzer 2100 (Agi-
lent) using RNA 6000 pico kit (Agilent), according to the man-
ufacturer’s protocol. For each time point, RNA from 2
independent experiments were pulled into 1 sample and deep-
sequenced on SOLID sequencing platform at Uppsala Genome
Center.

Nascent RNA purification and reverse transcription (RT)
EtU labeled nascent RNA were extracted at the designated

time points in cell cycle with Tri reagent (Ambion). We per-
formed DNA digestion with RQ1 DNase I (Promega) and re-
extracted RNA with Tri reagent.

For semi quantitative PCR, RNA were subjected to biotinyla-
tion and purified on streptavidin beads using Click-It Nascent
RNA Capture kit (Invitrogen). RT was performed directly on
beads with Superscript II Reverse Transcriptase. cDNA-contain-
ing supernatant was used as template to perform PCR amplifica-
tion with iproof High Fidelity enzyme (Biorad). PCR was
performed for 40 cycles (95�C, 15 sec; 55�C, 30 sec; 72�C, 30
sec). PCR products were separated on 1% agarose gel stained
with Sybr Safe (1:10 000, Invitrogen). For the experiment in
Figure. 1D, unlabeled RNA were submitted to the above-
described process. Primer sequences are listed in Table S2.

For deep sequencing and q-PCR, rRNA were first depleted
from 10 ug input RNA with Ribominus Eukaryote kit (Invitro-
gen). rRNA-depleted RNA (2-3 ug per sample) were biotiny-
lated.and purified on 50 ul streptavidin magnetic beads with
Click-It Nascent RNA Capture kit (Invitrogen). Biotinylated
RNA were eluted from the beads and fragmented by heating at
95�C for 3 min in 200 ul of a buffer containing 2 mM biotin,
1 M NaCl, 50 mM MOPS, 5 mM EDTA, 2 M b mercapto
ethanol, pH 7,4. Supernatant (200 ul) containing eluted RNA
was recovered immediately after heating and RNA were precipi-
tated in 30 ul 3 M Sodium Acetate (PH 5.2), 1 ul Glycoblue
(Invitrogen), 750 ul Ethanol overnight at ¡20�C. For Q-PCR,
purified RNA was converted into cDNA with Superscript II
Reverse Transcriptase (Invitrogen) and q-PCR was performed
with Go-Taq qPCR Master Mix (Promega) on a Step One Plus
device (Applied biosystems) for 40 cycles (95�C, 15 sec; 55�C,
30 sec; 72�C, 30 sec). Primer sequences are listed in Table S2.
For deep-sequencing, size distribution of purified RNA was
assessed on a Bioanalyzer 2100 (Agilent) using RNA 6000 pico
kit (Agilent) and RNA concentration was measured on a Qubit
2.0 fluorometer (Invitrogen). For each time point, RNA from 2
independent experiments were pulled into 1 sample and deep-
sequenced on SOLID sequencing platform at Uppsala Genome
Center.

RNA-seq analysis
Sequences were aligned to the human hg19 assembly using

LifeScope. We used HTSeq-count (http://www-huber.embl.de/
users/anders/HTSeq) in “intersection-strict” mode and using a
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minimum alignment quality cutoff of 10, to derive gene-level
counts based on the GENCODE V11 gene annotation, obtained
through the UCSC browser. We considered 30418 coding genes
and lncRNA genes that were all uniquely mapped to a single
genomic locus. Between 4.3 and 12.2 (average 8.31) million
GENCODE-mapped reads were obtained per library. RPKM-
type expression levels were calculated by normalizing for mRNA
length and library size as determined by the number of
GENCODE-mapped reads. Quantifications of intronic vs.
exonic reads were obtained by generating custom annotation files
where each gene was represented as one large block that also
included all associated intronic regions.

Available mRNA stability data in the form of Actinomycin D
chase data from HeLa 15 was analyzed as described previously,24

and a set of 243 genes with low half-lives (<100 minutes) was
defined. Expression timing scores for individual genes, T, were
determined using the following formula, where E, M and L are
normalized expression values in early, mid and late S-phase,
respectively: T D L C M/(2*(ECMCL)). The results of this
function will vary between 0 (early S-specific expression) and 1
(late S-specific expression), with intermediate values awarded for
mid or uniform expression.

We used the “preranked” module of GSEA 25,26 to identify
gene categories that showed patterns of differential expression

across S-phase. We considered gene sets with at least 5 and at
most 150 genes from GO annotation files (GOC Validation
Date: 01/22/2014) in the Gene Ontology database,27 and differ-
ential expression ranked lists were made by comparing early and
mid S-phase, early and late S-phase, and mid and late S-phase.
Gene sets that reached significance at a false discovery rate (FDR)
< 0.05 in minimum one comparison are listed in Table S1.
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