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In multicellular organisms, developmental changes to replication timing occur in 400–800 kb domains across
half the genome. While examples of epigenetic control of replication timing have been described, a role for
DNA sequence in mammalian replication-timing regulation has not been substantiated. To assess the role of
DNA sequences in directing developmental changes to replication timing, we profiled replication timing in
mice carrying a genetically rearranged Human Chromosome 21 (Hsa21). In two distinct mouse cell types,
Hsa21 sequences maintained human-specific replication timing, except at points of Hsa21 rearrangement.
Changes in replication timing at rearrangements extended up to 900 kb and consistently reconciled with
the wild-type replication pattern at developmental boundaries of replication-timing domains. Our results
are consistent with DNA sequence-driven regulation of Hsa21 replication timing during development and pro-
vide evidence that mammalian chromosomes consist of multiple independent units of replication-timing
regulation.

INTRODUCTION

Eukaryotic DNA replication proceeds in a defined temporal
order known as the replication-timing program. Though its
significance is unknown, replication timing is evolutionarily
conserved and is closely associated with the organization and
function of chromatin (1,2). Accordingly, replication timing in
multicellular organisms is cell-type specific and changes coordi-
nately with gene expression during development (1–10). Pro-
grammed developmental changes in replication timing involve
over half the genome and occur consistently in 400–800 kb
increments (1,8). The discrete size of developmental regulatory
units suggests that chromosomes consist of multiple domains
that are independently regulated. An independent regulatory

unit would be predicted to maintain its regulation in an ectopic
genomic context. However, previous work in mammals has
demonstrated that small DNA fragments containing single
genes or replication origins do not generally transfer cis regula-
tory information to ectopic loci (11,12). Some combinations of
strong transcriptional regulatory elements can affect replication
timing in ectopic locations (13–15), but the importance of
these elements to replication in their native context is unclear
(16,17). Thus, the existence of cis elements that define domain-
sized units of timing regulation remains unsubstantiated.

One possible explanation for the inability to identify cis ele-
ments of replication-timing control is that regulation requires
DNA sequence information integrated across large segments
of chromosomes. Alternatively, replication timing might be

†The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
‡Present Address: Epigenetics Programme, The Babraham Institute, Cambridge CB22 3AT, UK.
}Present Address: Program of Genetics and Genome Biology, The Hospital for Sick Children, Toronto, ON, Canada M5G 1L7.

∗To whom correspondence should be addressed at: Department of Biological Science, Florida State University, 319 Stadium Drive, Tallahassee, FL
32306-4295, USA. Tel: +1 8506457583; Fax: +1 8506458447; Email: gilbert@bio.fsu.edu

# The Author 2012. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2012, Vol. 21, No. 19 4162–4170
doi:10.1093/hmg/dds232
Advance Access published on April 5, 2012



regulated entirely by epigenetic features that can only be
transmitted in a chromatin context, as is suggested by the
asynchronous replication of homologous loci during X inacti-
vation (18,19) and imprinting (20), as well as the conse-
quences of chromosome translocations (2,21–26). To assess
the role of DNA sequences in the regulation of replication
timing, we profiled replication timing in the Tc1 mouse
model of Down syndrome, which had previously been used
to evaluate the role of DNA sequence in directing species-
specific transcription (27). The Tc1 strain was created by
introducing Human Chromosome 21 (Hsa21) into mouse em-
bryonic stem cells using irradiation microcell-mediated
chromosome transfer, followed by chimeric mouse generation
and germline transmission (28). Although the resulting Tc1
mice contain a single, freely segregating Hsa21, sequencing
revealed the irradiated trans-chromosome underwent exten-
sive genetic rearrangement during the establishment of the
Tc1 mouse strain (S. Gribble, F. Wiseman and N. Carter,
manuscript available upon request, ENA database Study Ac-
cession number: ERP000439). Thus, in addition to allowing
single-copy analysis and direct comparison between syntenic
mouse and human sequences in the same nucleus (27), Tc1
mice provided the opportunity to observe cis effects of
ectopic genomic contexts on the replication timing of Hsa21
fragments in different mouse tissues.

RESULTS

Tc1 mouse replication-timing program is unperturbed by
the presence of Hsa21

To verify normal replication-timing control in Tc1 mice, we
generated genome-wide replication-timing profiles in Tc1
mouse fibroblasts and compared them with unrelated control
mouse fibroblasts. Nascent DNA in asynchronously growing
fibroblasts was first labeled with 5-bromo-2-deoxyuridine
(BrdU), after which labeled fibroblasts were sorted into early
and late S-phase fractions by flow cytometry, and BrdU-labeled
DNA was purified by immunoprecipitation (Supplementary
Material, Fig. S1). Purified DNA fractions were differentially
labeled and co-hybridized to a comparative genomic hybridiza-
tion (CGH) microarray with 3.5 kb median probe spacing across
the entire mouse genome. Hybridization data were then Loess
normalized and smoothed to provide a genome-wide profile
with relative replication-timing values for each probe position
(29). We found a strong, genome-wide correlation between
Tc1 and control mouse fibroblast samples (r ¼ 0.92, also see
Supplementary Material, Fig. S2), demonstrating that the
overall replication-timing program in Tc1 mice was not dis-
rupted by the presence of a foreign chromosome.

DNA sequence variation accounts for divergent replication
timing across regions of conserved Hsa21 synteny

To determine the extent to which the Tc1 trans-chromosome
(Tc1-21) maintains its human replication-timing regulation,
we generated chromosome-wide profiles in two Tc1 mouse
cell types (fibroblasts and T lymphocytes) and corresponding
human controls (fibroblasts and T lymphocytes) using a
Hsa21 tiling array with 70 bp median probe spacing across

the chromosome. Since duplicated segments could replicate
at different times but could not be distinguished by DNA
sequence, array probes for Tc1-21 regions with copy number
variation were omitted from our analysis (Supplementary Ma-
terial, Fig. S3). Timing profiles of the remaining 25 Mb exhibit
general maintenance of human replication-timing regulation in
Tc1 mouse fibroblasts and T lymphocytes (Fig. 1). Tc1-21 rep-
lication timing in each mouse cell type is most highly corre-
lated with Hsa21 replication timing in the matching human
cell type (Fig. 1A). High correlation between Tc1-21 and
Hsa21 in non-matching cell types, such as between fibroblast
and myoblast, is also consistent with previous studies (8,30).
Cell-type-specific regulation is clearly evident between
Hsa21 coordinates 27 and 28 Mb, which contain a
late-replicating domain that shifts to early replication specific-
ally in T lymphocytes (Fig. 1B).

Despite the general maintenance of human replication
timing, nine Tc1-21 regions deviated considerably from
Hsa21 controls (indicated by blue arrows 1–9 in Fig. 1B). To
determine whether these replication-timing differences were
due to the divergence of mouse and human trans-acting
factors, we examined the conservation of replication-timing
regulation across the regions of conserved Hsa21 synteny in
mouse (Fig. 2A). Syntenic regions of mouse and human
replication-timing profiles were compared by converting
genomic coordinates of each mouse probe to human coordinates
using the UCSC genome lift annotation tool (http://genome.
ucsc.edu/cgi-bin/hgLiftOver, last accessed date on 2 July
2012, see Materials and methods). Using this method, we
obtained correlations between Hsa21 and syntenic mouse
replication-timing profiles (r ¼ 0.87 for T lymphocytes and
0.77 for fibroblasts) consistent with previous studies (1,2),
which demonstrate a high degree of conservation of the
replication-timing program between similar human and
mouse cell types. In addition, we identified four regions (indi-
cated by green arrows a–d in Fig. 2C) at which profiles for
Hsa21 (black curve in Fig. 2C) and mouse synteny (gray
curve in Fig. 2C) diverge. However, of the nine replication-
timing differences between Tc1-21 and Hsa21, only one (blue
arrow 2 in Fig. 2C) fell within a region of evolutionarily diver-
gent mouse replication timing (green arrow b in Fig. 2C), indi-
cating that differences between mouse and human trans-acting
factors were not likely responsible for the replication-timing
differences between Tc1-21 and Hsa21. Consistent with this
conclusion, Tc1-21 exhibited human-specific replication
timing at all other regions of divergent mouse replication
timing in both fibroblasts and T lymphocytes (green arrows a,
c and d in Fig. 2C) and overall aligned more closely with
Hsa21 than syntenic mouse sequences throughout the trans-
chromosome (Fig. 2B), implicating DNA sequences in the regu-
lation of replication timing at these loci.

Intact domains maintain replication timing independent of
genomic context while fragmented domains are replicated
with flanking sequences

Because chromosome rearrangement is often associated with
disrupted replication timing (2,21–26), we reconstructed
Tc1-21 replication-timing profiles to reflect the trans-
chromosome’s actual sequence (S. Gribble, F. Wiseman and
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N. Carter, manuscript available upon request, ENA database
Study Accession number: ERP000439; Fig. 3A). The rear-
ranged nature of Tc1-21 provided numerous opportunities to
evaluate the consequences of chromosome rearrangement to
replication-timing regulation. Of the nine replication-timing
differences observed between Tc1-21 and control Hsa21,
seven were immediately proximal to rearrangement points (in-
cluding the one indicated by blue arrow 2 in Fig. 2C) while the
remaining two (blue arrows 4 and 8 in Fig. 2C) were within
2 Mb of rearrangement points. A majority (five) of Tc1-21
changes occurred at rearrangements that fused early- and
late-replicating regions, consistent with studies of evolutionary
chromosome rearrangement (2). The remaining four changes
occurred at fusions of regions with similar replication timing
(three) or at a region fused to repetitive sequences excluded
from our microarray. Figure 3B shows fibroblast replication-
timing profiles across two early–late fusions (indicated by
green lines). In each of these cases, the early side remained un-
changed while the late side exhibited advanced replication
timing (green lines in Fig. 3B). A third early–late fusion
resulted in delayed replication timing of the early side
(Supplementary Material, Fig. S4B). This raises the intriguing

question of what molecular mechanisms determine whether
early or late replication dominates at fusion points. A compari-
son of GC content and repetitive DNA sequences surrounding
each of the five early–late fusions did not reveal any clear re-
lationship between sequence composition and dominance of
replication timing (Supplementary Material, Fig. S4E),
however, additional examples are required for a conclusive
analysis. Taken together, the coincidence of Tc1-21 rearrange-
ment points and shifts in replication timing strongly suggests
that the cis regulation of replication timing in these regions
was disrupted by genetic rearrangement.

Because small, integrated DNA constructs generally repli-
cate at times consistent with their surrounding genomic
context (11,12), we next looked at whether the size of rear-
ranged fragments on Tc1-21 correlated with preservation of
replication-timing control at early–late fusions. Table 1 lists
all fragments of the trans-chromosome by size and indicates
whether native replication timing was maintained for frag-
ments involved in early–late fusion events. All fragments
smaller than 500 kb lost timing control, while all fragments
larger than 1 Mb maintained timing control independent of
chromosomal context (Fig. 3C). Of the three fragments

Figure 1. Developmental regulation of Hsa21 replication timing is maintained in Tc1 mice. (A) Pearson’s correlations are shown between Tc1-21 and Hsa21 in
various cell types. (B) Tc1-21 (red) and control Hsa21 (black) replication-timing profiles are shown in fibroblasts and T-lymphocytes. Regions of Tc1-21 copy
number variation were omitted from analysis and correspond to gaps in Tc1-21 profiles. The gray box highlights a developmentally regulated replication domain
between Hsa21 coordinates 27 and 28 Mb, which shifts to early replication specifically in fibroblasts. Blue arrows 1–9 indicate the regions in which Tc1-21
replication timing deviates from Hsa21 controls.
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between 500 kb and 1 Mb, two (650 and 960 kb) maintained
timing while one (850 kb) did not, suggesting that regulation
may not be determined by size alone but rather that larger
size corresponds with greater likelihood that sufficient ele-
ments are contained within a given fragment.

Given that the size range of the minimal Tc1-21 fragments
that maintained timing regulation (500 kb–1 Mb) closely
matches the sizes of developmentally regulated replication
domains (400–800 kb), we examined whether particular de-
velopmental timing features could be found within the
Tc1-21 fragments with preserved timing. Using previously
published replication-timing profiles from a variety of
human cell types (1,10: http://www.replicationdomain.org,
last accessed date on 2 July 2012), we classified each

Tc1-21 fragment based on its developmental regulation
(Fig. 4A, also see Materials and methods). With one excep-
tion, all fragments that maintained replication timing at
early–late fusions contained at least one intact developmental
domain and some part of the boundaries between domains
with differential timing (Table 1). The exception, an intact
domain without any of the surrounding boundaries (647 kb
fragment in Table 1), maintained its early replication time,
suggesting that boundaries may only play a role in establishing
late replication. Indeed, the largest fragment that lost timing
regulation (847 kb fragment in Table 1) was a constitutive
late domain without any of the surrounding boundaries.
Further, fragments containing isolated boundaries (417 and
280 kb fragments in Table 1) or partial late domains (342,

Figure 2. Tc1-21 exhibits human-specific replication timing across syntenic regions in multiple mouse cell types. (A) Major regions of conserved Hsa21 (green)
synteny are distributed across mouse chromosomes 10, 16 and 17 (blue). Chromosome bands are represented by different color shades. Gray boxes delineate
syntenic regions. (B) Pearson’s correlations of replication-timing profiles are shown between Tc1-21, Hsa21 and the corresponding mouse syntenic regions
in fibroblasts and T lymphocytes. (C) Zoomed-in profiles of Tc1-21 (red), control Hsa21 (black) and the corresponding mouse synteny (gray) replication
timing are shown in fibroblasts and T lymphocytes. The same numbered blue arrows in Figure 1B are shown to indicate regions in which Tc1-21 replication
timing deviates from Hsa21 controls. Green arrows a–d indicate syntenic regions in which human and mouse replication timing diverge. Only one region in
which Tc1-21 replication timing deviates from Hsa21 controls (blue arrow 2) coincides with a region in which human and mouse replication timing diverge
(green arrow b).
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Figure 3. Large Tc1-21 fragments maintain replication timing independent of genomic context, while small fragments are replicated with flanking sequences.
(A) Diagram of rearranged Tc1-21 segments plotted in (B) and the corresponding Hsa21 segments (boxed in red) are displayed. Solid red lines connect regions in
Hsa21 orientation, while dotted lines indicate inversions. (B) Tc1-21 (red) and control Hsa21 (black) fibroblast replication-timing profiles are plotted across a
20-Mb region of rearranged Tc1-21. Vertical green lines mark fusion points of early- and late-replicating control regions, while vertical gray lines mark fusions
of regions with similar replication timing. The same numbered blue arrows in Figure 1B are shown to indicate regions in which Tc1-21 replication timing devi-
ates from Hsa21 controls. Differences between Hsa21 and Tc1-21 profiles are seen at both early–late fusion points (blue arrows 2 and 3) and between Tc1-21
coordinates 32 and 32.5 Mb (blue arrow 4), which is 2 Mb from an early–early fusion point. (C) Comparison of Tc1-21 fragment size versus maintenance of
replication timing in foreign timing context relative to Hsa21 controls.

Table 1. Developmental timing features of Tc1-21 fragments

Hsa21 coordinates
(hg18)

Size (kb) Timing maintained Developmental timing features Name in Figure 4 and Supplementary
Material, Figure S4

22215973–22228788 13 — — —
9730110–9761585 31 No Interior piece of constitutive late domain —
17795451–17864961 70 No Interior piece of developmentally regulated late domain L7
19678800–19815865 137 No Interior piece of constitutive late domain —
23647747–23802829 155 — — L8
19435895–19678793 243 — — —
9761586–10041451 280 No Piece of developmentally regulated domain boundary L6
24649893–24960295 310 — — —
22228789–22570341 342 No Interior piece of constitutive late domain —
32145444–32562221 417 No Developmentally regulated domain boundary L3
21534106–22120244 586 — — —
46146529–46741200 595 — — —
35292160–35939108 647 Yes Developmentally regulated early domain E1
18683561–19435894 752 — — —
22570342–23382690 812 — — —
23802830–24649883 847 No Constitutive late domain L5
25298129–26185187 887 — — —
16693182–17656030 963 Yes Developmentally regulated late domain with boundaries L4
44620047–45692741 1073 Yes Constitutive early domain with upstream boundary E2
13260011–14483921 1224 Yes Constitutive late domain with boundaries L2
43187508–44620046 1433 Yes Constitutive early domain downstream boundary —
26185188–32145307 5960 Yes Eight domains and upstream boundary L1
35939109–43187507 7248 — — —
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137, 70 and 32 kb fragments in Table 1) were insufficient to
maintain replication timing when repositioned. The suffi-
ciency of partial early domains to direct replication timing
could not be addressed because none were isolated among
the analyzed Tc1-21 fragments. Together, these results
suggest developmentally regulated replication domains retain-
ing at least part of their surrounding boundaries represent suf-
ficient cis regulatory units of replication timing.

Replication boundaries insulate domains from position
effects

The previous data also suggest that replication boundaries
allow independent regulation of adjacent domains by

insulating against position effects. This hypothesis would
predict that, in cases where early and late replication
domains become juxtaposed, position effects on replication
timing imposed by the dominant domain should spread to
the next developmental boundary. Indeed, a comparison of
early–late fusions revealed that replication-timing shifts in
all five cases did not spread beyond the closest detected devel-
opmental boundary. One example is shown in Figure 4B and
C. In this example, replication of fragment L1, which occurs
in late S in its normal Hsa21 context, shifted to the earlier rep-
lication time of its fusion partner, fragment E1. This shift
extended into fragment L1 up to a developmental boundary
that can be detected in other cell types. The remaining four
examples were more complex, each involving multiple

Figure 4. Replication boundaries insulate domains from position effects. (A) Replication-timing profiles from various human cell types (shades of gray, see
Materials and methods) are shown across 4 Mb of Hsa21 to exemplify the method employed to classify Tc1-21 fragments in Table 1. Examples of constitutive
and developmentally regulated replication-timing domains are boxed and labeled with brackets. Boundaries connecting adjacent domains are indicated with
orange arrows. (B) Control Hsa21 replication-timing profiles from fibroblasts (black) and other various human cell types (shades of gray, see Materials and
methods) are plotted across both regions involved in an early–late fusion in Figure 3A. Fragments E1 and L1 correspond, respectively, to 647 and 5960 kb
fragments from Table 1. Vertical green lines mark the point of early–late fusion at which two developmental domains are adjoined without a domain boundary
in between. The vertical gray line marks the opposite end of fragment E1. The opposite end of fragment L1 is not shown due to its distance from the early–late
fusion point. (C) Fragments E1 and L1 from (B) are plotted in Tc1-21 arrangement. Tc1-21 fibroblast (red) replication-timing profile is overlaid on profiles from
control human fibroblasts (black) and other human cell types (shades of gray, see Materials and methods). The same numbered blue arrow in Figure 1B is shown
to indicate a region in which Tc1-21 replication timing deviates from Hsa21 controls. (D) Illustrated model depicts a shift to early replication on the late side of
an early–late fusion (vertical green line). The dominant position effect (early replication) spreads up to the nearest developmental domain boundary (gray
triangle), which contains insulating elements (red octagons) that prevent further spreading.
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smaller translocated fragments. Still in each case, timing shifts
extended through regions without detected developmental
boundaries and ended near boundaries found in other cell
types (Supplementary Material, Fig. S4A–D). These results
indicate that developmental boundaries could retain their
ability to function as boundaries in cis, independent of cell
type or species background.

DISCUSSION

Our analysis of Tc1-21 suggests that the divergence of human
and mouse replication timing across Hsa21 regions of con-
served synteny has been primarily driven by differences in
the DNA sequence. After several generations of meiotic trans-
mission and epigenetic reprogramming in mice (31–33),
syntenic Tc1-21 sequences continued to replicate in human-
specific patterns in two distinct mouse tissues. The possibility
that human-specific epigenetic marks determine the replication
timing of these regions independent of the underlying DNA
sequence would require such marks to be consistently pre-
served on Tc1-21 by the mouse epigenetic machinery. In add-
ition, analysis of rearranged Tc1-21 fragments suggests that
sufficient replication-timing regulatory information is con-
tained within chromosome fragments 500 kb–1 Mb in length.

Our results also provide evidence that boundaries of develop-
mentally regulated replication-timing domains contain insulat-
ing cis regulatory elements (Fig. 4D). Rearranged Tc1-21
fragments that contained developmental domains and their
boundaries maintained replication-timing control, while frag-
ments lacking boundaries experienced shifts in replication
timing that extended 500–900 kb, up to the nearest detected
replication boundary. This result is consistent with previous
observations that deletions of a well-defined replication-timing
boundary at the mouse immunoglobulin heavy-chain (Igh)
locus create a new late domain boundary 500 kb downstream
of the deletion (34). In addition, replication-timing aberrations
in acute lymphoblastic leukemia patients are also bounded by
normal replication boundaries found in different cell types (35).

Altogether, this study gives unprecedented insight into the or-
ganization and regulation of mammalian chromosome domains,
supporting the replication-domain model of replication-timing
regulation. It also raises a number of intriguing questions.
For example, given the striking similarity of genome-wide
replication-timing profiles and chromatin interaction maps
(1,36), what cis elements might coordinately regulate replica-
tion timing and chromatin interactions? Conserved non-coding
sequences have been shown to interact with each other and play
important regulatory roles in a variety of processes including
enhancement of gene expression (37). Could similar elements
cluster to form domains for coordinate replication? Interesting-
ly, Forkhead transcription factors in budding yeast bind to rep-
lication origins, organize these origins into spatial clusters and
are required for their early replication timing (38). In addition,
recent genome-wide analysis in human and mouse has identi-
fied conserved topologically associating domains (TADs)
flanked by boundaries enriched in insulating elements (36).
Although TADs were reported to be independent from replica-
tion domains (36), the relatively abrupt transitions at TAD
boundaries could mark insulating elements within the more

gradual transitions at replication-domain boundaries. These
results implicate cis elements that dictate chromatin interac-
tions as candidate elements for directing replication-timing
regulation during mammalian development.

MATERIALS AND METHODS

Cell culture

Tc1 mice with Hsa21 and wild-type littermates used in this
study were bred by crossing female Tc1 mice to a male
(129S8 × C57BL/6J)F1 mouse. Tc1 mouse fibroblasts were
isolated using a modified protocol (39) from E13.5 post
coitum embryos in Leibovitz’s L-15 GlutaMAX I medium
(Gibco, UK, Invitrogen). The head and visceral organs were
removed and remaining tissues were minced and suspended
in 1.5 ml of 0.05% Trypsin (Gibco, Invitrogen) in Dulbecco’s
phosphate buffered saline (with Ca2+/Mg2+) supplemented
with DNase I (200 U, Invitrogen). Tissues were incubated at
378C for 20 min, transferred into warm culturing medium
[D-MEM GlutaMAX I supplemented with 10% fetal bovine
serum (FBS) and 1/100 (v/v) penicillin/streptomycin]. After
settling, the cell suspension was cultured in Dulbecco’s modi-
fied eagle medium (DMEM) supplemented with 10% FBS
and maintained at ambient oxygen. Experiments were per-
formed between population doubling (PD) 2 and PD 3. Tc1
mouse T lymphocytes (CD4+ splenocytes) were obtained
by the mechanical disaggregation of whole spleens in
RPMI-1640 medium (Invitrogen) supplemented with 2 mM

L-glutamine, 10% fetal calf serum (Gibco), 100 IU/ml penicil-
lin and 0.1 mg/ml streptomycin (Invitrogen). After passing
through a 100-mm filter, CD4+ splenocytes were obtained
by centrifugation over Lymphoprep and then negative selec-
tion using the murine CD4+ isolation kit II (Miltenyi
Biotec) according to the manufacturers’ instructions. Mice
were maintained in compliance with UK Home Office regula-
tions.

Human control fibroblasts (fetal lung, IMR90, ATCC
CCL-186) were cultured in DMEM supplemented with 10%
FBS and were maintained in physiological 5% oxygen.
Human control T lymphocytes were obtained from healthy
volunteers after written informed consent and with the approval
of the Cambridge (UK) Research Ethics Committee. None gave
a history of chronic illness or intravenous drug usage. CD4+
peripheral blood mononuclear cells (PBMCs) were obtained
by the centrifugation of citrated blood over Lymphoprep
(Nycomed, Roskilde, Denmark) before negative selection
using the human CD4+ isolation kit II (Miltenyi Biotec)
according to the manufacturers’ instructions. CD4+ purity rou-
tinely exceeded 90% in both human and murine preparations.

CD4+ PBMCs or splenocytes were cultured in RPMI-1640
medium (Invitrogen ) supplemented with 2 mM L-glutamine,
10% fetal calf serum (Gibco), 100 IU/ml penicillin and
0.1 mg/ml streptomycin (Invitrogen). Human and murine
CD4+ T-cells were stimulated with 5 mg/ml of phytohaem-
agglutinin in a humidified 5% CO2 atmosphere for 3 days
prior to harvesting.
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Genome-wide replication-timing profile generation

Replication-timing profiles were generated as described (29)
using a whole-genome microarray with 3.5 kb median probe
spacing (Roche NimbleGen Inc., 100718_MM9_WG_CGH;
713,358 oligonucleotide probes) for mouse whole-genome
data or an Hsa21-specific tiling array with 70 bp median
probe spacing (Roche NimbleGen Inc., 2006-09-22_HG18_
CHR21_FT; 385,183 oligonucleotide probes) for Tc1-21 and
Hsa21 data. Sample labeling, microarray hybridization and
data extraction were performed according to the standard pro-
cedures recommended by NimbleGen. A complete replication-
timing data set for all probes is downloadable and graphically
displayed at http://www.replicationdomain.org, last accessed
date on 2 July 2012 (40).

Cross-hybridization of mouse sequences to Hsa21 array
probes was addressed by calculating the similarity of each
Hsa21 array probe (50–75 bp) to sequences in the mouse
genome. Less than 3% of all probes had greater than 80%
homology to mouse sequences making significant interference
from cross-hybridization unlikely (41). In addition, no signifi-
cant signal was detected on Hsa21 arrays hybridized with
samples from Tc1 littermates lacking Hsa21.

Replication-timing profile analysis

Replication-timing data sets were normalized, averaged from
at least two biological replicates and scaled together using
the limma package in R as described previously (5,29).
Loess smoothing was applied across a span of 300 kb to nor-
malized replication-timing ratios (log2early/late) at each probe
to generate a genome-wide profile. The Tc1-21 replication-
timing profile displayed in all figures was obtained by smooth-
ing Hsa21 array data ordered according to the Tc1-21
sequence (S. Gribble, F. Wiseman and N. Carter, manuscript
available upon request, ENA database Study Accession
number: ERP000439). Syntenic regions of mouse and human
timing profiles were compared by converting genomic coordi-
nates of each mouse probe to human coordinates using the
UCSC genome lift annotation tool (http://genome.ucsc.edu/
cgi-bin/hgLiftOver, last accessed date on 2 July 2012) with
accepted default parameters. Previously published human
replication-timing data sets used for developmental analysis
in Figures 1 and 4 and Table 1 included lymphoblast [male
lymphoblastoid cell line with normal (46, XY) karyotype,
CO202 ECCAC no. 94060845], ESC (BG01, BG02, H7,
H9), BG01-derived NPC (1), ESC-derived mesendoderm,
mesoderm, definitive endoderm and smooth muscle (10) and
primary myoblast profiles (30). Hsa21 and Tc1-21 timing pro-
files ordered with respect to the Tc1-21 sequence (S. Gribble,
F. Wiseman and N. Carter, manuscript available upon request,
ENA database Study Accession number: ERP000439), and
syntenic mouse replication-timing profiles converted to
human coordinates have been deposited in the GEO database
(Study Accession number: GSE38472).

DNA sequence composition analysis

DNA sequence composition characteristics listed in Supple-
mentary Material, Figure S4E, were calculated using the

UCSC Table Browser tool (http://genome.ucsc.edu/cgi-bin/
hgTables, last accessed date on 2 July 2012) for the 500 kb
on either side of each fusion point or for the entire fused frag-
ment if smaller than 500 kb. GC content was calculated by
averaging 5 base window GC Percent (table: gc5Base)
values across each region, and repeat class densities were cal-
culated by summing the length of each repeat identified by
RepeatMasker (table: rmsk), dividing by the total length of
each region and multiplying by 100.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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