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The entire genome is divided into large zones that are replicated 
according to a fixed program whereby some regions undergo DNA 
synthesis early and others become copied at later times during S 
phase. In general, genes located in early zones are expressed in that 
particular cell type, and those located in late bands are silenced1. 
In contrast, imprinted genes are embedded within asynchronously 
replicating regions in which one allele, usually the paternal allele, 
replicates early and the other replicates late. This pattern is set up in 
gametes and is then maintained through every cell division, suggest-
ing that replication timing represents a major chromosomal marker 
that serves to distinguish between the two alleles2.

In addition to imprinted regions, there is another class of asyn-
chronously replicating domains that are random in nature, with the 
paternal allele replicating early in some cells and the maternal allele 
replicating early in others3, and this pattern appears to be present in 
all cells of the body. Using both in situ hybridization and biochemical 
techniques, it has been shown that in several different somatic cell 
types, the replication-timing profile of all of the loci is often preserved 
in a clonal manner so that the daughter cells always inherit the allele-
specific profile present in the mother cell4. Many genes expressed 
monoallelically are located in domains that replicate asynchronously. 
In the case of the immunoglobulin κ (Igk) locus, early replication in 
pre-B-cell clones is even predictive for which allele will ultimately 
undergo rearrangement in the subsequent B-cell stage, strongly sug-
gesting that the differential replication timing structure may serve 
as a mechanism for selecting one allele for activation4,5. This might 
represent a sophisticated built-in mechanism for allele selection.

How are random asynchronous replication timing patterns estab-
lished during development? Early studies showed that these regions 
replicate synchronously in the early preimplantation embryo, becom-
ing asynchronous around the time of implantation, and this can 

indeed be observed in ES cells, which mimic this stage2,4. Unlike 
somatic cells, however, these stem cells do not show a clonal pattern 
of asynchronous replication, so clones derived from single ES cells still 
contain some cells with an early replicating paternal allele and others 
with an early replicating maternal allele5–7. This finding implies the 
existence of a switching mechanism that could provide the plasticity 
to retain both possible options of allele specificity. Here, we provide 
evidence that both the initial assignment of replication timing and 
the switching process occur in a highly programmed manner and 
represent a built-in mechanism for controlling allele specificity in 
the genome.

RESULTS
Allelic	plasticity	in	stem	cells
Based on prior reports that both early embryos and ES cells in culture 
demonstrate allelic plasticity5,8, we attempted to follow the progression 
of this state throughout development. In the mouse, naive ES cells are 
generally derived from the blastocyst, but at later stages, pluripotent 
stem cells can also be derived from the epiblast9. To assess whether 
these cells retain allelic plasticity, we produced epiblast stem cells 
(EpiSCs) by differentiating ES cells10 carrying a defined deletion in the 
T-cell receptor β (Tcrb) region on one allele of chromosome 6 (ref. 5)  
(Supplementary Fig. 1a–c). We then carried out double-label fluo-
rescence in situ hybridization (FISH) analysis for the Igk and an olfac-
tory receptor (Olfr) locus3 on single-cell subclones and used a Tcrb 
probe to distinguish between the two alleles (Supplementary Fig. 1g).  
In every individual clone, we found cells in which the maternal allele 
replicates early mixed with cells in which the paternal allele replicates 
early (Fig. 1a,b). We next asked what happens when these same ES 
cells are induced to undergo differentiation into neuronal progeni-
tors (NPCs)11,12 (Supplementary Fig. 1d). Here too, each subclone  
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Many	regions	of	the	genome	replicate	asynchronously	and	are	expressed	monoallelically.	It	is	thought	that	asynchronous	
replication	may	be	involved	in	choosing	one	allele	over	the	other,	but	little	is	known	about	how	these	patterns	are	established	
during	development.	We	show	that,	unlike	somatic	cells,	which	replicate	in	a	clonal	manner,	embryonic	and	adult	stem	cells	are	
programmed	to	undergo	switching,	such	that	daughter	cells	with	an	early-replicating	paternal	allele	are	derived	from	mother	
cells	that	have	a	late-replicating	paternal	allele.	Furthermore,	using	ground-state	embryonic	stem	(ES)	cells,	we	demonstrate	that	
in	the	initial	transition	to	asynchronous	replication,	it	is	always	the	paternal	allele	that	is	chosen	to	replicate	early,	suggesting	
that	primary	allelic	choice	is	directed	by	preset	gametic	DNA	markers.	Taken	together,	these	studies	help	define	a	basic	general	
strategy	for	establishing	allelic	discrimination	and	generating	allelic	diversity	throughout	the	organism.
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yielded a mixture of cells with either the maternal or paternal allele 
replicating early (Fig. 1c,d), indicating that these neural precursors 
also maintain allelic plasticity.

Previous results have also shown that hematopoietic stem cells 
(HSCs), as well as their multipotent precursor derivatives, retain 
allelic plasticity of replication timing, and this plasticity probably 
provides the hematopoietic system with a way to generate a variety of 
different somatic cell types with both allelic options5,13. To determine 
whether this plasticity is a general property of other adult stem cells, 
we took advantage of a mouse strain carrying a large deletion within 
the Tcrb on one copy of chromosome 6 to examine allele-specific 
asynchronous replication timing in any tissue14. As a first step, we 
isolated neural stem cells and grew them into individual neurosphere 
clones in culture15. Strikingly, we found equal numbers of cells with 
the paternal or maternal allele replicating early in each neurosphere, 
and similar results were obtained for an asynchronous-replicating 
Olfr region on chromosome 6 (Fig. 1e,f). We then isolated mammary 
stem cells from these mice and generated individual mammospheres 
in culture16 (Fig. 1g). Once again, the FISH assay indicated that these 
cells retain their allelic plasticity and are able to generate daughter 
cells with either maternal-early or paternal-early replication patterns 
(Fig. 1h,i). Taken together, these results suggest that plasticity of asyn-
chronous replication timing in multipotent stem cells is preserved 
from the embryonic stem cell stage.

Allelic-switch	programming
The concept of plasticity in single-cell-derived clones strongly sug-
gests that there must be a mechanism for switching from the mater-
nal-early state to the paternal-early state and vice versa. As a first 
step in understanding this process, we asked whether switching takes 
place in a stochastic manner or, alternatively, operates according to a 
preprogrammed schedule. To this end, we set up a system to examine 
allele-specific replication timing in pairs of daughter cells follow-
ing cell division. We anticipated three potential outcomes: that both 
daughters replicate the same allele early, that each pair shows opposite 
allele specificity, or that there is no fixed pattern, which would suggest 
that switching occurs in a stochastic manner. ES cells carrying the T-
cell-receptor deletion on chromosome 6 (ES (LN3) and ES (LN11/12)) 
were plated at low density, grown in culture to allow cell division, and 
then subjected to double-label FISH (Fig. 2).

Cell pairs with a single and a double Igk-locus signal (single–dou-
ble) were scored for allelic replication. All pairs analyzed showed 
identical allele specificity, with half of the pairs being maternal early 
and the other half being paternal early. Strikingly, no pairs with 
opposite allele specificity were observed (Fig. 2a,b). Similar results 
were obtained for additional asynchronously replicating regions on 
this same chromosome (Fig. 2a). We repeated this experiment using 
iPS cells (BiPS 6.3 and 1.3) containing a deletion on one allele of 
the proximal Igh locus (chromosome 12)17, using the distal V(H) 
region to detect asynchronous replication. Here too, all pairs showed 
identical allele specificity (Fig. 2a), indicating that this is a general 
phenomenon. Adult HSCs also appeared to undergo this same mode 
of switching (Fig. 2a).

Biochemical	assay	for	switching
We next developed a biochemical assay to detect replication-time 
switching. Using standard methodology for BrdU labeling and S-phase 
fractionation, we demonstrated that, in contrast to synchronously rep-
licating controls, the Igk locus has a broad replication timing pattern 
that covers both early and late S phase (Supplementary Fig. 2). On 
this basis, we devised a scheme to label specific early or late alleles 
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Figure 1 Allelic plasticity in mouse stem cells. A schematic 
representation of chromosome 6 indicating the location of relevant 
probes is shown at top. EpiSCs, NPCs, neurospheres and mammospheres 
carrying a deletion of the Tcrb maternal allele gene were assayed by FISH 
for asynchronous DNA replication by counting the number of single and 
double dots hybridized to Igk or Olfr probes. The number of paternal-early 
or maternal-early nuclei was determined using a Tcrb-specific probe as a 
reference. (a) Representative FISH of EpiSC show one cell with the early-
replicating Olfr (green, double dot, white “d”) on the Tcrb WT allele  
(red arrowhead), whereas the other shows the unreplicated Olfr allele  
(green, single dot, white “s”) associated with this allele. (b) EpiSCs 
single-cell clones assayed by FISH. Pa-E, paternal early; Ma-E, maternal 
early. Igk, Pa-E n = 375 cells, Ma-E n = 397; Olfr, Pa-E n = 379, Ma-E  
n = 366. (c,d) Representative FISH images and NPC single-cell clones  
were assayed by FISH as described for a and b. Igk, Pa-E n = 449 cells, 
Ma-E n = 424; Olfr, Pa-E n = 727, Ma-E n = 717. (e,f) Single-cell 
neurosphere colonies assayed by FISH as described in a and b. Igk,  
Pa-E n = 124 cells, Ma-E n = 95; Olfr, Pa-E n = 227, Ma-E n = 204.  
(g) Confocal microscopy image of single mammosphere colonies 
subjected to immunofluorescence using antibodies against basal (CK5, 
red) and luminal (CK8, green) keratin markers. DAPI was used to 
visualize the nuclei. (h,i) Single mammosphere colonies were assayed by 
FISH for asynchronous DNA as in e and f. Igk, Pa-E n = 78 cells, Ma-E 
n = 71; Olfr, Pa-E n = 89, Ma-E n = 93. In b, c, f and h, there was no 
statistically significant difference between maternal early and paternal 
early signals for both probes (P > 0.3 as determined by the exact two-tail 
binomial test). It should be noted that, as a control, both the Igk and Olfr 
regions were shown to replicate asynchronously by standard FISH analysis 
(Supplementary Fig. 1g).
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in S-phase and test whether the same alleles replicate at the alternate 
time point in the subsequent S phase18,19. We labeled ES cells with 
BrdU for 2 h (late S), waited an additional 2 h (G2) and then carried 
out shakeoff to isolate cells in mitosis20 that were then replated and 
grown for 2 h (G0 and G1 phase) before being labeled a second time 
with BrdU (early S), as depicted in Figure 3a.

This approach enabled us to distinguish whether the original late 
allele switches to early replication or, alternatively, remains late rep-
licating in the daughter cell. In the case of switching, the original late 
allele (labeled with BrdU on one strand) will replicate early in the 
presence of BrdU, yielding two copies, one of which is labeled with 
BrdU on one strand, and the other is labeled on both strands. In con-
trast, if switching does not occur, the original late-replicating allele 
will remain labeled with BrdU on one strand, and the original early-
replicating unlabeled allele will undergo replication in the daughter 
cell, producing two copies, each labeled with BrdU on one strand.

In order to detect these differential labeling patterns, we used a 
variation of FISH that employs a single-strand nuclease to remove 
BrdU-labeled DNA, thereby exposing the opposite unlabeled strand 
to specific probe hybridization without denaturing the DNA21. This is 
accomplished by treating nuclei on slides with Hoechst 33258, irradi-
ating with UV to cause nicks specifically in the BrdU-labeled strands 
and then digesting the nicked DNA with ExoIII nuclease, thereby 
exposing the opposite strand for probe hybridization. When switching 

occurs, the originally late allele appears as two copies: one is labeled 
with BrdU on a single strand, and the other is labeled on both DNA 
strands and will therefore be completely digested by replication-tim-
ing-specific hybridization (ReTiSH) (Fig. 3a). After hybridization, 
these nuclei will be marked by a single fluorescent dot. In contrast, if 
switching does not occur, the original late-replicating allele will have 
a single copy labeled with BrdU on one strand, and the original early 
allele will produce two copies that are newly labeled with BrdU on a 
single strand. Following ReTiSH, one should observe nuclei with one 
single dot and one double dot.

When hybridization was carried out using an Igk-locus probe, over 
70% of the nuclei showed a single-dot pattern, indicating that this 
locus underwent replication-time switching. Similar results were 
obtained with probes for a variety of different asynchronously repli-
cating regions within the genome (Fig. 3b).

To validate these findings, we carried out the converse experiment, 
whereby cells were labeled during early S-phase in the first round of 
replication and then labeled again in early S, following mitotic shakeoff. 
In this case, the resulting hybridization patterns were opposite of those 
seen in the previous strategy, with switching yielding a single–double 
hybridization pattern, whereas the lack of switching is characterized 
by nuclei with single-dot hybridization (Fig. 4a). For Igk, about 70% 
of the nuclei showed the switching pattern, and the same was observed 
for other asynchronously replicating regions as well (Fig. 4b). We also 
included two key controls, showing that known fixed-replication-time 
regions do not undergo switching in our assay (Supplementary Fig. 3) 
and that asynchronously replicating imprinted domains do not switch 
from one S phase to the next (Supplementary Fig. 4).

Allelic	choice
These results strongly suggest that many DNA domains are marked in 
a manner that enables the cell to distinguish between the two alleles. 
Unlike imprinted gene regions, this differential epigenetic state is not 
inherited from the parents, but rather appears to be erased in the early 
embryo through a process that causes the two alleles to replicate synchro-
nously2,4,22. Although naive mouse ES cells (grown in serum with LIF)  
appear to represent the preimplantation stage of development, it is 
possible to shift these cells to an earlier ground state that probably 
better mimics the inner cell mass of the blastula by growing them in 
the presence of GSK3 and MEK/ERK inhibitors (2i medium)23. It 
was previously reported that the Nanog locus reverts to synchronous 
replication under these conditions8. To test whether this is true of 
other randomly asynchronous loci, we treated parentally marked ES 
cells with 2i medium and used FISH to assess the replication-timing 
status of a number of different regions. Growth in this medium brings 
about erasure of random asynchronous replication timing at the Igk 
locus, causing it to replicate synchronously, but subsequent removal 
of 2i medium returned this region to its original asynchronous state 
(Supplementary Fig. 5). Similar results were obtained for an Olfr gene 
on chromosome 6, as well as for the Igh locus on chromosome 12. In 
contrast, imprinted domains remained asynchronous (Fig. 5a).

Although all cells are marked with differential replication timing 
patterns of alleles, it is not clear how this difference between alleles 
is first established. ES cells growing in 2i medium represent an excel-
lent system for mimicking the initiation of differential replication 
timing patterns. We used ES cells carrying a Tcrb deletion on one 
allele that had been adapted to the synchronous state by multiple 
passages in 2i medium. We then removed the GSK3 and MEK/ERK 
inhibitors and used double-label FISH to examine the DNA replica-
tion timing pattern characteristic of the first replication cycle (15 h) 
under the new conditions. All daughter-cell pairs were analyzed for 
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Figure 2 Asynchronous gene replication in daughter cells. (a) Diagram 
at top illustrates three possible outcomes of examining allele-specific 
replication timing in pairs of daughter cells following mother-cell division. 
ES (LN3, deletion on the maternal allele, and LN11/12, deletion on 
the paternal allele), BiPS (deletion on the maternal allele) and HSC 
clones were sparsely plated and grown for 9 h until two-cell couplets 
were observed. The cells were fixed in situ and then subjected to FISH 
analysis using probes for Igk, Olfr and Nanog loci (on chromosome 6), as 
well as Igh distal V (on chromosome 12). The pattern of asynchronously 
replicated genes was compared in every two daughter cells showing a 
single–double dot pattern. The number of paternal-early or maternal-early 
nuclei was determined by reference to a Tcrb probe (chromosome 6) or by 
reference to the Igh-proximal probe (chromosome 12). There was  
no statistical difference between the number of maternal early and 
paternal early daughter cells in all cell lines and for all probes (P > 0.3 
using the exact two-tail binomial test). Table summarizes replication 
timing patterns of each allele LN3: Igk, n = 50 cells, Olfr, n = 89,  
Nanog, n = 53; LN11/12: Igk, n = 82, Olfr n = 75, Nanog, n = 75.  
BiPS (6.3): Igh, n = 74. BiPS (1.3): Igh, n = 54. HSC: Igk, n = 21,  
Olfr, n = 90. (b) Representative FISH pictures from ES (LN3) daughter 
couples using Igk as a probe. 
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single–double signals, with allele specificity being determined by the 
Tcrb probe. In a truly striking manner, the paternal allele was found 
to be early replicating in every nucleus examined (P < 10−68 by two-
tailed binomial test), and this held true for both the Igk locus and an 
Olfr locus on the same marked chromosome (Fig. 5b). Similar results 
were obtained for the distal V (H) region on chromosome 12 using 
BiPS cells (Fig. 5b,c) and for an Olfr locus on chromosome 4 (data 
not shown). These findings suggest that allelic choice is built into 
the chromosomes themselves, probably by taking advantage of stable 
imprinting marks introduced in the gametes.

Role	of	DNA	methylation
Previous studies have established that asynchronous replication takes 
place in ES cells carrying a triple knockout (TKO)24 of all DNA meth-
yltransferases and are therefore deficient in DNA methylation8,25, 
suggesting that this modification is not necessary for distinguishing 
the two alleles. These prior experiments, however, did not examine 
whether allelic switching can occur in TKO as it does in wild-type 
(WT) ES cells. We therefore carried out an S-phase-specific labeling 
study on TKO ES cells24 using ReTiSH to determine whether a BrdU-
labeled late Igk allele in a mother cell becomes early replicating in the 

daughter. Strikingly, we found that this allele does not change its time 
of replication from one cell cycle to the next (Table 1). Similar results 
were obtained for both Nanog and an Olfr on chromosome 6, as well as 
Igh on chromosome 12. This suggests that asynchronous-replication 
switching does not take place in TKO cells. The synchronous Adyc8 
gene was assayed for percent single–single dots (S) (late replicating). 
Consistent with this observation, we found that transient treatment 
of normal ES cells with 5-azaC was also able to turn off switching 
(data not shown).

As further validation, we employed CRISPR technology to intro-
duce a large deletion into one allele of chromosome 6 in TKO (IIAC2 
Clone) and then used a probe derived from this region to distinguish 
between the two alleles. FISH analysis showed that the Igk locus rep-
licates late on the deleted paternal allele in a large percentage of cells 
(Table 2), as opposed to WT ES in which the maternal and pater-
nal alleles replicate late in an equal manner5. Similar results were 
also obtained for a number of different asynchronous loci on the 
same chromosome. Furthermore, this specificity appears to be fixed, 
because this same allele is also late in all single-cell-derived clones 
(IIAC2 subclones) (Table 2). This suggests that in the absence of 
methylation, allele switching does not occur and, as a result, TKO 
cells are locked into a single direction with the same allele always 
replicating early.

We next asked whether DNA methylation is also necessary for the 
process of allelic choice that takes place at the time of implantation, 
at which these loci normally undergo a change from synchronous 
to asynchronous replication timing. To this end, we first incubated 
TKO cells in 2i, thereby converting them to a synchronous replication 
profile and then transferred them back to normal medium lacking 2i.  
After several cell divisions, we examined asynchronous replication 
at a number of different loci by FISH analysis. As opposed to that 
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Figure 3 Replication time switching (late to early). (a) Illustration of 
the late-to-early ReTiSH assay. Diagram at top displays the experimental 
time course. Black and gray lines within blue circles represent early and 
late-replicating chromosomes, respectively. Cells were pulse labeled 
for 2 h with BrdU (red lines), grown another 2 h to enable them to 
pass through G2 and enter M-phase. Mitotic cells were collected by 
shakeoff and replated. After entering S phase (~2 h), cells were labeled 
with BrdU for 3.5 h (early replication), harvested and fixed for ReTiSH 
analysis. Daughter cells in which allelic switching occurred before S 
phase incorporate BrdU only into the early replicating chromosome. In 
daughter cells that do not switch between early and late replication, BrdU 
incorporates in both the early and late-replicating chromosomes. ReTiSH 
analysis is based on BrdU-specific digestion, leaving an unlabeled single 
strand that is free to hybridize. Switched cells show a single dot, whereas 
unswitched cells show a single dot for the late-replicating allele and two 
dots (double) for the early replicating allele. For simplicity, the diagram 
depicts two possible outcomes for one daughter cell only. (b) Late-to-
early ReTiSH experiments using ES (LN3) cells. The percentage of cells 
showing ‘switching’ as opposed to ‘no switching’ was highly significant for 
all probes (Igk, n = 63 cells, P < 0.0003 using the exact 2-tail binomial 
test; Nanog, n = 64, P < 10−4; Igh, n = 76, P < 0.004; Olfr, n = 151,  
P < 10−9). As a control, we confirmed that >75% of the nuclei indeed 
have only one BrdU signal after the first round of labeling. It should be 
noted that we still detected many cells (~30%) with ReTiSH patterns 
consistent with a lack of switching. Although this probably represents a 
fixed background resulting from lack of total synchrony, it is also possible 
that switching does not take place systematically in every cell cycle. 

Probe Switching (%) No switching (%)

Igk 69 31 (n = 128)

Igh 71 29 (n = 119)

Olfr 70 30 (n = 122)

Nanog 77 23 (n = 76)
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Figure 4 Replication time switching (early-to-late). (a) Illustration of 
early-to-early ReTiSH assay. Diagram at top displays the experimental 
time course. Early replication products were pulse labeled with BrdU for 
2 h. After BrdU was washed off, cells were left to grow for 5.5 h so that 
all labeled cells went through G2 and entered M phase. Cells were then 
collected by mitotic shakeoff and replated. After entering S phase (~2 h),  
cells were labeled with BrdU for 3.5 h (early replication), harvested and 
fixed for ReTiSH analysis. In this experiment, which is the converse of 
that in Figure 3, switching yields a single–double hybridization pattern, 
whereas the lack of switching is characterized by nuclei with single-
dot hybridization. (b) Early-early ReTiSH experiments using ES (LN3) 
cells. Nuclei (DAPI stained) were counted using different probes for 
asynchronous genes. The percentage of cells showing switching as 
opposed to no switching was highly significant (Igk, n = 128 cells,  
P < 10−4; Nanog, n = 76, P < 10−5; Igh, n = 119, P < 10−5; Olfr, n = 122, 
P < 10−5). P values were determined by the exact two-tail binomial test. 
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of WT cells, all of these sites showed a relatively low percentage of 
single–double signals, clearly indicating that they remained synchro-
nously replicating (Supplementary Fig. 5) even after they exited 
the ground state, as shown by their pattern of embryonic markers 
(Supplementary Fig. 5). These observations clearly suggest that the 
entire process of allelic choice does not take place in the absence of 
DNA methylation.

DISCUSSION
It has previously been shown that asynchronous replication timing 
behaves in a clonal manner in differentiated somatic cells but not 
in stem cells, indicating that there must be a cellular mechanism for 
switching allelic timing in a reciprocal manner. Here, we demonstrate 
that this switching is not random, but rather occurs in an orderly fash-
ion, with both daughter cells carrying the same epigenotype, opposite 
that present in the mother cell. This finding was confirmed by biochem-
ical studies showing that replication itself, as detected by BrdU, actually 
changes its timing from one cell generation to the next, implying that ES 

cells have a molecular program responsible for carrying out the switch-
ing process. Because twin daughter cells always have the same allelic 
replication pattern, the switched state must already be marked on both 
chromosome copies of the alleles following their replication during S in 
the mother cell, and these signals are preserved through mitosis and cell 
division, during which they appear to instruct the replication-timing 
machinery of daughter cells.

On the basis of our present analyses, we speculate that the switch-
ing mechanism works like a toggle switch that alternates between two 
states, late and early, on each allele. Following replication of the early 
allele, the switch is reset so that the same allele will replicate late in the 
daughter cell. Conversely, the switch on the late-replicating allele in 
the mother cell will be reset to early replication timing in anticipation 
of the next cell-division cycle. According to this model, the two alleles 
are controlled independently and do not need to communicate with 
each other in order to remain asynchronously replicating.

Asynchronous replication itself is independent of DNA methylase 
activity8,25, suggesting that the replication-timing identity of each 
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Figure 5 Initiation of asynchronous replication. (a) ES cells were grown in medium containing LIF or LIF supplemented with 3 µM of CHIR and 1 µM of 
PD (LiF + 2i), labeled with BrdU and assayed for replication timing using probes for Nanog (182 cells), Igk (100 cells), Olfr (300 cells) (chromosome 6) 
or Igh (198 cells) (chromosome 12). Left, table summarizes replication time as determined by the percentage of cells carrying a single–double (SD%) 
dot pattern. Right, graphic depiction of the approximate replication time of each allele; red and blue arrows represent the percentage of single–single 
(SS) (early) and SS + single–double (SD) (late) cells, respectively. (b) ES and BiPS clones were grown in 2i for several passages and then the inhibitors 
were removed. Double-label FISH was used to detect the DNA replication timing pattern characteristic of the first replication cycle (15 h) by examining 
two cell pairs (as described for Fig. 2), using probes for Igk, an Olfr, Nanog and for the Igh distal variable (V) region. The number of paternal-early  
(P. early) or maternal-early (M. early) nuclei was determined by reference to the Tcrb probe (chromosome 6) or the Igh proximal probe (chromosome 12). 
It should be noted that similar results were obtained regardless of whether the Tcrb deletion was on the maternal or paternal allele. (c) Representative 
FISH images from ES BiPS daughter pairs using Igh-proximal and distal V-region probes. 

Table 1 Role of DNA methylation in replication time switching
Probe Switching (%) No Switching (%) # cells Switching (%) No Switching (%) # cells

J1 TKO

Igk 75 25 n = 151 25 75 n = 133

Igh 68 32 n = 111 22 78 n = 136

Olfr 62 38 n = 132 40 60 n = 48

Nanog 75 25 n = 164 26 74 n = 66

Adyc8 63 n = 82 67 n = 94

The percentage of cells showing switching or no switching was highly significant for all probes in J1 cells (Igk, P < 10−9; Nanog, P < 10−10; Igh, P < 10−4; Olfr, P < 10−12) and in 
TKO cells (Igk, P < 10−8; Nanog, P < 10−5; Igh, P < 10−10; Olfr, P < 0.005), respectively, as determined using the exact two-tail binomial test.
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allele does not involve methylation marks. DNA methylation does, 
however, appear to play a role in regulating the switching process, 
and in its absence, switching cannot occur, even though the asyn-
chronous state can still be maintained. This same control mechanism 
may be used in vivo during normal development when tissues convert 
from the stem cell to the differentiated state5. Our experiments do 
not reveal how methylation influences this process. One possibility 
is that this modification regulates the switching phenomenon in cis. 
Alternatively, DNA methylation may work indirectly by controlling 
the transcription of genes involved in the switching process.

Asynchronous replication timing of designated loci appears to be 
present from the ES-cell stage throughout development in all cell-divi-
sion cycles4. Here, we asked the key question of how this state is initially 
set up from early preimplantation embryonic cells, in which these loci 
replicate synchronously. Our studies demonstrate that during the first 
replication cycle, when ES cells are released from their ground state, 
they initiate asynchronous replication and always choose the paternal 
allele to replicate early. These findings are reminiscent of the X chro-
mosome in early female embryos that always undergoes inactivation 
on the paternal early-replicating allele in extraembryonic tissues26,27.

It should be noted that each individual chromosome may harbor 
multiple asynchronously replicating domains, but several studies indi-
cate that these domains are regulated in a coordinated manner, so that 
in each cell, all of these regions replicate early on one chromosomal 
copy and replicate late on the other chromosomal copy6,7,28,29. Each 
chromosome evidently operates independently, so that some chromo-
some pairs are maternal early, whereas others are paternal early in 
any given cell. According to our model for allelic choice, probes on 
chromosomes 4, 6 and 12 are initially set to be paternal early and then 
alternate to maternal early during the next division cycle, but it is not 
yet known how other chromosomes initiate their first asynchronous 
replication cycle. It is possible that initially, some chromosomes acti-
vate the paternal allele early, and others activate the maternal allele 
early. Alternatively, initiation of asynchronous replication may not 
occur on all chromosomes during the first replication cycle.

In light of the observation that over 10% of the genes in higher 
diploid organisms may be expressed monoallelically30,31, one of 
the dilemmas of molecular biology is to figure out how cells choose 
between two alleles in a binary manner. In the case of imprinting, this 
problem is solved by the fact that the two alleles can be chosen and 
marked separately in the haploid gametes and then maintained in this 
manner throughout development2,22. However, for random asynchro-
nous replication, the choice of one allele in the early embryo must take 

place in cells that contain both chromosomal copies. Several models 
have been suggested for explaining allelic choice, and all are based on 
the idea that there must be some line of communication between the 
two alleles, either via a system of trans-acting factors that provides 
feedback from one allele to the other32–34 or by physical juxtaposition 
of both alleles at the critical moment in the cell cycle when the deci-
sion must be made35–39. One problem with the trans-acting-factor 
concept is that it requires a precise range of factor concentrations in 
order to operate both efficiently and effectively33,40,41.

We have uncovered evidence for a brand-new concept that could 
explain allelic choice and that has the potential to resolve this problem 
in a general manner. Our data suggest that the choice of one allele to 
replicate early and the other to replicate late is actually carried out 
by using preset imprinted markers that are already present on the 
two alleles. It is for this reason that when ES cells progress from their 
ground state, in which the alleles are synchronous, they always choose 
one parental paternal allele over the other. This mechanism does not 
require communication between alleles and can be carried out by 
recognition of markers in cis. This finding represents a breakthrough 
in our understanding of allelic choice.

To explain how asynchronous replication timing always desig-
nates a specific parental allele to be early, it must be assumed that all 
chromosomes in the early embryo carry a mark for ‘remembering’ 
their parental origin42,43. These marks certainly exist at many known 
imprinting centers, but it is also possible that additional signs are set up 
at other regions, perhaps specifically designated to this purpose44–46.  
In the case of imprinted genes, there is a sophisticated mechanism for 
preserving allele-specific methylation in the early embryo42. The fact 
that allelic choice is abolished in TKO cells might suggest that DNA 
methylation is indeed a key component that marks parental alleles, 
but additional work is required to identify the relevant molecular 
components that direct random allelic choice.

Asynchronous replication timing represents a basic aspect of 
genome structure that is programmed into the very fabric of early 
development and is intimately associated with allelic choice, particu-
larly in the immune system5. We have shown that in HSCs, the Igk 
locus is in a switching mode and completely plastic in the choice 
of allele, but following differentiation to common lymphoid precur-
sor cells (CLPs), replication timing becomes clonal and, in parallel,  
B-cell progeny are restricted to choosing a single specific allele. Thus, 
asynchronous replication plasticity in HSCs appears to be a critical 
component of adaptive immunity.

We propose the following model for the programming of allele 
selection throughout development. Many monoallelically expressed 
genes are embedded in asynchronously replicating domains41. These 
regions are originally set up in the embryo to be early replicating on 
one allele and late replicating on the other, and this process sets up 
a differential epigenetic mark to distinguish between the two alleles. 
Once established, differential replication timing itself will be main-
tained through each cell division. Initially, in ES cells, parent-specific 
timing undergoes switching following each cell generation, and this 
process continues in adult stem cells. During differentiation, however, 
the asynchronous replication pattern becomes clonal in a number of 
different cell types5.

Allelic choice at other gene regions, such as those containing olfac-
tory or NK receptors41, may be based on this same principle, with 
asynchronous replication timing established very early in embryogen-
esis, serving as a stable marker throughout development that can then 
instruct monoallelic choice specifically in the cell type of expression. 
Thus, this system may represent a general fundamental mechanism 
governing allelic choice.

Table 2 Role of DNA methylation in replication time choosing
IIAC2 clone Probe 
(chr6) Paternal late (%) Maternal late (%) # cells

Igk 92 8 n = 114

Olfr 77 23 n = 123

Nanog 81 19 n = 110

IIAC2 subclones 

(chr6-Olfr)

Paternal late (%) Maternal late (%) # cells

IIAC2-a 85 15 n = 107

IIAC2-b 85 16 n = 85

IIAC2-c 85 15 n = 91

IIAC2-d 80 20 n = 94

IIAC2-e 88 11 n = 99

The difference in replication time between paternal late and maternal late is highly 
significant (IIAC2: Igk, P < 10−13; Olfr, P < 10−9; Nanog, P < 10−11; IIAC2 subclones: 
Olfr, P < 10−9) as determined using the exact two-tail binomial test.
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METhODS
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.

ACKnowledgMenTs
We thank N. Grover for statistical analyses, J. Hannah (Weizmann Institute, 
Rehovot, Israel) for providing the BiPS cells and M. Berger for help with FACS 
sorting. This work was supported by research grants from the Israel Academy of 
Sciences (grant 419/10 to H.C., grant 734/13 to Y.B.), the Israel Cancer Research 
Foundation (grant 210910 to H.C., grant 211410 to Y.B.), The Binational Science 
Foundation (grant 2100289 to Y.B.), The Emanuel Rubin Chair in Medical 
Sciences (Y.B.), the European Research Council (grant 268614 to H.C.), Rosetrees 
Foundation (H.C.), the Israel Centers of Excellence Program (41/11 to H.C., grant 
1796/12 to Y.B.) and Lew Sanders (H.C.).

AUTHoR ConTRIBUTIons
H.M. and M.F. designed and conducted the experiments, interpreted the results 
and assisted in manuscript preparation. M.H. validated the replication timing data 
by ReTiSH analysis. R.C. generated the mammospheres, K.M. and Y. Buganim 
generated ES lines 11 and 12 and assisted in generating the EpiSCs, T.B.-C. 
generated the neurospheres and assisted in designing methods for the other 
spheroids. H.C. and Y. Bergman directed the study and wrote the manuscript.

CoMPeTIng FInAnCIAl InTeResTs
The authors declare no competing financial interests.

Reprints and permissions information is available online at http://www.nature.com/
reprints/index.html. Publisher’s note: Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1. Goren, A. & Cedar, H. Replicating by the clock. Nat. Rev. Mol. Cell Biol. 4, 25–32 
(2003).

2. Simon, I. et al. Asynchronous replication of imprinted genes is established in 
the gametes and maintained during development. Nature 401, 929–932 
(1999).

3. Chess, A., Simon, I., Cedar, H. & Axel, R. Allelic inactivation regulates olfactory 
receptor gene expression. Cell 78, 823–834 (1994).

4. Mostoslavsky, R. et al. Asynchronous replication and allelic exclusion in the immune 
system. Nature 414, 221–225 (2001).

5. Farago, M. et al. Clonal allelic predetermination of immunoglobulin-κ rearrangement. 
Nature 490, 561–565 (2012).

6. Gribnau, J., Luikenhuis, S., Hochedlinger, K., Monkhorst, K. & Jaenisch, R. X 
chromosome choice occurs independently of asynchronous replication timing. J. 
Cell Biol. 168, 365–373 (2005).

7. Alexander, M.K. et al. Differences between homologous alleles of olfactory receptor 
genes require the Polycomb Group protein Eed. J. Cell Biol. 179, 269–276 
(2007).

8. Miyanari, Y. & Torres-Padilla, M.E. Control of ground-state pluripotency by allelic 
regulation of Nanog. Nature 483, 470–473 (2012).

9. Boroviak, T., Loos, R., Bertone, P., Smith, A. & Nichols, J. The ability of inner-cell-
mass cells to self-renew as embryonic stem cells is acquired following epiblast 
specification. Nat. Cell Biol. 16, 516–528 (2014).

10. Hayashi, K., Ohta, H., Kurimoto, K., Aramaki, S. & Saitou, M. Reconstitution of 
the mouse germ cell specification pathway in culture by pluripotent stem cells. Cell 
146, 519–532 (2011).

11. Gendrel, A.V. et al. Developmental dynamics and disease potential of random 
monoallelic gene expression. Dev. Cell 28, 366–380 (2014).

12. Eckersley-Maslin, M.A. et al. Random monoallelic gene expression increases upon 
embryonic stem cell differentiation. Dev. Cell 28, 351–365 (2014).

13. Alves-Pereira, C.F. et al. Independent recruitment of Igh alleles in V(D)J 
recombination. Nat. Commun. 5, 5623 (2014).

14. Serwold, T., Hochedlinger, K., Inlay, M.A., Jaenisch, R. & Weissman, I.L. Early TCR 
expression and aberrant T cell development in mice with endogenous prerearranged 
T cell receptor genes. J. Immunol. 179, 928–938 (2007).

15. Brewer, G.J. & Torricelli, J.R. Isolation and culture of adult neurons and neurospheres. 
Nat. Protoc. 2, 1490–1498 (2007).

16. Slyper, M. et al. Control of breast cancer growth and initiation by the stem cell-
associated transcription factor TCF3. Cancer Res. 72, 5613–5624 (2012).

17. Hanna, J. et al. Direct reprogramming of terminally differentiated mature B 
lymphocytes to pluripotency. Cell 133, 250–264 (2008).

18. Li, F., Chen, J., Solessio, E. & Gilbert, D.M. Spatial distribution and specification 
of mammalian replication origins during G1 phase. J. Cell Biol. 161, 257–266 
(2003).

19. Dimitrova, D.S. & Gilbert, D.M. The spatial position and replication timing of 
chromosomal domains are both established in early G1 phase. Mol. Cell 4, 983–993 
(1999).

20. Jackman, J. & O’Connor, P.M. Methods for synchronizing cells at specific stages of 
the cell cycle. Curr. Protoc. Cell. Biol. 8, 8.3 (2001).

21. Schlesinger, S., Selig, S., Bergman, Y. & Cedar, H. Allelic inactivation of rDNA loci. 
Genes Dev. 23, 2437–2447 (2009).

22. Shufaro, Y. et al. Reprogramming of DNA replication timing. Stem Cells 28, 443–
449 (2010).

23. Ying, Q.L. et al. The ground state of embryonic stem cell self-renewal. Nature 453, 
519–523 (2008).

24. Tsumura, A. et al. Maintenance of self-renewal ability of mouse embryonic stem 
cells in the absence of DNA methyltransferases Dnmt1, Dnmt3a and Dnmt3b. 
Genes Cells 11, 805–814 (2006).

25. Gribnau, J., Hochedlinger, K., Hata, K., Li, E. & Jaenisch, R. Asynchronous 
replication timing of imprinted loci is independent of DNA methylation, but 
consistent with differential subnuclear localization. Genes Dev. 17, 759–773 
(2003).

26. Takagi, N. & Sasaki, M. Preferential inactivation of the paternally derived X 
chromosome in the extraembryonic membranes of the mouse. Nature 256, 640–642 
(1975).

27. Harper, M.I., Fosten, M. & Monk, M. Preferential paternal X inactivation in 
extraembryonic tissues of early mouse embryos. J. Embryol. Exp. Morphol. 67, 
127–135 (1982).

28. Ensminger, A.W. & Chess, A. Coordinated replication timing of monoallelically 
expressed genes along human autosomes. Hum. Mol. Genet. 13, 651–658 
(2004).

29. Dutta, D., Ensminger, A.W., Zucker, J.P. & Chess, A. Asynchronous replication and 
autosome-pair non-equivalence in human embryonic stem cells. PLoS One 4, e4970 
(2009).

30. Wang, J., Valo, Z., Smith, D. & Singer-Sam, J. Monoallelic expression of multiple 
genes in the CNS. PLoS One 2, e1293 (2007).

31. Zwemer, L.M. et al. Autosomal monoallelic expression in the mouse. Genome Biol. 
13, R10 (2012).

32. Rodriguez, I. Singular expression of olfactory receptor genes. Cell 155, 274–277 
(2013).

33. Mostoslavsky, R., Alt, F.W. & Rajewsky, K. The lingering enigma of the allelic 
exclusion mechanism. Cell 118, 539–544 (2004).

34. Serizawa, S. et al. Negative feedback regulation ensures the one receptor-one 
olfactory neuron rule in mouse. Science 302, 2088–2094 (2003).

35. Xu, N., Tsai, C.L. & Lee, J.T. Transient homologous chromosome pairing marks the 
onset of X inactivation. Science 311, 1149–1152 (2006).

36. Augui, S. et al. Sensing X chromosome pairs before X inactivation via a novel X-
pairing region of the Xic. Science 318, 1632–1636 (2007).

37. Hewitt, S.L. et al. RAG-1 and ATM coordinate monoallelic recombination and 
nuclear positioning of immunoglobulin loci. Nat. Immunol. 10, 655–664 (2009).

38. Brandt, V.L., Hewitt, S.L. & Skok, J.A. It takes two: communication between 
homologous alleles preserves genomic stability during V(D)J recombination. Nucleus 
1, 23–29 (2010).

39. Masui, O. et al. Live-cell chromosome dynamics and outcome of X chromosome 
pairing events during ES cell differentiation. Cell 145, 447–458 (2011).

40. Mostoslavsky, R. et al. κ chain monoallelic demethylation and the establishment 
of allelic exclusion. Genes Dev. 12, 1801–1811 (1998).

41. Cedar, H. & Bergman, Y. Choreography of Ig allelic exclusion. Curr. Opin. Immunol. 
20, 308–317 (2008).

42. Cedar, H. & Bergman, Y. Programming of DNA methylation patterns. Annu. Rev. 
Biochem. 81, 97–117 (2012).

43. Hudson, Q.J., Kulinski, T.M., Huetter, S.P. & Barlow, D.P. Genomic imprinting 
mechanisms in embryonic and extraembryonic mouse tissues. Heredity 105, 45–56 
(2010).

44. Sun, D. et al. Epigenomic profiling of young and aged HSCs reveals concerted changes 
during aging that reinforce self-renewal. Cell Stem Cell 14, 673–688 (2014).

45. Donley, N., Smith, L. & Thayer, M.J. ASAR15, A cis-acting locus that controls 
chromosom0e-wide replication timing and stability of human chromosome 15. PLoS 
Genet. 11, e1004923 (2015).

46. Donley, N., Stoffregen, E.P., Smith, L., Montagna, C. & Thayer, M.J. Asynchronous 
replication, mono-allelic expression, and long range Cis-effects of ASAR6. PLoS 
Genet. 9, e1003423 (2013).

a r t i c l e s
©

 2
01

7 
N

at
u

re
 A

m
er

ic
a,

 In
c.

, p
ar

t 
o

f 
S

p
ri

n
g

er
 N

at
u

re
. A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

http://dx.doi.org/10.1038/nsmb.3503
http://dx.doi.org/10.1038/nsmb.3503
http://dx.doi.org/10.1038/nsmb.3503
http://dx.doi.org/10.1038/nsmb.3503
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html


nature structural & molecular biologydoi:10.1038/nsmb.3503

ONLINE	METhODS
Mice. LN3 (Vβ1NT/NT) mice14,47 containing the preassembled Vβ1Dβ1Jβ1.4Cβ1 
gene were crossed with WT mice, yielding the LN3 (Vβ1NT/+) mice. Cells isolated 
from these mice harbor a WT Tcrb allele as well as a preassembled allele that 
contains a large deletion resulting from the rearrangement process. Mice were 
housed and cared for under specific-pathogen-free conditions, and all animal 
procedures were approved by the Animal Care and Use Committee of the Hebrew 
University of Jerusalem.

Cell lines. ES cells (LN3, LN11, LN12 and J1 and its derived TKO)24 were cul-
tured without feeders on 0.2%-gelatin-coated plates in DMEM supplemented 
with 15% inactivated FCS (HyClone), 1 mM L-glutamine, 100 U/ml penicillin, 
100 µg/mL streptomycin, 0.1 mM β-mercaptoethanol, 1× nonessential amino 
acids and homemade leukemia inhibiting factor (LIF). For 2i conditions, MEK 
inhibitor PD0325901 (1 mM) and GSK3 inhibitor CHIR99021 (3 mM)23 were 
added. ES cells were also grown in N2B27 media (50% DMEM F12, 50% neu-
robasal medium, 1× N2 supplement (Invitrogen 17502048), 1× B27 supplement 
(Invitrogen 17504044), 2% FBS, 1 mM L-glutamine, 1× nonessential amino 
acids, 0.1 mM β-mercaptoethanol, 100 U/ml penicillin, 100 µg/mL streptomycin,  
5 µg/ml BSA and homemade LIF with or without 2i. BiPS17 were cultured on 
feeders using regular ES media containing leukemia LIF with or without 2i.

Generation of ES lines 11 and 12 (LN11, LN12). An LN3 (Vβ1NT/NT) male 
mouse was crossed with a WT female to produce LN3 (Vβ1NT/+) blastocysts from 
which ES cells were derived, as described in ref. 48. These ES lines were expanded 
on feeders using the N2B27 media supplemented with LIF.

All cell lines were tested and found to be negative for mycoplasma.

Neuronal stem cells. Neuronal stem cells isolation and neurosphere culturing 
were performed as previously described15,49. Briefly, LN3 (Vβ1NT/NT) mice were 
mated with WT to generate E14.5 embryos. The telencephalic cortices were dis-
sected from each embryo and kept on ice. CNS tissue was first diced using aggres-
sive pipetting and digested with trypsin for 15 min at 37 °C. Trypsin inhibitor 
was then added for 2 min. The suspension was treated with DNaseI and then 
centrifuged. The pellet was resuspended in 1 ml media and filtered through a  
70-mm mesh to get a single-cell suspension. Cells were then counted and seeded 
at a density of 150,000 cells/ml to 300,000 cells/ml in 10-cm tissue culture plates 
containing growth media (DMEM F12, B27 without vitamin A (Gibco 12587-
010), 1 mM L-glutamine, 100 U/ml of penicillin, 100/µg ml streptomycin,  
10 µg/ml Human-FGF). Every 24–30 h, the same amount of human-FGF was added 
to the media until nice floating neurospheres could be detected under the micro-
scope. Single neurospheres were picked up separately under the microscope and 
dissociated into single cells using either 5 mM EDTA or NeuroCult Dissociation 
Solution supplied with NeuroCult Enzymatic Dissociation Kit (STEMCELL 
Technologies). Cells from each neurosphere were then fixed for FISH analysis.

Mammosphere formation. Primary mammospheres were isolated and cultured 
as previously described50–52. Briefly, mammary glands were dissected from 8-
week-old female LN3 (Vβ1NT/+) mice. After mechanical dissociation, the tis-
sue was cut into small pieces and placed in culture medium (DMEM, 1 mM 
L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin , 10% FBS (FBS) , 300 
U/ml collagenase and 100 U/ml hyaluronidase , 0.1 mg/ml DNaseI) and digested 
for 1.5–2 h at 37 °C in a shaker at about 180 r.p.m. The resultant organoid suspen-
sion was sequentially resuspended in trypsin-EDTA for 3 min along with aggres-
sive pipetting and brought to 0.64% NH4Cl for 3 min at room temperature before 
filtration through a 40 mm mesh to obtain a single-cell suspension. Cells were 
counted and seeded in a flat-bottom low-affinity-binding 96-well plate. About 
150–250 cells were seeded per well in Epicult-B medium (EB supplements, 5% 
FBS, 10 ng/ml hEGF, 5 µM Y-27632 (rho inhibitor), 20 ng/ml βFGF and 4 µl/ml 
heparin) containing 5% Matrigel. Single mammospheres were picked separately 
under a microscope. Each mammosphere was dissociated into single cells using  
5 mM EDTA or with 1× TrypLE solution (Gibco). Cells from each mammosphere 
were then fixed for FISH analysis. Mammospheres were stained using immun-
ofluorescent antibodies to distinguish between luminal and basal types16,53.

Replication-timing FISH analysis. Cells were pulse labeled for 1 h with BrdU and 
isolated nuclei were then fixed with methanol/acetic acid (3:1). After denaturation 

and dehydration, slides were hybridized with labeled probes detecting the genes 
of interest. BrdU was detected by an anti-BrdU antibody (NeoMarkers) followed 
by rhodamine-labeled anti-mouse antibody (Jackson Laboratories). Replication 
timing profiles (percent single–single, single–double and double–double) were 
determined by counting 100–300 BrdU-positive nuclei for each sample4,21. FISH 
analysis was performed using rhodamine to label artificial chromosome BAC_ 
RP24-297J5 that specifically recognizes a large region deleted on the prerear-
ranged Tcrb allele on chromosome 6 (refs. 14,47) or BAC_RP23-262I5, which 
specifically recognizes a large region deleted on the pre-rearranged Igh allele 
on chromosome 12 (VHQ52-DJH (BiPS 6.3) / VHJ558-DJH (BiPS 1.3))17 and 
FITC-labeled BACs containing Igk (RP24-387E13), the olfactory receptor cluster 
453, 454 and 38 (RP23-62H2) or Nanog (RP23-117I23) located on chromosome 
6 and FITC-labeled BACs containing Igh distal V genes (RP24-76I22) located 
on chromosome 12. For chromosome 4, we used the olfactory receptor probes 
(RP23-387N12, RP23-398A1). In some cases we used Igh Bac (chromosome 12 
- RP23-375J21), which recognizes both alleles in our ES LN3(NT/+) cells as another 
asynchronous replicating marker.

ReTiSH. ReTiSH analysis was performed on interphase nuclei labeled as 
described with BrdU21. Cells were harvested and treated with hypotonic KCl 
solution (0.5 M) for 10 min at room temperature, washed with methanol-glacial 
acetic acid (3:1), dropped gently on superfrost-plus slides and air dried. Slides 
were then washed once with PBST (0.1% Triton X-100 in PBS), fixed again with 
4% formaldehyde in PBS for 10 min, washed in PBST (three time, 5 min each), 
and treated with pepsin (1 mg/ml in 2N HCl) or with RNase A (2 mg/Ml in 
water) for 20 min at 37 °C. After an additional 5-min wash with PBST, slides 
were treated with Hoechst 33258 (0.5 µg/µl) for 15 min at room temperature, 
exposed to 365 nm UV light for 20 min using a UV Stratalinker 2400 transil-
luminator (Stratagene), washed again in 2× SSC and dried. Digestion by ExoIII 
at 3.2 units/µl (Promega) was carried out in the manufacturer-supplied buffer 
for 30 min at 37 °C, and the slides were then washed in PBST for 5 min, fixed 
for 2 min in 4% formaldehyde in PBS and washed three times for 5 min each in 
PBST. Slides were dehydrated through a series of gradual transition in 20% for-
mamide/2× SSC, 40% formamide/2× SSC and 50% formamide/2× SSC. Samples 
were incubated sequentially for a minimum of 10 min each. The hybridization 
mixture containing 50% deiodinized formamide, 10% dextran sulfate in SCC X2 
and 0.5 µg labeled probe was added to the samples, and hybridization was car-
ried out at 37 °C overnight. Following hybridization, samples were washed once 
in 50% formamide/2× SSC, once in 25% formamide/2× SSC, and three times in 
2× SSC. They were then mounted in VECTASHIELD (Vector) and mixed with 
DAPI, and images were recorded using confocal microscopy (Nikon).

In order to assay replication time switching, we measured the cell-cycle 
dynamics of ES cells and on this basis chose the time intervals for early- or late-
specific BrdU labeling. Nuclei were isolated after two rounds of label and sub-
jected to ReTiSH. Only those cells that showed single or single–double signals 
were counted. In parallel, for each experiment we confirmed that over 75% of the 
nuclei had a single signal when labeled for only one round of BrdU in either early 
or late S, thus insuring that the procedure is indeed cell-cycle specific.

Replication timing by S-phase fractionation. ES cells were analyzed for their 
replication timing by S-phase fractionation, as previously described4. Briefly, 
cells were pulse labeled in BrdU before collection, and nuclei were then FACS 
sorted according to DNA content into G1, S1-S5, G2 fractions. To each fraction, 
BrdU-labeled Drosophila DNA (S2 cells) was added as an internal IP control. 
BrdU DNA was isolated by immunoprecipitation (IP) from each fraction, and 
assayed by semiquantitative PCR using primers specific for the Igk locus (forward 
primer: 5′-ATAAAC TGG TCT GAA TCT CTG TCT G-3′ reverse primer: 5′-
ACG CCATTTTGTCGT TCACTGCCA-3′). The Igk gel was quantified using 
Image-Studio-lite and normalized to IP internal control of the Drosophila Gbe 
gene: (forward primer: 5′-GCAAAGCCTAACGTGCACTCGTGGGAC-3′, 
reverse primer 5′-CGTGACAAGCTTTTAGAGCCACAGACGCACTTG-3′).  
α-globin and amylase were used as controls for early and late replication, 
respectively (α-globin forward primer: 5′-AAGGGGAGCAGAGGCATCA-3′,  
reverse primer: 5′-AGGGCTTGGGAGGGACTG-3′. Amylase forward primer: 
5′-AGCACTGAGGATTCAGTCTATG-3′, reverse primer: 5′-CCCGTACA 
AGGAGAATTACAAC-3′). All others primers for qPCR analysis are listed in 
Supplementary Table 1.
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CRISPR technology. We introduced a large deletion into the Tcrb gene on one 
allele of chromosome 6, using two gRNAs to target both sides of the region of 
interest: Right deletion (Forward: CACCGACACATTAGAAAAGTACTG; 
Reverse: AAACCAGTACTTTTCTAATGTGTC), Left deletion (Forward: CAC
CGGGGGTAGTCACCTCCAACA; Reverse: AAACTGTTGGAGGTGACTACC
CCC). We cloned the gRNAs into a pX330-based plasmid following the Addgene 
target-sequence cloning protocol. The plasmid was cotransfected with a zeocin-
selectable plasmid into the cells using the Mirus TransIT-LT1 reagent (Invitrogen). 
Single-cell clones were picked following selection and were verified using specific 
primers; Left deletion, primer A- forward 5′-TCTCAGCCAGAGGGACCTTA-3′  
and primer B reverse 5′-CATTTCCACTCTGCCTCCAT-3′ to detect the 
wt allele, or the same left deletion primer A with the left deletion primer  
5′-TAAAATGGCCTGACCATCAGTT-3′ to detect the deleted allele.

Statistics. Statistical analysis was performed with either the exact two-tail bino-
mial test or the exact Kruskal–Wallis test, as indicated. Differences with P values 
<0.05 were considered significant.

Data availability. All data supporting the findings of this study are available from 
the corresponding author upon reasonable request. A Life Sciences Reporting 
Summary for this article is available.
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