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The division of genomes into distinct replication time zones has long been established. However, an in-depth
understanding of their organization and their relationship to transcription is incomplete. Taking advantage of a
novel synchronization method (“baby machine”) and of genomic DNA microarrays, we have, for the first time,
mapped replication times of the entire mouse genome at a high temporal resolution. Our data revealed that
although most of the genome has a distinct time of replication either early, middle, or late S phase, a significant
portion of the genome is replicated asynchronously. Analysis of the replication map revealed the genomic scale
organization of the replication time zones. We found that the genomic regions between early and late replication
time zones often consist of extremely large replicons. Analysis of the relationship between replication and
transcription revealed that early replication is frequently correlated with the transcription potential of a gene and
not necessarily with its actual transcriptional activity. These findings, along with the strong conservation found
between replication timing in human and mouse genomes, emphasize the importance of replication timing in
transcription regulation.

[Supplemental material is available online at www.genome.org. Microarray data have been deposited in ArrayExpress

under accession nos. E-EMEXP-1022 and E-MEXP-1681.]

Replication of the genome occurs during S phase of the cell cycle
in a highly regulated process that ensures the reliability of DNA
duplication. Each genomic region is replicated at a distinct time
during S phase through the activation of an origin of replication
(Hand 1978). Detailed analysis of the time of replication (ToR) of
individual genes has revealed a striking correlation between ex-
pression and early replication (Braunstein et al. 1982; Goldman
et al. 1984; Gilbert 1986; Schmidt and Migeon 1990; Hansen et
al. 1993). Expressed genes, such as constitutively transcribed
housekeeping genes, replicate at early stages of S phase, whereas
repressed tissue-specific genes may replicate in most tissues at
late stages and become early-replicating only in the expressing
tissue (Holmquist 1987; Selig et al. 1992). These developmental
changes in ToR occur over large regions (400 kb-1 Mb) and are
not restricted to the region in close proximity to the tissue spe-
cific gene itself (Selig et al. 1992; Simon et al. 2001; Perry et al.
2004).

Recently, genome-wide ToR in several organisms was deter-
mined (for review, see MacAlpine and Bell 2005). Surprisingly, in
Saccharomyces cerevisiae, no correlation between ToR and tran-
scriptional activity was observed (Raghuraman et al. 2001; Ya-
buki et al. 2002). On the other hand, genomic experiments per-
formed in Drosophila and in the human did reveal a significant
correlation between early replication and transcriptional activity
(Schubeler et al. 2002; MacAlpine et al. 2004; White et al. 2004;
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Woodfine et al. 2004, 2005; Jeon et al. 2005; Karnani et al. 2007).
Nevertheless, the genomic approach also revealed that many
genes do not fit into this general scheme. Specifically, many re-
pressed genes replicate early and many active genes replicate late,
suggesting a more complex relationship between ToR and tran-
scription. One of the difficulties in the interpretation of results
from these whole-genome experiments is the low spatial (insuf-
ficient coverage of the genome) and/or temporal (insufficient
sampling along S phase) resolution characteristic of most of these
studies.

The genomic organization of the replication time zones is
not well characterized. How big are the replication zones, and
how does transition between adjacent replication time zones
happen? Various studies estimate that the typical size of a repli-
cation zone is in the range of 0.5-2 Mb (Selig et al. 1992; Simon
et al. 2001). This size scale is consistent with the view that each
zone is replicated by the activation of several origins of replica-
tion, each responsible for the replication of ~100-200 kb of DNA
with a bidirectional fork moving at a rate of 0.6-3.6 kb/min
(Berezney et al. 2000). Nevertheless, very large replicons (>400
kb) also exist. These large regions are replicated by activating a
single origin, a process that takes several hours to complete (for
review, see Berezney et al. 2000). The abundance of the large
replicons and their role in the global organization of the replica-
tion time zones are not known and cannot be addressed without
high resolution genome-wide mapping of the ToR.

In order to overcome the limitations of previous studies, we
monitored the ToR of the entire mouse genome using a novel
synchronization technique that yields ToR measurements at
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Figure 1. “Baby machine”-based cell cycle synchronization. (A) Sche-
matic representation of the retroactive synchronization method. The cell
cycle phases are represented by the bars on the top and right side of the
figure. The eight samples collected by the “baby machine” are shown
along with the time they were collected (the time after the end of the
BrdU labeling is shown). The position and the pattern of the horizontal
bars on the left of each sample, represents the portion of S that was
BrdU-labeled in each sample. (B) BrdU containing DNA immunoprecipi-
tated from each sample was subjected to semi-quantitative PCR. PCR
products were detected for mouse mitochondrial DNA (MITO), demon-
strating the uniform loading of newly replicated DNA (Buzina et al.
2005). On the other hand, the early replicating gene (Actb) is enriched in
the early samples and the late replicating regions (Hbb and X141) in late
samples.

seven time points along S phase. The combination of a high
resolution sampling procedure with the genomic coverage of ol-
igonucleotide microarray technology has allowed the construc-
tion of the first genome-wide map of ToR zones in the mouse.
Analysis of the results allows the identification and characteriza-
tion of early middle and late ToR zones, the identification of
asynchronous replicating regions, and the characterization of
large replicons located at the transition points between early and
late replication zones. Transcription analysis revealed that the
described correlation between early replication and transcription
should be expanded also to genes that are not transcribed in the
experimental condition but are known to be transcribed in other
conditions; that is, ToR is correlated with transcriptional poten-
tial rather than with the transcription status per se.

Results

“Baby machine” based retroactive synchronization

One of the common methods for determining the ToR of a gene
is by isolation of newly replicated DNA at different times along S
phase of the cell cycle. This procedure involves labeling newly
replicated DNA with bromodeoxyuridine (BrdU) at distinct
stages of S phase. In order to achieve such synchronization with-
out perturbing the cell cycle we used the “baby machine” device
that allows an efficient collection of newborn cells at the end of
mitosis (Thornton et al. 2002; Helmstetter et al. 2003). Unsyn-
chronized L1210 cells were pulse labeled by BrdU and immobi-
lized on a membrane, and mitotic cells were collected at different
time points. Although all fractions were collected at the end of
mitosis, each fraction was exposed to BrdU at a different point in
S and thus contains cells with BrdU incorporated in a different
part of the genome. In the first sample, only late replicating DNA
was labeled, whereas in the last sample, only DNA that replicated
during early S phase was labeled (Fig. 1A). BrdU containing DNA
was immunoprecipitated from each sample using anti-BrdU an-

tibodies, and the enrichment of certain genomic regions was de-
termined by semi-quantitative PCR. Enrichment of sequences
from an early replicating gene, Actb (Holmquist 1987), in the
early replicating samples and of late replicating genes, Hbb and
X141 regions (Azuara et al. 2003), in the late replicating samples
confirms the utility of our approach for studying the replication
time zones in the mouse L1210 cell line (Fig. 1B).

Genome-wide mapping of the mouse replication time zones

In order to obtain a high resolution map of the replication time
zones of the mouse genome, immunoprecipitated DNA from
each sample was amplified, labeled, and hybridized to oligonu-
cleotide microarrays. All samples were hybridized against a ref-
erence sample of immunoprecipitated DNA from cells in which
the entire genome was labeled with BrdU (by a 10-h BrdU pulse).
The relative enrichment of a genomic region in each sample re-
flects the ToR of this region; early replicating regions should be
enriched in DNA precipitated from sample 1, whereas late repli-
cating DNA should be enriched in samples 6 or 7. Analysis of the
relative enrichment of each of the sequences on the array re-
vealed clear early, middle, and late replicating domains. For ex-
ample, analysis of a large genomic region on chromosome 16
suggests that it is composed of two large replication time zones
(Fig. 2A), a conclusion confirmed by semi-quantitative PCR
analysis (Fig. 2B). As expected, the observed ToR is a regional
phenomenon with adjacent probes showing similar enrichments
(Fig. 2A). This is confirmed using the autocorrelation function,
which calculates the correlation between adjacent data points
(Fig. 2C). Further confirmation of the data quality is obtained by
comparing the enrichment values observed at adjacent time
points. As expected from the partial overlap between the BrdU-
labeled regions of adjacent samples (Fig. 1A), we observe a high
correlation between adjacent samples whereas distant samples
are anti correlated (Fig. 2D).

Identification of replication time zones

Data analysis was performed in two steps. First we analyzed the
data in each sample by using an optimal segmentation algorithm
(Lipson et al. 2006) that defines the optimum segment size for
each region and thus overcomes the need to select a set window
size for the smoothing algorithm (Fig. 2A; Supplemental Fig. S2,
red dots; see Methods). Next we combined the information from
the seven samples to define a distinct ToR to each genomic locus.
To this end we used two approaches: (1) calculate the time in
which half of the replication occurs (TR50) (Jeon et al. 2005), and
(2) fit each of the replication vectors (defined by the seven en-
richment values) to several predefined distinct replication pat-
terns using a supervised clustering approach (Spellman et al.
1998; Whitfield et al. 2002). Similar results were obtained by
both analysis methods (Supplemental Fig. S3). For the rest of this
article, we will present the results of the second method since it
more easily captures regions that exhibit asynchronous replica-
tion.

Using supervised clustering, a ToR (I-VII) was assigned to
each genomic region (Fig. 3A; Supplemental Fig. S2; see also
Methods). We were able to determine the ToR of a total of 1.9 Gb
in the mouse genome, which accounts for more than 80% of its
currently sequenced part. Hybridizing the same DNA to a denser
array (in which a 14-Mb genomic region was probed every 1 kb)
improved the coverage to 98% due to a better definition of the
borders between adjacent time zones. While the use of a denser
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Figure 2. Genome-wide measurements of the time of replication. (A) A large genomic region (4 Mb)
of chromosome 16 is shown along with the probes of the Agilent aCGH microarray, its GC content,
and the “Known Genes” track (taken from the UCSC Genome Browser). BrdU enrichment raw (blue)
and processed (red; see Methods) data is shown for samples 1,3,6 and the control experiments (E, M,
L, and ref, respectively). A, B, C, and D mark the regions that were validated in B. (B) BrdU enrichment,
as measured by the arrays (left; red and blue as in A) and by semi-quantitative PCR (right) for regions
A-D. Note strong agreement between the data from the microarray and the gene-specific validation.
(O) Autocorrelation of all probes in sample 1, with their neighboring probes sorted by their chromo-
somal position (red) or location on the array (blue) at increasing distances (lag). Similar results were
obtained for all seven samples (Supplemental Figure S1). Note that strong correlation is observed for
up to at least 100 neighboring sequences (lag = 100). However, no significant autocorrelation is
evident for data sorted by array location. (D) Pearson correlation was calculated between each pair of
samples. L/E represents a control experiment in which sample 6 was hybridized against sample 1. Note
the high correlation around the diagonal, demonstrating the positive correlation between neighboring

a region at early S phase while others
replicating the same region later in S
phase, or by asynchronous replication of
two different alleles in all the cells. A
common way to distinguish between
these two possibilities is FISH. In FISH
experiments, a replicated allele appears
as a double dot, whereas an allele that
has not yet replicated appears as a single
dot. Thus, asynchronous replication will
appear as a large proportion of nuclei
that exhibit a singlet-doublet (SD) pat-
tern (Kitsberg et al. 1993; Simon et al.
1999, 2001). Performing FISH on the
L1210 cells revealed that the asynchro-
nous replication observed in probes
from cluster VIII is indeed allelic. All the
FISH probes mapped to cluster VIII
showed a high percentage (>30%) of SD,
whereas probes from the other clusters
replicate synchronously (%SD < 10)
(Supplemental Fig. S7).

Genomic organization of replication
zones

Inspection of the ToR maps revealed
many cases in which a gradual change
in the time of replication is observed
(Fig. 4A; Supplemental Fig. S8). In order
to test the extent of this phenome-

fractions.

array is useful for increasing the coverage, its contribution to the
accuracy is limited. For the regions mapped by the two arrays, we
obtained almost identical TOR—65% of the sequences were
mapped to exactly the same ToR, and another 30% were assigned
to a similar ToR (+45 min) (Supplemental Fig. $4).

Three lines of evidence support the accuracy of our genome-
wide mapping. First, we correctly map the ToR for most (66/81
genes) of the previously measured genes (Supplemental Table
S1). Second, early replicating regions highly correlate with high
GC content regions, high gene density, and light staining Gi-
emsa bands, as has been previously suggested (Fig. 3B; Supple-
mental Fig. S5) (Drouin et al. 1994; Woodfine et al. 2004). Third,
we validated the replication time of several probes using an in-
dependent technique (fluorescence in situ hybridization [FISH]),
which resulted in exactly the same results (Fig. 3C). The complete
map of the mouse replication time zones is available as an Excel
data sheet and as a UCSC genome browser custom track (Supple-
mental material).

Asynchronous replication

A significant part (Supplemental Fig. S6) of the mapped genome
(91%) showed high correlation (=0.7) to at least one of the rep-
lication time patterns (Fig. 3A), strongly suggesting that most of
the mouse genome is replicated at a distinct time in S phase. On
the other hand, 9% of the genome did not fit into any of the
seven patterns (cluster VIII in Fig. 3A). These regions frequently
show two peaks of replication, which can be explained either by
heterogeneity in the cell population, with some cells replicating

non, we tested the length of mono-
tonically increasing (or decreasing)
sequences of replication zones in the
data and compared it to the length observed in shuffled data. The
highly significant results (P-value =5 X 10743, t-test) (Supple-
mental Fig. S9) suggest that a significant portion of the genome
is arranged in this way. This observation can be explained either
by a higher order organization of the replication time zones, a
notion that has not been suggested before, or by the existence of
very large replicons (>400 kb) in which the time of replication is
dependent not only on the time of origin activation but also on
the distance from the origin (Ermakova et al. 1999). Four lines of
evidence support the large replicon explanation. First, the repli-
cation zones in such regions are usually very small (<100 kb). The
time each of these small regions replicate fits the assumption
(root mean square deviation [RMSD] < 1; see Methods) that a
single replication fork proceeds along this region. (Fig. 4A;
Supplemental Fig. $8). Second, the replication fork rate (Fig. 4B)
deduced from the gradually changing regions (under the assump-
tion of large replicons, see Methods) agrees with previous esti-
mates (Edenberg and Huberman 1975; Housman and Huberman
1975; Yurov 1980). Moreover, in agreement with earlier reports
(Housman and Huberman 1975), we found a correlation between
the replication fork rate and the ToR. The average fork rate cal-
culated from large replicons starting at time zones I, II, III, and IV
was 2.2, 2.6, 3.2, and 3.3 kb/min, respectively. Finally, we ana-
lyzed the replication fork direction (see Methods) in four such
gradually changing regions. If a region is replicated by a single
replication fork, we expect a uniform fork direction along the
entire region, whereas if a region contains origins, the fork direc-
tion in that region should be bidirectional. We found that in all
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Figure 3. Genomic replication timing clustering and validation. (A) The seven predefined patterns
(blue) and the probes assigned to each pattern (red, shown on right). A heat-map representation of the
genomic data arranged according to the seven clusters (I-VII) is shown on the left. Asynchronous
probes that were not assigned to any cluster (VIIl) are shown at the bottom. (B) Box plot representation
(the box marks the first, second and third quartiles; the whiskers mark values of +1.5 interquartile
range [IQR]; and outliers are marked by black dots) of the GC content of all regions assigned to each
cluster. Cluster VIl was excluded from this and subsequent analyses since it contains a small number of
regions. The correlation to a regression line (R) and the P-value calculated by the F-statistics are shown.
(Q) FISH-based validation of replication timing. The ToR of eight regions as determined by the per-
centage of S-phase nuclei in which both alleles are seen as doublets (%DD) is drawn against the ToR
of those probes as determined by the array. Additional FISH results are provided in Supplemental

Figure S7.

four regions examined, all the probes (overall 15 probes were
examined) exhibit uniform fork direction (P =3 X 1073, bino-
mial distribution test; Fig. 4C; Supplemental Fig. S10). Taken to-
gether, these results strongly suggest that regions with the
gradual ToR variation represent large replicons.

In light of this interpretation, we divided the genome into
two types of replication zones (see Methods): (1) large regions
with a uniform ToR—these regions contain origins of replication
(although the origins cannot be precisely located with the cur-
rent array resolution) since a single replication fork cannot rep-
licate such a large region during 45 min; and (2) large regions
that show a gradual change in the ToR. Our analysis suggests that
these regions are large replicons in which the ToR is defined by
the distance from a remote origin (Fig. 4A). As postulated before,
our data confirm that most of the genome (90%) consists of large
replicons with a uniform ToR. However, our analysis also iden-
tified many examples (464 regions covering ~10% of the ge-
nome) of large replicons in which replication is initiated at a
distant origin.

Replication time and transcription

Previous studies suggested that active genes reside in early repli-
cating regions (Braunstein et al. 1982; Goldman et al. 1984; Gil-
bert 1986; Schmidt and Migeon 1990; Hansen et al. 1993). How-
ever, genomics studies in Drosophila and human cells identified
many examples of expression of genes residing in late replicating
genomic regions (MacAlpine et al. 2004; White et al. 2004;
Woodfine et al. 2004, 2005; Jeon et al. 2005). We confirmed these
findings in our system by monitoring RNA polymerase II (Pol II)
promoter occupancy, using ChIP-chip (Ren et al. 2000), and mea-
suring transcript abundance using expression arrays. Indeed,

HBEE
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early replicated regions were enriched

§= 8'57 with transcribed genes, whereas late rep-

tog | : licating regions contained significantly
i less transcribed genes (Fig. SA; Supple-

2] =] mental Fig. S11). However, the existence

! [ of active late replicating genes and inac-
m v v ow tive early replicating genes suggests that

the relationship between transcription
and replication is complex. In order to
further characterize the type of genes
that reside in each replication time zone,
we performed three types of bioinfor-
matics analyses.

First, we examined the association
between transcript levels and ToR, using
the L1210 expression data. All tran-
scripts were divided into deciles accord-
ing to their transcription levels, and each
replication time zone was analyzed for
the abundance of genes within each
decile. We observed a strong correlation
between ToR and transcript level; highly
transcribed genes (10th decile) are en-
riched in the early replicating group and
depleted from late groups, whereas
genes that are barely transcribed (first
decile) show the opposite pattern (Fig. 5B).
We also observed that genes that repli-
cate in middle S phase are enriched for
moderate expression levels (fourth decile).
Second, we analyzed the association be-
tween the pattern of expression of the genes across various tis-
sues and its ToR. To this end we used a tissue specificity index, a
measure of how ubiquitous the expression of a gene is (Yanai et
al. 2005). The highly significant correlation (R = 0.15, P < 107 %3)
between the ToR and the degree of tissue specificity (Fig. 5C),
goes beyond the early and late stages and extends also to the
middle replicating genes. It should be noted that the expression
level in lymphocytic cells was not included in the determination
of the tissue specificity index, and, thus, the strong correlation
between ToR in lymphocytes (L1210 cells) and the tissue speci-
ficity index suggests that ToR is correlated with the overall tran-
scription regulation of a gene and not with its actual transcrip-
tion in a given cell. Further support for this conclusion comes
from the strong correlation between the average gene expression
level (across many types of tissues) (Su et al. 2004) and replication
time (Supplemental Fig. S12).

Finally, we analyzed the genes in each replication time zone,
according to their biological process using GO annotation
(Supplemental Table S2). We found the late and middle ToR re-
gions to be enriched for various categories of tissue-specific genes
that are not expressed in lymphocytes such as midbrain devel-
opment (P =10"*), sensory perception of smell (P =10"'*) and
taste (P=107°), and keratinization (P=10"1°. On the other
hand, the early replicating regions were enriched mainly for
housekeeping gene categories such as metabolism (P =109,
transport (P =10"1%), transcription (P=10"'%), and cell cycle
(P =10"7), but also for the lymphocytic specific categories, such
as immune response (P=10"7) and lymphocyte activation
(P=10"%). We also found among the early replicating genes,
enrichment for the stress response (P = 10~7), and the apoptosis
(P =10"7) categories. The genes in these two latter categories are

m v v v
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Figure 4. Large replicons. (A) Large replication segments (>250 kb; black bars) and small replication

segments (<250 kb; each flanked by two dots) are shown for a small region in chromosome 2. The
vertical position of each line represents its assigned ToR, and the horizontal position represents its
location on chromosome 2. Dashed gray lines represent the predicted replication timing of the region
assuming a movement of a single replication fork from the early to the late region. The numbers next
to the dashed lines represent the RMSD values between the dots and the line. Note the good agree-
ment between the predicted replication time (dashed line) and the actual timing (black dots). Addi-
tional examples of such regions are shown in Supplemental Figure S7. (B) Histogram of the replication
fork rate, as deduced from the analysis of regions containing large replicons. (C) Replication fork
direction was analyzed by measuring the relative amounts of the two strands in BrdU-labeled cells and
treated with emetine, which inhibits lagging strand synthesis (see Methods). The ToR of a region on
chromosome 1 is shown as in A. The regions for which replication fork direction was analyzed are
marked by large diamonds. For each such region, linear PCR with either a forward (F) or reverse (R)
primer, followed by semi-quantitative PCR was performed (two dilutions of total DNA [triangles] and
emetine-resistant BrdU-labeled DNA [IP]). The direction of the replication fork can be deduced from
the relative amount of the reverse and forward reactions. Note that all five regions assayed along the
diagonal line show the same direction of the fork (marked by bold letters), strongly suggesting that this

method, we were able to obtain high
temporal resolution without introduc-
ing any perturbation of the cell cycle.
Our results are consistent with previous
knowledge both in terms of the general
features of the replication time zones
(Figs. 2C, 3B) and the ToR of individual
regions (Supplemental Table S1). More-
over, the ToR of several regions was con-
firmed by two independent techniques
(FISH and semi-quantitative PCR) with
high agreement between the results
(Figs. 2B, 3C). The accurate high resolu-
tion ToR map allows us to tackle issues
that were not fully addressed by previ-
ous genomic studies.

Middle S replication

Measuring the ToR at multiple time
points allowed us to characterize middle
S replication. Earlier works based on
[*H]thymidine incorporation into DNA
of populations of synchronized cells ob-
served a decline in replication during
middle S phase. This decline was inter-
preted as a cessation in DNA replication
at the middle of S phase (Holmquist et
al. 1982). In contrast to this interpreta-
tion, we did observe replication in mid-
dle S phase (Fig. 3A). Analyses of the cor-
relation between ToR and GC content,

entire region is replicated by a single fork.

not expressed under normal growth conditions in L1210 cells but
need to be ready to be transcribed quite rapidly in response to
certain stimuli. Enrichment of these categories among the early
genes further supports the notion that early replication is corre-
lated with transcriptional potential rather than with transcrip-
tion per se.

Human and mouse conservation

Intuitively, if ToR is an important feature of the genome, then it
should be conserved during evolution. In order to address this
question, we took advantage of the only other work that profiled
the ToR of an entire vertebrate genome. This work profiled the
human genome ToR in lymphocytes using BAC arrays by mea-
suring the differences in S/G1 DNA content (Woodfine et al.
2004). The ToR of homologous genes in mouse and human lym-
phocytes was compared, and the results are shown in Figure 6A.
The high correlation between the human and the mouse ToR
(R=0.59, P<10~77) goes beyond the conservation of GC con-
tent and the transcription level of homologous genes, since it is
observed even for genes that reside in regions with different GC con-
tent or that are not transcribed (Fig. 6B; Supplemental Fig. S13).

Discussion

We have mapped for the first time the replication time zones of
the entire mouse genome using a novel synchronization method
that allows immunoprecipitation of newly replicated DNA fol-
lowed by genome-wide microarray hybridization. Using this

gene density, transcript level, and tissue

specificity index indicate that the strong
correlation observed for all these features goes beyond the early
and late replicating genes and extends to genes from all stages of
S phase. These results suggest that the common view of dividing
the genome into early and late replicating regions does not cap-
ture the full picture, and actually the ToR is a continuous feature
with characteristics specific to regions replicating at each time
point along S phase. These findings are in line with observations
regarding the distinct chromatin structure and nuclear localiza-
tion of regions replicating at middle S phase (Wu et al. 2005).

Asynchronous replication

Measuring ToR at high temporal resolution allows us to address
asynchronous replication on a genome-wide level. We found
that ~9% of the mapped mouse genome replicates asynchronous-
ly with two distinct peaks of BrdU incorporation (cluster VIII in
Fig. 3A; Supplemental Fig. S7). We also found many genomic
regions with a broad replication peak (see Methods) correspond-
ing to cases in which the two alleles replicate asynchronously
with a smaller gap between the ToR of each allele (Simon et al.
2001). Indeed, analysis of such regions revealed that they are
highly enriched for olfactory receptor genes (20%, P < 10~ 1°)
and X-linked genes (8%, P < 10~®) that are known to replicate
asynchronously (Chess et al. 1994; Hansen et al. 1996). These
two categories of asynchronously replicating regions together
cover ~20% of the mouse genome. Our genome-wide analysis
confirms previous estimates (Gimelbrant and Chess 2006) and
provides detailed information about the asynchronously repli-
cated regions across the entire mouse genome.
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Figure 5. Coordination between replication and transcription. (A) The percentage of genes in each
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is shown along with the hypergeometric test P-values for cases enriched (clusters | and II) or depleted
(clusters V and VI) over the expected average Pol Il association (dashed line). (B) The percentage of
genes in each replication time zone that fall into the first, fourth, and 10th expression deciles in blood
cells. Significant enrichments or depletions over the expected value of 10% (dashed horizontal line) are
shown (asterisks and hypergeometric P-values). Early clusters are enriched with highly expressed genes
(10th decile) and depleted with low expressed genes (first decile) while late clusters show the opposite
pattern. Middle clusters are enriched with genes expressed at moderate levels (fourth decile). (C) Box
plot representation of the tissue specificity index distribution for each cluster. Early clusters tend to
contain more house-keeping genes (index close to 0) while late clusters tend to contain more tissue-
specific genes (index close to 1).

chromosomal aberrations in early stages
of cancer transformation, as has been
suggested for fragile sites regions (Tsan-
toulis et al. 2007).

Replication and transcription

Our data confirmed previous results
(Schubeler et al. 2002; MacAlpine et al.
2004; White et al. 2004; Woodfine et al.
2004, 2005; Jeon et al. 2005; Karnani et
al. 2007) of an incomplete correlation
between early replication and gene ex-
pression, suggesting that the relation-
ship between transcription and replica-
tion is complex.

In considering the control of gene
expression one has to distinguish be-
tween two concepts—actual gene tran-
scription and the transcriptional poten-
tial of a gene. Thus, inducible genes have
high transcription potential even under
conditions in which they are not tran-
scribed. Similarly, a silent lineage-
specific gene in ES cells has higher tran-
scriptional potential than the same gene
in terminally differentiated tissue. A re-
cent study found that many silent lin-
eage-specific genes replicate early in ES
cells and later in differentiated cells
(Azuara et al. 2006), suggesting that the
transcriptional potential of a gene is rel-
evant to its ToR. Our finding of strong
enrichment for the apoptosis and stress

Genomic organization of replication zones

Our analysis suggests that a large portion of the genome (~10%)
is replicated through the activation of a distal origin. This obser-
vation allowed us to examine the transition between early and
late replication zones. Early replication forks may pause and wait
for convergence with late forks. Alternatively, an early fork can
continue its replication over a long distance (a process that takes
a lot of time) until it will converge with a late fork. Inspection of
the ToR maps reveals that almost always the transition between
early and late replication zones occurs gradually, and abrupt
transitions are quite rare. This observation is not surprising since
replication pause sites are more susceptible to DNA breaks and
rearrangements (Bierne and Michel 1994; Verbovaia and Razin
1997; Rothstein et al. 2000), and, thus, a
gradual transition between replication
zones is preferable. A previous report of
such transition regions suggested that
they are enriched with disease related
genes (Watanabe et al. 2002). In our data
we did not find any difference in the dis-
tribution of single nucleotide polymor-
phisms (SNPs) or DNA rearrangements
between the transition regions and other
types of replication zones (data not

>
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.
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5 g

Replication time zones (in Mouse)

response GO categories among the early replicating genes further
supports this idea and expands it to include terminally differen-
tiated cells. Moreover, the strong correlation found between the
ToR and the tissue specificity index of a gene (Fig. 5C), supports
the conclusion that the relationship between replication and
transcription is not limited to transcription of the gene itself but
rather relates to the overall regulation of expression of the gene.

Does replication timing affect transcription?

The causal relationship between ToR and transcription is not
clear. Two working models have been proposed to describe this
relationship. One model proposes that silent regions are less ac-
cessible to replication factors, and therefore their ToR is delayed.
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Foa { g 78 £ 24 P =11410:39
. o 2A2 'Y .
: g8 2 ~
;@ EF 18] | x 2
B sgre 0@ g |
FBag ez [T T 8o@og
L5 D

mw v v v | Il v v v

Replication time zones (in Mouse)

shown). However, we cannot rule out
the possibility that large replicons are
more susceptible to DNA damage and
thus will have a higher frequency of

Figure 6. Conservation in replication timing between human and mouse. Box plot representation of
the correspondence between human and mouse replication time for all genes (A) and for not ex-
pressed genes (B). The human replication time is shown as S:G1 ratio values (Woodfine et al. 2004),
in which higher values correspond to early replication. The regression value (R) and the P-values
(F-statistics) are shown.
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An alternative model, supported by microinjection experiments
(Zhang et al. 2002), suggests that DNA synthesized at different
stages of S phase is exposed to different chromatin components.
According to this model, the ToR determines the chromatin
structure and therefore the transcription potential of a region
(Gilbert 2002; Goren and Cedar 2003). Although it is impossible
to determine the causal relationship between replication and
transcription just by analyzing correlation data, several aspects of
our analysis do support the latter model, indicating that the ToR
is not a mere consequence of transcription. First, the observed
correlation between the ToR and the transcription potential sug-
gests that transcription per se is not necessary for the determina-
tion of the ToR of a region. Second, we identified multiple re-
gions that replicate much later than the time their origin is ac-
tivated (large replicons). These regions can help distinguish
between the two models since according to the first model, in
such regions no correlation between ToR and transcription is
expected, since as they harbor no origin, the chromatin structure
in these regions should not affect their ToR. We found a strong
correlation between ToR and transcription, even in these regions
(Supplemental Fig. S14), supporting the second model. Finally,
we observed a strong conservation of ToR between the human
and mouse genome. This conservation was found even in non-
transcribed regions, strongly suggesting that ToR is directly regu-
lated and not a mere consequence of transcription.

Methods

“Baby machine”-based synchronization

Newborn cells were isolated from the “baby machine” device, as
previously described (Thornton et al. 2002). Cells were pulse
labeled with 1 uM BrdU for 45 min and collected for 45 min,
starting 90 min after the BrdU chase. Synchronization of the
cells isolated from the baby machine was assessed using a
ZB Coulter electronic particle counter and flow cytometry
(Supplemental Fig. S15). BrdU incorporation was assessed using a
quantitative dot blotting method (Supplemental Fig. S16) (Ueda
et al. 2005). Based on this analysis, we excluded sample 8 from
further experiments since it contained minimal amounts of
BrdU.

Isolation of BrdU-labeled DNA by immunoprecipitation

Immunoprecipitation of BrdU-labeled DNA was carried out es-
sentially as described (Azuara et al. 2003) using 2 pg of anti-BrdU
monoclonal antibody (cat. no. 347580, Becton-Dickinson). The
specificity of the immunoprecipitation was assessed by mixing
BrdU-labeled mouse DNA with sixfold excess of unlabeled hu-
man DNA. The relative amounts of mouse and human DNA were
measured by semi-quantitative PCR using species specific primers
after immunoprecipitation. Almost no human DNA was detected
after the immunoprecipitation (Supplemental Fig. S17).

Microarray experiments

BrdU-labeled DNA isolated from each sample was amplified us-
ing partially degenerate primers as described (Lieb et al. 2001).
We used limited amplification cycles (17-21 cycles) that preserve
the relative abundance of the different fragments (data not
shown). Samples from each time point were labeled and hybrid-
ized to Agilent mouse 44k catalog aCGH arrays and to Agilent
custom arrays covering a 14-Mb region on chromosome 1 (154
M-168 M) with an average probe spacing of 1 kb using Agilent
standard CGH protocols (http://www.chem.agilent.com/scripts/

literaturePDF.asp?iWHID=52010&filename=g4410-90010_
cgh_protocol_v5.pdf). The array design avoids repetitive regions
of the genome to minimize cross-hybridization. All samples were
hybridized against a reference sample containing DNA immuno-
precipitated from cells labeled with BrdU for a complete cell cycle
(10 h) that were processed in the same manner. In addition two
controls were included: (1) hybridization of a reference sample
against another reference sample, and (2) hybridization of a late
sample (sample 6) against an early sample (sample 1). The results
of these two control experiments are included in Figures 2D and
3A. The raw data from each sample were processed using a DNA
copy number analysis software application (Stepgram) (Lipson et
al. 2006), resulting in optimal segmentation of the genome into
segments of homogenous enrichment of BrdU containing DNA
(see red dots in Fig. 2A and Supplemental Fig. S2). The processed
data were then filtered using a three-median filter to remove
single probe outliers. Finally, we recentered each sample accord-
ing to the 0.1 quantile, allowing comparison of the different
samples. Raw data were deposited at ArrayExpress (accession no.
E-MEXP-1022) and can also be found along with the processed
data in the Supplemental material.

Transcription analysis

ChlIP-chip was carried out as described (Odom et al. 2004)
using Pol II-specific antibody (cat. no. 8WG16 MMS-126R,
COVANCE) and microarray containing 13,000 mouse intergenic
regions (Mouse promoterChip BCBC-5A, Beta Cell Consortium).
Expression profiling was performed on Affymetrix mouse micro-
arrays 430A 2.0. Raw data were deposited at ArrayExpress (acces-
sion no. E-MEXP-1681).

Fluorescence in situ hybridization

ToR of selected regions was determined by performing FISH as
described previously (Selig et al. 1992; Kitsberg et al. 1993).

Time of replication determination

Two methods were used: (1) TR50 calculation was done as de-
scribed by Jeon et al. (2005). Briefly, we defined the total repli-
cation of the locus as the sum of the enrichment values in all
time points (after adjusting each vector so the minimal value is
0), and the time of 50% replication was calculated by linear in-
terpolation. (2) For supervised clustering, we defined seven
Gaussian-like vectors of the form [0, 0, 0.2, 0.6, 0.8, 0.6, 0.2] with
peaks at the seven different time points and clustered the ToR
measurements for each probe to one of them using Pearson cor-
relation. A significant percentage of the probes (84%) showed
high correlation (=0.7) to at least one of the seven vectors (Fig.
3A), an enrichment of 3.2 over 26% of the probes that showed
this level of correlation in randomized data (Supplemental Fig.
S3). We partitioned the probes into seven replication clusters
according to the vector to which they have maximum correla-
tion. Sixteen percent of the probes did not show significant cor-
relation (=0.7) with any of the clusters and were therefore as-
signed to a separate cluster (cluster VIII in Fig. 3A). To determine
the replication time zones, we combined adjacent probes that
were assigned to the same cluster into a single segment. The
42,694 probes covered ~1.9 Gb of the mouse genome (after ex-
cluding 493 segments containing only one probe). For raw and
processed data, see Supplemental material.

Genes were considered asynchronous if they fell into one of
two categories: either probes assigned to cluster VIII, or probes
with three or more of their correlation values higher than 0.7,
which implies broad peak of BrdU enrichment. The first group
contains 16% of all probes, which correspond to 9% of all regions
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measured in our array (167 Mb). In the second group, there are
1983 probes, which correspond to 12% of the mapped genome.

Large replicons definition

Replication initiates at origins and propagates at an approximate
rate of 3 kb/min. Thus, during 45 min a single replication fork
will label ~135 kb of DNA. Therefore finding much larger frag-
ments (>250 kb) with uniform BrdU labeling is indicative of the
presence of at least one origin in this region. Early replicating
time zones (cluster I) must contain an origin as well; thus, both
early replicating regions and large replication zones were defined
by us as origin containing regions (gray bars in Fig. 4A). On the
other hand, small fragments may indicate replication by a distant
origin (dots in Fig. 4A). We defined as large replicons those small
regions that are in close proximity to a linear line drawn between
two origin containing regions, which represent the predicted ToR
of the region assuming a movement of a single replication fork
from the early to the late region (Fig. 4A, dashed lines). The
distance between the measured and the predicted replication
time was calculated using the RMSD function. Comparison of the
RMSD distribution in the real data and in shuffled data revealed
that indeed most of the short replication segments reside in close
proximity to the hypothetical lines (Supplemental Fig. S18). We
defined as large replicons those regions with a RMSD < 1. The
replication fork rate was calculated by dividing the total length of
a zone by the time differences between the replication of its be-
ginning to its end. Regions with poor coverage were excluded
from this analysis.

Replication fork direction determination

Replication fork direction was determined by using the protein
synthesis inhibitor, emetine, which selectively inhibits lagging
strand replication as described (Goren et al. 2008).
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