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Evolutionarily conserved replication timing profiles
predict long-range chromatin interactions
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To identify evolutionarily conserved features of replication timing and their relationship to epigenetic properties, we
profiled replication timing genome-wide in four human embryonic stem cell (hESC) lines, hESC-derived neural precursor
cells (NPCs), lymphoblastoid cells, and two human induced pluripotent stem cell lines (hiPSCs), and compared them with
related mouse cell types. Results confirm the conservation of coordinately replicated megabase-sized ‘‘replication do-
mains’’ punctuated by origin-suppressed regions. Differentiation-induced replication timing changes in both species occur
in 400- to 800-kb units and are similarly coordinated with transcription changes. A surprising degree of cell-type-specific
conservation in replication timing was observed across regions of conserved synteny, despite considerable species vari-
ation in the alignment of replication timing to isochore GC/LINE-1 content. Notably, hESC replication timing profiles
were significantly more aligned to mouse epiblast-derived stem cells (mEpiSCs) than to mouse ESCs. Comparison with
epigenetic marks revealed a signature of chromatin modifications at the boundaries of early replicating domains and
a remarkably strong link between replication timing and spatial proximity of chromatin as measured by Hi-C analysis.
Thus, early and late initiation of replication occurs in spatially separate nuclear compartments, but rarely within the
intervening chromatin. Moreover, cell-type-specific conservation of the replication program implies conserved de-
velopmental changes in spatial organization of chromatin. Together, our results reveal evolutionarily conserved aspects of
developmentally regulated replication programs in mammals, demonstrate the power of replication profiling to distin-
guish closely related cell types, and strongly support the hypothesis that replication timing domains are spatially com-
partmentalized structural and functional units of three-dimensional chromosomal architecture.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have been
submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession no. GSE20027.]

DNA replication in higher eukaryotes is regulated at the level of

large domains that replicate in a defined temporal sequence. While

the significance of this temporal program is unclear, replication

timing is established during early G1 phase, coincident with re-

duced mobility and repositioning of chromosomal domains in the

nucleus after mitosis (Dimitrova and Gilbert 1999; Li et al. 2001),

suggesting a link between replication timing and the three-

dimensional (3D) organization of chromatin. Consistent with this

hypothesis, early and late replication take place in spatially distinct

compartments of the nucleus (Gilbert and Gasser 2006), and

changes in replication timing (RT) during development are asso-

ciated with changes in subnuclear chromatin organization (Zhou

et al. 2002; Arney and Fisher 2004; Williams et al. 2006; Hiratani

et al. 2008, 2010). A strong positive correlation between early

replication and transcriptional activity has been found in all

multicellular organisms, and differences in replication timing of-

ten correspond to differences in transcriptional activity (Hiratani

and Gilbert 2009; Hiratani et al. 2009). However, changes in rep-

lication timing neither are directly influenced by nor have a direct

influence on transcription (Gilbert 2002; MacAlpine and Bell

2005; Gilbert and Gasser 2006; Hiratani et al. 2008; Farkash-Amar

and Simon 2009; Schwaiger et al. 2009), suggesting that replication

timing is indirectly related to transcriptional competence through

the assembly of higher-order chromosome structures. For example,

silencing of transcription on the inactive X chromosome is ini-

tially reversible, but is stabilized in the epiblast coincident with

a nearly chromosome-wide change in replication timing and for-

mation of a recognizable higher-order chromosome configuration

within the nucleus, the Barr body (Takagi et al. 1982; Wutz and

Jaenisch 2000; Gilbert 2002).

We recently reported genome-wide studies of replication

timing in cell culture models of mouse embryogenesis (Hiratani

et al. 2008, 2010). These studies revealed that replication timing

changes are extensive and take place coordinately across chro-

mosomal units of 400–800 kb. Early to late (EtoL) replication

timing changes were associated with down-regulation of mouse

embryonic stem cell (mESC)-specific genes and largely preceded

late to early (LtoE) changes associated with germ-layer–specific

transcriptional activation. Similar to X inactivation, many EtoL

changes on individual autosomal replication domains occurred in

the epiblast and coincided with changes in subnuclear position

and a subsequent inability to reprogram transcription (Hiratani

et al. 2010). Pluripotent stem cells derived from mouse epiblasts

(EpiSCs) only a few cell cycles after the ESC stage had already
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completed most EtoL changes, while

most LtoE were uninitiated, revealing

a clear epigenetic distinction between

these closely related pluripotent cell types.

Interestingly, EtoL domains were enriched

for genes that were difficult to reprogram

back to the ESC-like state (Hiratani et al.

2010). Together, these results suggested

that replication timing profiles identify

megabase-sized domains of stable repres-

sion during differentiation.

To identify evolutionarily conserved

aspects of this developmentally regulated

replication timing program and its re-

lationship to other epigenetic marks in

mouse and human cell types, we con-

structed genome-wide replication profiles

for human ESC (hESC) cell lines BG01,

BG02, H7, and H9, BG01-derived human

neural precursor cells (hNPCs), human

lymphoblastoid cells, and human induced

pluripotent stem cells (hiPSCs). We dem-

onstrate that, as with mESCs, replication

timing profiles are stable and conserved

between several hESC lines, but are dra-

matically reorganized upon differentia-

tion to hNPCs and in lymphoblastoid

cells. Human and mouse replication pro-

files are well conserved within regions of

conserved synteny, and significant dif-

ferences between hESC and mESC pro-

files provide clear genome-wide confir-

mation of the EpiSC nature of hESCs. We

also identify a novel signature of histone

marks flanking the boundaries of repli-

cation domains and a striking cell-type-

specific correlation of replication timing

profiles with genome-wide chromatin in-

teraction maps (Lieberman-Aiden et al.

2009), strongly supporting the hypothesis that replication do-

mains delineate spatially separated structural and functional units

of chromosomes.

Results

Structure of replication domains in human vs. mouse
pluripotent stem cells

Genome-wide replication timing profiles were generated using

a previously described method (Hiratani et al. 2008). Briefly, cells

were pulse-labeled with 59-bromo-29-deoxyuridine (BrdU) and

separated into early and late S-phase populations by flow cytom-

etry. BrdU-substituted nascent DNA from these populations was

immunoprecipitated, differentially labeled, and cohybridized

to a high-density whole-genome oligonucleotide microarray

(NimbleGen HD2; 2.1 million probes, one probe per 1.1 kb). This

produces a ‘‘replication timing ratio’’ [=Log2(Early/Late)] for each

probe (gray points in Fig. 1A). Microarray validation was performed

by evaluating segments of known replication timing prior to la-

beling for microarray hybridization (Supplemental Fig. S1). Since

adjacent probes replicate almost simultaneously, the quality of

individual replicate hybridizations can be evaluated statistically by

the similarity of adjacent probes (autocorrelation function, ACF)

(Supplemental Fig. S2), and rare low-quality data sets can

be eliminated. Biological replicates routinely show high correla-

tion (Supplemental Fig. S3), and profiles are consistent with those

created at higher probe density (Hiratani et al. 2008) or by deep

sequencing of similarly prepared BrdU-labeled nascent strands

(Supplemental Fig. S4; Hansen et al. 2010), allowing comprehen-

sive genome-wide analyses to be rapidly and inexpensively per-

formed on a single oligonucleotide chip. All data sets generated

in this study are freely available to view or download at http://

www.replicationdomain.org (Weddington et al. 2008).

Figure 1A shows a typical replication timing profile for a seg-

ment of chromosome 2 in hESC line BG02. The average of two

replicate (dye-swap) data sets was resolved into a replication profile

using loess smoothing (blue line), and a segmentation algorithm

(Venkatraman and Olshen 2007) was applied to identify regions

of similar replication time, which we refer to as ‘‘replication do-

mains’’ (red lines in Fig. 1A). Overall, profiles resemble those in

mouse cells (Hiratani et al. 2008, 2010), with domain sizes ranging

from a few hundred kilobases to several megabases. However, un-

like mESCs, in which early and late domains are similar sizes

(Hiratani et al. 2008), hESC late domains were significantly larger

and less numerous than early domains (Fig. 1B). Interestingly, this

Figure 1. Structure and conservation of replication domains in hESCs. (A) Replication timing profile
across a 50-Mb segment of human chromosome 2. Data shown are the average of two replicate hy-
bridizations (dye-swap) for hESC line BG02. DNA synthesized early vs. late during S phase was hybridized
to an oligonucleotide microarray, and the log2 ratio of early/late signal for each probe (probe spacing 1.1
kb) across the genome was plotted on the y-axis vs. map position on the x-axis. (Gray dots) Raw data. (Blue
line) Loess-smoothed data. Replication domains (red lines) and boundaries (dotted lines) were identified
by circular binary segmentation (Venkatraman and Olshen 2007). (B) Table (top) and box plots (bottom) of
the sizes of early (RT > 0) vs. late (RT < 0) replication domains in hESCs (BG02), mESCs (D3), and mEpiSCs,
with the ratio of late to early domain sizes. Horizontal bars for each box plot represent the 10th, 25th, 50th
(median), 75th, and 90th percentiles. (C ) Identification of timing transition regions (TTRs; blue and yellow
highlight alternating TTRs) from loess-smoothed RT profiles. (Green) BG02 hESC. (D) Analysis of repli-
cation timing differential vs. physical distance for TTRs >100 kb in BG02 hESCs and D3 mESCs.
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feature instead resembles the sizes of replication domains seen

with profiles of the more mature mouse EpiSCs (Fig. 1B; Hiratani

et al. 2010), providing the first of several indications that hESC

replication timing profiles are more closely related to mEpiSCs

than mESCs.

The temporal transitions between replication domains in

mouse are consistent with large originless regions where single

unidirectional forks emanate from either side of an earlier repli-

cating domain until they encounter forks from later replicating

domains (Farkash-Amar et al. 2008; Hiratani et al. 2008; Guan et al.

2009). Indeed, a timing transition region (TTR) at the mouse Igh

locus was recently shown to suppress the firing of ectopically

inserted origins (Guan et al. 2009). We compared the slopes

(number of kilobases separating differentially replicating domains

vs. their relative temporal separation) of these TTRs genome-wide

in mESCs vs. hESCs (Fig. 1C). In both species, temporal transitions

were directly proportional to distance traveled (R2 = 0.85 in hESCs

and 0.87 in mESCs) (Fig. 1D). These results suggest that large (up to

1.5-Mb) segments of DNA separating early and late replication

domains lack replication origin activity in both mouse and human

cells. Since individual transition regions were found to be espe-

cially prone to rearrangement (Watanabe et al. 2004), replication

timing profiles may highlight cell-type-specific damage-prone ge-

nomic regions.

Features of developmental regulation of replication timing

To evaluate whether the replication profile in hESCs is character-

istic of the hESC state, we profiled three additional hESC and two

independently reprogrammed hiPSC lines. Results revealed a sig-

nificant conservation and stability of domain boundaries between

these highly polymorphic cell lines representing pluripotent hu-

man cell types (Fig. 2A). We next determined the extent to which

the profile of hESCs and hiPSCs changes during development by

profiling BG01 hESCs differentiated to neural precursor cells

(hNPCs) in a defined medium (Schulz et al. 2004), as well as C0202

lymphoblastoid cells previously profiled at 1-Mb probe spacing

(Woodfine et al. 2004). To compare cell types, we expressed repli-

cation profiles as numeric vectors of 12,640 average replication

timing ratios for nonoverlapping 200-kb windows across the

genome. Both hierarchical clustering (Fig. 2B) and correlation

matrix analyses (Fig. 2C) of these windows verified the close sim-

ilarity of individual hESC and hiPSC replicate profiles and signifi-

cant differences between hESC, hNPC, and lymphoblastoid pro-

files, with changes in replication timing involving more than one-

third of the genome, as was observed in mouse (Hiratani et al.

2010). Interestingly, the size distributions of both EtoL and LtoE

switching domains for both NPCs and lymphoblasts were similar

and considerably smaller than global replication domains (Fig.

2D,E), but consistent with the sizes of EtoL and LtoE switching

domains in mouse (Hiratani et al. 2008). This suggests that a basic

unit of replication timing change is conserved from mouse to

humans, and is on the order of 400–800 kb. Also consistent with

mESC differentiation to either NPCs or lymphoblasts, many

switching domains changed their replication timing to match

adjacent domains (‘‘domain consolidation’’) (Supplemental Figs.

S5–S7), resulting in a decrease in the number of domains from ESCs

(2461) to NPCs (1869) or lymphoblastoid cells (1822) and a corre-

sponding increase in domain size (Fig. 2F). The degree of early

domain consolidation was higher for NPCs vs. lymphoblasts in

both species, revealing a conserved developmental specificity of

domain sizes (cf. Fig. 1B and Fig. 2D–F).

To examine the relationships between replication timing and

transcription, microarray transcriptional analyses were performed

in hESCs and hNPCs (Supplemental Table 1; Supplemental Fig. S8).

We found a significant positive relationship between early repli-

cation and transcription across 19,991 RefSeq genes, which re-

sembled that found previously in Drosophila (Schubeler et al. 2002;

Schwaiger et al. 2009) and mouse (Hiratani et al. 2008, 2010).

Coordination of changes in transcription and replication timing

upon differentiation to hNPCs was also reminiscent of that in

mouse (Supplemental Fig. S8), and similar results were recently

reported in human cells (Desprat et al. 2009). Examination of four

classes of genes by expression and replication timing revealed

that some chromatin marks (H3K4me3, H3K9Ac, H3K27Ac,

H3K27me3, and H3K36me3) were more closely associated with

transcript levels than replication timing at individual promoters,

while sequence properties such as GC and LINE-1 content had

a stronger relationship to replication timing (Supplemental Fig.

S9). Altogether, we conclude that the general structure and orga-

nization of replication timing domains and their coordination

with transcription are conserved between mouse and human.

Evolutionary conservation of cell-type-specific replication
timing profiles

The availability of genome-wide replication timing maps for

mouse and human cell types provided the opportunity to evaluate

conservation of the replication program. When we first examined

several large regions of conserved synteny we noted a striking

conservation of overall timing programs between mouse and hu-

man cells (Fig. 3A). To confirm these findings quantitatively, we

compared timing values at the promoters of 16,629 orthologous

genes (Fig. 3B), revealing that replication timing in each human

cell type aligned most closely with the corresponding cell type

in mouse. Interestingly, timing was considerably more conserved

between hESCs and mEpiSCs vs. mESCs. In fact, the hESC to

mEpiSC relationship was the strongest of all comparisons. Mouse

and human lymphoblast alignment was also strong, consistent

with a prior report (Farkash-Amar et al. 2008). Mouse and human

NPCs were less well aligned, which may reflect differences in dif-

ferentiation protocols and/or distinct subpopulations of neural

precursor cells profiled in mouse vs. human (Schulz et al. 2004;

Hiratani et al. 2008).

To broaden this analysis beyond genes, we examined 207 re-

gions encompassing 91% of the mouse genome and 94% of the

human genome where conserved synteny extended >1 Mb (see

Methods). Replication timing values were collected in 100 equal

intervals in each region (20,700 points overall) to calculate R2

values between cell types (Fig. 3C). The degree of conservation

with this analysis was lower than for orthologous promoters, pre-

sumably because regions of conserved synteny have expanded

and contracted unevenly, whereas gene promoters are precise

landmarks and may have more conserved replication timing

than nongenic regions. Nonetheless, significant conservation of

replication timing was observed that was higher when similar cell

types were compared and highest between hESCs and mouse

EpiSCs. Conservation of replication time is unlikely to be driven

strictly by the sequence content of mammalian isochores, because

human cell types had a much lower correlation of replication time

to GC or LINE-1 density that did not change during differentiation,

unlike for mouse cells (Fig. 3G), and the degree of conservation

between similar cell types was not related to isochore GC/LINE-1

density (Fig. 3H; Supplemental Fig. S10). Moreover, the degree of
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conservation was not related to enrichment of any of the analyzed

histone marks (Supplemental Fig. S10). However, if the replication

timing of a syntenic region was well conserved in one cell type, it

was usually well conserved in the other cell types (Supplemental

Fig. S10). Together, these results show a convincing degree of cell-

type-specific evolutionary conservation between mouse and hu-

man replication timing profiles.

Human ESC replication profiles resemble mouse EpiSCs

Alignment between hESCs and mEpiSCs was striking (Fig. 3B),

and the relative difference in alignment to mEpiSCs vs. mESCs

was even more surprising considering their similarity in devel-

opmental stage and transcription profiles (Hiratani et al. 2010).

Nonetheless, these cell types are phenotypically quite different, as

EpiSCs cannot contribute efficiently to chimeric mice (Brons et al.

2007; Tesar et al. 2007). This suggests that the phenotypic differ-

ences between these cell types are better reflected by epigenetic

properties such as replication timing than by transcriptional dif-

ferences. To confirm the closer alignment of hESCs and mEpiSCs,

we examined genes that switch EtoL or LtoE between mESCs and

mEpiSCs (Fig. 3D). Consistently, genes that switch to later repli-

cation from mESCs to mEpiSCs are typically late replicating in

hESCs, while those switching from early to very early are very early

replicating in hESCs (Fig. 3E,F). These results further demonstrate

that hESC replication profiles are more closely related to those of

mouse EpiSCs than mESCs and underscore the ability of replica-

tion timing profiles to identify epigenetic differences between

closely related cell types.

A chromatin signature for replication domain boundaries

Profiling replication timing in lymphoblastoid cells allowed us to

make comparisons to several epigenetic marks that have been

mapped genome-wide in this cell type (Rosenbloom et al. 2010).

We first correlated the density of each of these marks within the

boundaries of each replication domain to the replication timing of

each domain (Fig. 4A,B). This analysis clearly revealed a general

Figure 2. Cell-state specificity of replication profiles. (A) Conservation of replication timing among cell lines BG01, BG02, and H7 shown by loess-
smoothed replication profiles generated as in Figure 1. Genome-wide, pairwise Pearson R2 values can be found in Supplemental Figure S3D. (B) Hier-
archical clustering of individual RT profile replicates in 12,640 200-kb windows. The height of horizontal bars depicts the relative similarity between
clusters, with more similar clusters lower on the graph. (R1) Replicate 1, (R2) replicate 2. (C ) Correlation matrix of hESC, hiPSC, hNPC, and lymphoblast
replicate profiles averaged in 200-kb windows as in B. Heat map (right) provides a gauge of the relative similarities of data sets to each other. (D,E ). Size
distribution of EtoL and LtoE switching domains and early vs. late domains in human vs. mouse NPCs (G) and lymphoblasts (H ), calculated as in Figure 1B.
Data for mNPCs are from Hiratani et al. (2008). (F ) Summary of domain numbers and sizes.
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correlation between early domains and activating (H3K4me1,2,3;

H3K9Ac, H3K27Ac; H3K36me3; H4K20me1) but not repressive

(H3K9me2,3; H3K27me3) chromatin marks, consistent with that

previously reported in mouse (Hiratani et al. 2008; Yokochi et al.

2009). This confirmation is important, since the mouse H3K9me3

and H3K27me3 data sets had a lower signal to noise ratio, and this

finding contradicted a prior analysis based on 1% of the genome

that claimed a high correlation of late replication to H3K27me3

(Thurman et al. 2007). Also similar to what we found in mouse,

the strongest correlation between late replication and repressive

chromatin marks was found with H3K9me2 (R = �0.54) (Fig. 4B),

a mark that is also enriched in the late replicating nuclear pe-

riphery compartment of the nucleus (Wu et al. 2005; Yokochi

et al. 2009). However, we have shown that knockout of the

histone methyltransferase EHMT2, which eliminates peripheral

H3K9me2, has no effect on the replication timing program or the

programmed changes in replication timing that occur during

mESC differentiation to mNPCs (Yokochi et al. 2009). Overall,

Figure 3. Significant conservation of replication timing between hESCs and mEpiSCs. (A) Example of RT conservation between the indicated human
and mouse cell types in one of 207 syntenic regions. (B) Correlation of replication timing (R2 values) between the indicated human and mouse cell
types at 16,629 orthologous gene promoters. All mouse data are the averages of biological replicates, while both averaged replicates (ave) and exemplary
single replicates (R1) are shown for human cell types. R2 differences $0.02 are statistically significant at P < 0.05 using Fisher R-to-Z transformation. (C ) 207
syntenic regions >1 Mb were loess smoothed, and RT values were gathered at 100 equal intervals per window to obtain correlations of replication timing in
syntenic regions. The significance of these alignments was calculated using bootstrapping (P < 0.0001), as described in the Methods. (D–F ) Replication
timing for orthologous genes with the top 5% of EtoL and LtoE timing changes in mESCs vs. mEpiSCs (D; [green] EtoL, [red] LtoE, [gray] non-switching) was
compared with BG01 hESCs (E,F ). Genes that transition from EtoL between mESCs and mEpiSCs generally remain late-replicating in hESCs. (G) Pearson R2

values between domain-wide replication timing and LINE-1 density or GC content are shown for the cell types indicated. Mouse data are from Hiratani et al.
(2008, 2010). (H ) Conservation (R2) between syntenic regions as in Figure 3C shows little relationship to differences in regional GC or LINE-1 content.
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these results confirm the link between early replication and his-

tone marks associated with transcriptional activity, and suggest

that late replication is either unrelated to well-studied hetero-

chromatin-associated histone modifications or is related in a more

complex, redundant, or combinatorial manner.

Visual inspection of profiles at TTRs also hinted that several

histone marks are enriched near the boundaries of early replicating

domains. To verify this, we examined average profiles in 1-Mb

windows focused on the center, early, and late boundaries of all

TTRs >1 Mb throughout the genome (Fig. 4C,D). Consistently, we

found a prominent peak for marks of active chromatin (H3K4me1/

2/3, H3K36me3, H3K27ac) ;100 kb

inside the early replicating domain.

H4K20me1 was the only ‘‘active’’ mark to

show little or only modest enrichment,

which may relate to the diverse non-

transcriptional roles of this modification

(Schotta et al. 2008; Oda et al. 2009). In-

triguingly, there is a depletion of the re-

pressive mark H3K27me3, and a modest

depletion of H3K9me3 and H3K9me2 at

this same position. Since this peak was

identified in an ensemble analysis of all

large TTRs, it could result from the aver-

age of many considerably sharper peaks

at slightly different relative positions in

each individual domain. In fact, inspec-

tion of 10 individual domains revealed

very sharp peaks of active histone marks

and a paucity of H3K27me3 at the early

replicating boundaries of most domains

(Supplemental Fig. S11).

These results suggest that a concen-

tration of active histone modifications is

found at the boundaries of early replica-

tion domains. It is possible that these

marks serve as counter-modifications to

prevent the spreading of heterochroma-

tin into early replicating domains, similar

to chromatin insulator sequences. One

protein known to establish chromatin

boundaries is the insulator-binding pro-

tein CTCF (Phillips and Corces 2009).

However, we found little or no enrich-

ment of CTCF near replication domain

boundaries (Fig. 4D), although CTCF was

enriched within early domains (Fig. 4B),

consistent with its general proximity to

transcriptional regulatory elements.

High alignment of replication timing
to spatially separated compartments
of genome-wide chromatin
interactions (Hi-C)

Recently, a method was described (‘‘Hi-C’’)

(Lieberman-Aiden et al. 2009) to analyze

the spatial proximity of sequences to

each other genome-wide by sequencing

the ligation products generated by chro-

mosome conformation capture (3C). Re-

sults of this analysis revealed the exis-

tence of two independent compartments of interaction (A and B)

within the nucleus such that contacts between sequences within

each compartment are enriched but contacts between sequences

in different compartments are depleted. The compartments cor-

responded to spatially separated regions of chromosomes as con-

firmed by fluorescence in situ hybridization (FISH). Compartment

B showed a higher interaction frequency and lower overall DNaseI

accessibility, indicating that B represents more densely packed

heterochromatin. When these compartments were plotted lin-

early with enrichment in compartment A as positive values and

enrichment in compartment B as negative values (Eigenvector)

Figure 4. A chromatin signature for replication domain boundaries. (A) Profiles of lymphoblastoid
replication timing, CTCF, and the indicated histone modifications are shown for a representative 50-Mb
region of chromosome 10. ChIP-seq data and the input control profile are from GM12878 lympho-
blastoid ChIP-seq experiments hosted on the UCSC Genome Browser (Rosenbloom et al. 2010), with
the exception of H3K9me2 and H3K9me3 (asterisk), obtained from CDT4+ T-cells (Barski et al. 2007).
(B) Domain-wide relationship between replication timing and histone modifications. Pearson R and R2

values of domain replication timing with each mark above were calculated as in Hiratani et al. (2008).
(C ) A diagrammatic timing transition region, in which windows of 1 Mb surrounding the late border,
center, and early border are highlighted. (D) Average profiles of histone marks, CTCF, and replication
timing are shown for the windows indicated in C.
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(Lieberman-Aiden et al. 2009), we immediately noticed a striking

correspondence between the Hi-C map and replication timing

(Fig. 5A). This correspondence was cell-type-specific, as we could

find many replication domain-sized discordances between the

lymphoblast Hi-C and hESC or hNPC replication timing profiles.

Remarkably, when comparing the lymphoblast Hi-C and replica-

tion timing profiles, even subtle variations in replication time

along the profile of each chromosome were matched by subtle

variations in chromatin interaction frequencies, a property quite

unlike any other chromatin structural or functional features we

have examined.

To quantify this relationship genome-wide, we correlated

Hi-C model data for each chromosome with replication timing

as described in Figure 4B for other epigenetic marks. Despite the

derivation of lymphoblastoid replication timing and Hi-C data

from different lymphoblast cell lines (C0202 and GM06990, re-

spectively), the overall correlation (R = 0.80) was the strongest we

have identified to date between replication timing and any chro-

mosomal feature. This correlation was found on every autosomal

chromosome (Fig. 5B). The significantly lower correlation for the X

chromosome is accounted for by the fact that replication timing

was profiled in a male cell line while Hi-C was mapped in a female

cell line, consistent with changes in rep-

lication timing and compartmentaliza-

tion of replication domains after X chro-

mosome inactivation (Hiratani et al.

2010). This uncanny relationship be-

tween spatial proximity and replication

timing, measured using very different

methodologies, provides a novel link be-

tween chromosome structure and func-

tion in the nucleus and indicates that

sequences that are localized near each

other will replicate at similar times, sug-

gesting new models for the regulation of

replication timing (discussed below).

Discussion
Our results define an hESC-specific repli-

cation profile that is stable across poly-

morphic cell lines and reacquired in

reprogrammed hiPSCs, but significantly

altered after differentiation. Sizes of rep-

lication domains, the temporal transi-

tions between them, the units of replica-

tion timing change, and relationships to

transcription were well conserved with

mouse cells. Moreover, replication tim-

ing profiles themselves were conserved

across regions of conserved synteny when

similar mouse and human cell types were

compared. This conservation was not

accounted for simply by conservation of

GC content, as GC content was not

nearly as well aligned to replication tim-

ing in humans as was found in mouse.

These results support the existence of

positive selection mechanisms maintain-

ing replication timing during evolution.

Intriguingly, replication timing profiles

identified a significantly greater similarity

of hESC profiles to mouse EpiSCs than

to embryologically and transcriptionally

related mESCs. Hence, replication tim-

ing profiles provide a powerful means to

reveal important distinctions between

closely related cell types. Finally, we pre-

sent the remarkable discovery that co-

ordinately replicated domains represent

chromatin in close 3D proximity, spatially

separated from domains replicating at

alternative times by origin-suppressed

Figure 5. Replication timing predicts long-range chromatin interactions. (A) Profiles of lympho-
blastoid replication timing and a model of self-interacting regions of open or closed chromatin (Hi-
C–positive values = open; Lieberman-Aiden et al. [2009]). hNPC and hESC replication profiles are shown
alongside to illustrate cell-type specificity of the alignment. (B) The correlation between replication
timing and the Hi-C chromatin interaction model for each chromosome is shown, calculated as for other
epigenetic marks in Figure 4B. (C ) Speculative model synthesizing the concepts revealed in Figures 4
and 5. The microscope image is a mouse fibroblast, pulse-labeled with iododeoxyuridine (IdU) early in S
phase (green), subsequently pulse-labeled with chlorodeoxyuridine (CldU) late in S phase (red), and
then immunofluorescently labeled with antibodies specific to each halogenated nucleotide, as in Wu
et al. (2005) and Yokochi et al. (2009). This reveals the spatial compartmentalization of early and late
replicating DNA, which is also supported by the reduced frequency of interaction between chromo-
somal sequences in Hi-C compartments A (green) and B (red). The cartoon is a schematic view of a pair
of adjacent early (green) and late replicating (red) domains that are bounded at the early domain side by
enrichment of active chromatin marks (yellow star). The replication domains resemble fractal globules
described by (Lieberman-Aiden et al. (2009), and late and early domains are spatially separated by
a large TTR. Late replicating Hi-C compartment B has a higher frequency of interactions, indicative of
more condensed chromatin, which here is proposed to be less accessible to initiation factors for repli-
cation than early replicating Hi-C compartment A. (Green and red circles) Different protein components
of early vs. late replicating chromatin.
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regions, and bounded on the early replicating side by strong sites

of active histone modifications (Fig. 5C). These results provide

compelling evidence that replication domains are structural and

functional units of chromosomes whose replication timing is

a reflection of their spatial position in the nucleus (Gilbert 2001).

Conserved and divergent features of replication timing

All eukaryotic organisms exhibit an orderly progression to the

replication of their genomes (Hiratani and Gilbert 2009; Hiratani

et al. 2009). While the significance of this program is unclear,

evolutionarily conserved features of biological processes are likely

to be functionally significant. Comparison of replication timing

profiles between mouse and human cell types allowed us to iden-

tify several commonalities in the regulation of replication timing,

including stable cell-type-specific profiles, tissue-specific size dis-

tributions of early and late replicating domains, punctuation of

replication domains by large origin-suppressed regions, the sizes of

chromosome units that change replication timing during differ-

entiation, and connections between replication timing, histone

modifications, and transcription. These consistent elements likely

reflect similar mechanisms regulating replicon sizes and multi-

replicon organization of replication domains in mouse and hu-

man. Perhaps most surprising was the degree of conservation in

the overall temporal order of replication along the lengths of large

regions of conserved synteny, despite changes in sizes and nearby

chromatin environment of intergenic regions.

Not all features of replication timing reorganization between

ESCs and NPCs were conserved. In mouse, replication timing

correlated with isochore sequence features of chromosomes such

as GC/LINE-1 content (Hiratani et al. 2008), and the degree of this

correlation was cell-type-specific (Hiratani et al. 2010). In contrast,

human cell types had a weak correlation to GC/LINE-1 density that

was similar in all cell types (Fig. 3G). Moreover, there was no cor-

relation between conservation of GC/LINE-1 content and conser-

vation of replication timing (Fig. 3H). Coupled with the observa-

tion that isochore GC content is undergoing constant change

during evolution (Meunier and Duret 2004), we conclude that

alignment of replication timing to isochore GC content is not

evolutionarily conserved. Hence, replication timing is conserved

across species, independent of the GC content of isochores.

Replication timing reflects chromosome architecture

Since there is no reason to presume that the basic process of du-

plicating the genome necessitates a specific temporal sequence,

conservation likely reflects some property of chromosome struc-

ture that transcends the basic need to replicate DNA. We demon-

strate a close alignment between replication timing and spatially

separated compartments of chromatin folding, In fact, the recently

described Hi-C interaction map aligns more closely with replica-

tion timing than any other chromosome property we have ana-

lyzed. For some chromosomes (chromosome 19, Fig. 5B), the align-

ment approaches that of replication timing replicates, despite

differences in the source and sex of the lymphoblast cell lines

compared. This is compelling evidence that chromatin in close

spatial proximity replicates at a similar time. At the same time, it

implies that the chromatin between spatially separated chromo-

some segments corresponds to temporal transitions in replication

timing (TTRs) that are suppressed for origin activity.

How could these very different chromosomal properties be

related (Fig. 5C)? We have previously demonstrated that replica-

tion timing is reestablished in each cell cycle coincident with the

anchorage of chromosomal segments at specific positions within

the nucleus, a point early in G1 phase that we have termed the

‘‘timing decision point,’’ or TDP (Dimitrova and Gilbert 1999).

Anchorage and positioning are undoubtedly central to the for-

mation of nuclear compartments that dictate the rules of chro-

matin interaction in the nucleus. Hence, the finding that rep-

lication timing aligns with interaction maps significantly

strengthens the link between replication timing and 3D organi-

zation. Our model (Fig. 5C) and Gilbert (2001) predict that these

interactions are disrupted during mitosis and must be reestab-

lished. Early in G1 phase, chromatin is dynamic and potentially

forms many inappropriate but transient chromatin interactions.

As chromatin becomes anchored, subnuclear domains begin to

self-assemble through a stabilizing process that involves the ac-

cumulation of mutually reinforcing protein–protein interactions.

These are illustrated by Lieberman-Aiden et al. (2009) as self-

assembling units of chromosomes, or ‘‘fractal globules.’’ In our ver-

sion of this model, spatially separated fractal globules are equiva-

lent to temporally separated replication domains with distinct

origin-suppressed molecular boundaries. The positions of these

boundaries may be maintained by the concentration of active

chromatin marks that we identify here at the borders of early

replicating domains (Fig. 4). According to the Hi-C model, a higher

concentration of chromatin interactions is found in compartment

B, which aligns with late replicating domains. Interestingly, com-

partment B is also considerably less accessible to DNaseI digestion

(Lieberman-Aiden et al. 2009). One interesting hypothesis then, is

that chromatin interactions established during early G1 phase

drive the assembly of compartments of the nucleus that are more

or less accessible to the S-phase–promoting factors that initiate

replication, allowing earlier access to sites of less compact chro-

mosomal folding. Regardless, the findings reported here indicate

that replication timing profiles provide a convenient readout of

chromosome interactions and a means to identify chromosome

segments that undergo large changes in 3D organization during

differentiation.

Epigenetic status of hESCs revealed by replication profiling

Both mouse and human ESCs are derived from preimplantation

blastocysts and have characteristic replication timing profiles that

are reacquired when differentiated cells are reprogrammed to

iPSCs. However, mESC replication profiles differ quite dramati-

cally from pluripotent mEpiSCs derived from post-implantation

embryos that are only a few cell cycles older than blastocysts

(Hiratani et al. 2010). Consistent with a link between replication

timing and chromosome architecture, ESCs and EpiSCs have sub-

stantial differences in chromatin organization and subnuclear

position of genes that change replication timing (Hiratani et al.

2010). Intriguingly, only small differences in gene expression have

been reported between ICM (E4.0–4.5) and epiblast cells at E5.0 or

E5.5 (Pfister et al. 2007), or between mESCs and mEpiSCs (Hiratani

et al. 2010) despite major phenotypic differences (Gardner and

Brook 1997), including the efficiency of reprogramming and the

ability to contribute to chimeric mice (Brons et al. 2007; Tesar et al.

2007; Guo et al. 2009). These observations indicate that significant

epigenetic changes occur in the post-implantation epiblast in

the absence of transcription changes. Recently, it was shown that

hESCs and mEpiSCs share signaling pathways controlling early cell

fate decisions (Vallier et al. 2009). Here, we show that the replica-

tion profiles of hESCs are more consistent with mEpiSCs than
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mESCs, with many mESC-specific genes switched to late replica-

tion (Fig. 3D–F), and most late replicating domains having com-

pleted domain consolidation (Fig. 1B). These findings provide

genome-wide evidence that hESCs are stabilized in an epiblast-like

epigenetic state. This altered epigenetic landscape may contribute

to the substantially different POU5F1 (OCT4) and NANOG target

genes found in hESCs vs. mESCs (Boyer et al. 2005; Sridharan et al.

2009). Altogether, replication profiles provide a means to distinguish

the epigenetic state of closely related stem cell types, which may be

important for therapeutic applications of stem cells.

Methods

Cell culture conditions and neural differentiation
hESCs (BG01, BG02, H7 [WA07], H9 [WA09]), as well as hiPSCs
(Park et al. 2008) were maintained on Geltrex (Invitrogen) in
StemPro defined media (Invitrogen; Wang et al. 2007). BG01 was
differentiated to NPCs as described previously (Schulz et al. 2004).
NPCs generated in this way can then be maintained for >3 mo
and routinely expanded (Schulz et al. 2004). Neural progenitors
were shown to express SOX1, SOX2, MSI1, PAX6, and NES, and to
be negative for POU5F1 (previously known as OCT4), REXO1,
NANOG, and CD9. Mouse L1210 lymphocytic leukemia cells
(ATCC CCL219) and human C0202 lymphoblastoid cells (ECACC
#94060845) were cultured as described (Woodfine et al. 2004;
Farkash-Amar et al. 2008).

Replication profiling using HD2 microarrays

Genome-wide replication timing profiles were constructed as de-
scribed (Hiratani et al. 2008) except that we employed NimbleGen
HD2 arrays with 1.1-kb probe spacing. Two biological replicates
were performed for all cell lines except BG01, H7, and H9.

Segmentation

Segmentation of individual probe data into replication domains
was performed as described using the DNAcopy package in
R (Hiratani et al. 2008). NimbleGen HD2 arrays, with fivefold
higher probe density than the arrays used previously in mouse,
were capable of resolving smaller replication domains after seg-
mentation. To account for the dependency of segmentation on
slight differences in autocorrelation of neighboring probes be-
tween data sets, we applied a small amount of Gaussian noise to
BG01 NPC data sets to equalize their autocorrelation (ACF) (see
Supplemental Fig. S2) to ESCs before segmentation.

Data normalization and smoothing

Individual raw microarray data sets were normalized and scaled to
an equivalent median-absolute deviation using the limma package
in R. To assign replication timing values to the 19,991 human
RefSeq genes, replication timing ratios of each probe (log2 early/
late fraction) were smoothed with a 300-kb span using loess in R,
and smoothed values at transcription start sites were assigned to
each gene. NimbleGen transcription array data were normalized
by quantile normalization (Bolstad et al. 2003). Expression units
(i.e., normalized gene calls) were generated using the RMA (Robust
multichip average) algorithm as described (Irizarry et al. 2003).
Since NimbleGen expression analysis does not generate a cutoff for
‘‘expressed’’ (transcriptionally active) vs. ‘‘silent’’ (transcriptionally
inactive) genes, one was made at 400 expression units to yield
a similar percentage of expressed genes as found in mESCs using
Affymetrix arrays.

Identification of timing transition regions (TTRs)

Timing transition regions were identified by loess smoothing (with
a span of 2 Mb) replication timing profiles of hESCs and mESCs,
and isolating regions of high or low (68e-7 RT/bp) slope. As these
regions were well aligned to transition regions between early and
late domains by visual inspection (Fig. 1C), we identified their
boundaries and calculated their average slope.

Consolidation analysis

To quantify the degree to which domains become isolated or
consolidated with neighboring domains in replication timing
(Supplemental Fig. S7), we subtracted the probe replication timing
values between hNPC (BG01NP-R1) and hESC (BG01ES-R1) and
performed segmentation on this subtracted profile. We then cal-
culated the differences in replication timing between each domain
and its left (d1) and right (d2) neighbor. Reductions or increases in
total d1 + d2 signify consolidation and isolation respectively.

Evolutionary comparisons and analysis of epigenetic marks

For comparison of mouse–human syntenic units, coordinates
for 207 regions of level 1 net alignments larger than 1 Mb (Kent
et al. 2003) were obtained from the UCSC table browser (mm8
vs. hg18net). To control for differences in syntenic region size
between the two species, replication timing values for each cell
type were loess smoothed in R with a span of 300 kb and collected
in 100 equal intervals per region. R2 values were calculated from
the total collection of 20,700 values. To obtain the significance
through bootstrapping of R2 values above, this process was re-
peated 10,000 times with 207 randomly selected regions equal
in size to the syntenic regions to obtain the probability that R2

values as high as those observed could occur by chance. The
highest R2 value found using such randomly selected regions for
a total of 10,000 trials was 0.02; thus, the overall alignment be-
tween human and mouse cell types is highly significant (P <

0.0001). For epigenetic mark comparisons, data sets from lym-
phoblastoid cells (GM12878; Yale Encode for build Hg18) were
obtained from the UCSC Genome Browser and averaged in 1-Mb
windows across TTR boundaries in R. Comparison to the Hi-C
model was made using 100-kb window eigenvector data corre-
sponding to the checkerboard patterns in Lieberman-Aiden et al.
(2009).
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