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Coordination of the random
asynchronous replication of

autosomal loci
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Random monoallelic expression and asynchronous replication define an unusual
class of autosomal mammalian genes. We show that every cell has randomly chosen
either the maternal or paternal copy of each given autosome pair, such that alleles
of these genes scattered across the chosen chromosome replicate earlier than the
alleles on the homologous chromosome. Thus, chromosome-pair non-equivalence,
rather than being limited to X-chromosome inactivation, is a fundamental property

of mouse chromosomes.

Monoallelically expressed genes fall into
three distinct classes. X inactivation in
female cells is a random process resulting
in half of the cells choosing the maternal X
chromosome and half choosing the pater-
nal X chromosome!. By contrast, autoso-
mal imprinted genes such as Igf2 and H19
are monoallelically expressed according to
the parent of origin®. The third class, ran-
domly monoallelically transcribed autoso-

Fig. 1 Coordination of odorant-receptor asynchro-
nous replication for individual mouse chromo-
some pairs. a, Diagram showing the relative
positions of odorant-receptor genes (red) and
other monoallelically expressed genes analyzed in
this study (blue) along with the location of control
genes (black). Centromeric ends are at the top.
b-d, Two-color FISH analysis was done on a popu-
lation of mouse embryonic fibroblasts. Blue repre-
sents DAPI staining of chromatin. b, Analysis of
Chromosome 11. The Cy3-labeled probe (red)
identifies the OIfr1 odorant-receptor gene and
the FITC-labeled probe (green) identifies OIfr10.
The double-dot signals for the two probes in these
images are on the same chromosome, indicating
coordination of these two distant loci (30 of 30
cells counted). A control probe, Myh4, located
between the Olfriand OIfr10 loci, is synchronously
replicating (9% single dot-double dot pattern).
¢, Similar analysis of Chromosome 7 for two odor-
ant-receptor genes from distinct clusters, Olfr5
(red) and OIfr41 (green), showing coordination
(32 of 37 cells counted). Control probes between
the OIfr5 and OIfr41 loci included the gene encod-
ing tyrosinase, which is synchronously replicated
in wild-type cells (13% single dot-double dot pat-
tern), and the asynchronous but imprinted gene
Snrpn. As expected, Snrpn did not show coordina-
tion with an odorant receptor (data not shown).
d, Similar analysis showing that two odorant-
receptor genes from distinct clusters of Chromo-
some 2 were coordinated (33 of 36 cells counted):
Olfr48 (red), Olfr3 (green). A control probe, DIx1,
is synchronously replicating (10% single dot-dou-
ble dot pattern). e,f, FISH analyses of line A.5 (see
Supplementary Table 1 online) detected with a
B-geo probe (green) that identifies the maternal
Chromosome 11. Examples of cells probed with
Olfr1 (red, e) and OIfr10 (red, f) are shown. Both
of these odorant-receptor genes are maternal
early-replicating in line A.5 (for data on all similar
cell lines, see Supplementary Table 2 online).
g.,h, Lack of coordination between Chromosomes
7 and 11. In each case, the maternal chromosome

mal genes, includes the large family of
odorant-receptor genes® as well as genes
encodlng the 1mmunoglobuhns4, T-cell
receptors . interleukins®’, natural killer—
cell receptors® and pheromone receptors’.
All monoallelically expressed genes share
the property of asynchronous replica-
tion>”10, defined as one allele replicating
earlier in S phase than the other allele. For
most other genes, both alleles replicate syn-

chronously at a defined portion of S phase.
Asynchronous replication is an epigenetic
mark that appears before transcription and
may underlie the differential behavior of
two alleles of identical sequence!”. For those
genes whose transcription is randomly
monoallelic, the asynchronous replication
is also random. The asynchronous replica-
tion seems to be established early in devel-
opment before tissue-specific transcription
is established!®!! and is therefore found
even in tissues in which the genes are not
expressed’. For example, the asynchronous
replication of odorant-receptor genes has
been observed in all cell types analyzed,
including fibroblasts and lymphocytes. The
presence of asynchronous replication in a
variety of cell types allowed us to compare
the replication timing of diverse monoallel-
ically expressed genes that are expressed in
different cells. Given that these genes are
widely dispersed across autosomes'>!3, we
sought to establish the extent to which their
replication asynchrony is coordinated. We
focused on four autosome pairs, each con-
taining distinct loci of randomly monoallel-
ically expressed genes (Fig. 1a).
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is marked by the green probe. The maternal Chromosome 11 has a B-geo insertion and the paternal Chromosome 7 has a deletion at the tyrosinase locus.
Line A.1 (see Supplementary Table 3 online) shows lack of coordination between paternally early-replicating O/fr7 on Chromosome 11 (g) and maternally

early-replicating O/fr41 on Chromosome 7 (h).
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Fig. 2 A variety of monoallelically expressed
genes show coordination. a-d, Analyses of a
clonal cell line that has a marked maternal copy
of Chromosome 6 (B-geo transgene, green).
Probes for the Igk cluster (a), a large VIR
pheromone receptor cluster (VNO-61; b), the
Terb (c) and an odorant-receptor cluster con-
taining OIfr47 (d) are shown (red). Line F.1 has
all four genes maternally early replicating. Line
C.1 (see Supplementary Fig. 2 online) has all
four paternally early replicating. Two control
probes, Hoxa and Cd4, each showed synchro-
nous replication (12% and 18% single dot-dou-
ble dot pattern, respectively). e, Analyses of
uncloned fibroblasts (similar to the analyses
shown in Fig. 1b-d) also showed coordination
of an odorant-receptor gene cluster on Chro-
mosome 6 containing O/fr47 (red) and the VNO
V1R cluster (green; 30 of 32 cells). f, Same
analysis as in e, but comparing coordination of
Olfr47 with Terb (33 of 34 cells). g, A similar

population analysis showed coordination of //4 (red) and OIfr10 (green) on Chromosome 11 (25 of 26 cells).

a b c d
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h, Example of coordination of endogenous O/fr48

(green) and transgenic Tg(OIfr19)Y11 (red) on Chromosome 2 (30 of 31 cells; P < 0.0000001).

Asynchronous replication can be
assayed by fluorescence in situ hybridiza-
tion (FISH) analysis of interphase nuclei'.
Replicated loci are visualized as a double-
dot hybridization signal, whereas unrepli-
cated loci are visible as a single dot.
Asynchronously replicating genes present
a single dot—double dot pattern in 30-40%
of S-phase cells, whereas synchronously
replicating genes present this pattern in
roughly 10-15% of S-phase cells'“.
Although the FISH assay is only an indi-
rect assessment of replication timing,
asynchronous replication observed with
this assay has been corroborated by direct
measurements of replication timing (refs.
10,11; see Supplementary Note 1 and Sup-
plementary Fig. 1 online). To assess coor-
dination of distant loci on a given
chromosome, we used two-color FISH
analysis to examine two genes simultane-
ously and scored cells that presented a sin-
gle dot—double dot signal for both genes. If
the two genes are coordinated, and are
replicated during a overlapping portion of
S phase, the double dots for both genes
should be on the same chromosome
(maternal or paternal) and therefore close
to each other in the nucleus. If the two
genes are not coordinated, the double dots
for both genes should be on the same chro-
mosome only 50% of the time.

Using this approach we assessed the
potential for coordination of asynchro-
nous replication in wild-type primary
mouse embryonic fibroblasts, analyzing
two distinct odorant-receptor loci on
Chromosome 11 that are 14 cM apart.
Notably, we observed coordination in all
of the 30 cells in which both probes pre-
sented the single dot—double dot pattern
(Fig. 1b). Similarly, we observed coordi-
nation for two distant loci on Chromo-
some 7 (in 32 of 37 cells) and for two
distant loci on Chromosome 2 (in 33 of

36 cells; Fig. 1¢,d). As expected, in each
case, genes between the distinct odorant-
receptor loci replicated synchronously.
These data indicate that odorant-receptor
genes have long-range coordination of
their replication asynchrony for the three
autosomes examined.

We examined whether coordinated
asynchronous replication of odorant-
receptor genes, once established, is herita-
ble in the progeny of a given cell. We
derived clonal cell lines from embryonic
and adult mice with distinguishable
maternal and paternal chromosomes for
Chromosomes 7 and 11. We analyzed
seven cell lines for Chromosome 7 and
eight cell lines for Chromosome 11. In
some cell lines we consistently observed
early replication of the maternal allele
(Fig. le), and in the other cell lines we
consistently observed early replication of
the paternal allele (see Supplementary
Tables 1 and 2 online). These analyses
indicate that for each odorant-receptor
gene, the random choice of one of the two
alleles to replicate early, once established,
is heritable. Analyses of these clonal cell
lines also confirmed coordination of asyn-
chronous replication along a given chro-
mosome. For all the cell lines analyzed,
both loci replicated the same parental
allele early (Fig. le,f and see Supplemen-
tary Tables 1 and 2 online).

To test for genome-wide coordination,
we analyzed clonal cell lines derived from
mice carrying marks allowing us to distin-
guish the parental origins of two chromo-
some pairs at a time. We used FISH
analysis to compare the replication timing
of odorant-receptor genes on Chromo-
somes 6 and 11 with odorant-receptor
genes on Chromosome 7 in pairwise com-
parisons. Odorant-receptor genes on dif-
ferent chromosomes were not coordinated
in their replicative asynchrony; we

observed all possible outcomes (Fig. 1g,h
and see Supplementary Table 3 online).
Thus, rather than genome-wide coordina-
tion, asynchronous replication of odorant-
receptor genes seems to be coordinated
only at the level of each chromosome pair.

To explore whether other randomly
monoallelically transcribed genes are also
coordinated in their replicative asyn-
chrony, we examined clonal cell lines in
which we can distinguish the maternal
and paternal copies of Chromosome 6. We
observed asynchronous replication of the
Igk constant region, a VIR pheromone-
receptor gene and Tcrb (Fig. 2a—c).
Notably, all three of these loci were coor-
dinated with each other as well as with an
odorant-receptor gene cluster on Chro-
mosome 6 (Fig. 2a—d). In some clonal cell
lines the maternal alleles of all four genes
replicated early (Fig. 2a—d), and in others
the paternal alleles of all four genes repli-
cated early (see Supplementary Fig. 2
online). Analyses of uncloned populations
of cells (similar to the analyses presented
in Fig. 1b—d) also showed coordination of
genes on Chromosome 6 (Fig. 2e,f). Simi-
lar population analyses showed that on
Chromosome 11, the gene encoding inter-
leukin-4 (Il4) was coordinated with the
odorant-receptor genes (Fig. 2g). These
data, taken together, indicate that all ran-
domly asynchronously replicated genes
examined are coordinated along each
chromosome.

One question arising from these observa-
tions is whether the coordination mecha-
nisms used by different chromosomes can
communicate with each other if sequences
from different chromosomes are artificially
placed in cis. We analyzed a small odorant-
receptor translocation that we created arti-
ficially: a 300-kb odorant receptor—
containing YAC transgene derived from
Chromosome 16 that is integrated on
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Chromosome 2 (Tg(OIfr19)Y11). We previ-
ously showed that this transgenic odorant-
receptor locus undergoes asynchronous
replication!®. Two-color FISH analysis
showed that the transgene was coordinated
in its asynchronous replication with the
endogenous odorant-receptor loci on
Chromosome 2 (Fig. 2h), suggesting simi-
larities in the mechanisms governing allele-
specific replication timing on different
chromosomes.

Here, we present data indicating that
randomly monoallelically expressed genes
coordinate their asynchronous replication
within each chromosome pair. Scattered
genes along a given chromosome are coor-
dinated in their asynchronous replication
timing in cis, leaving unaffected the bulk of
the genes (which are synchronously repli-
cated or, in rare instances, asynchronous
but imprinted). Asynchronous replication
is established early in development!®!! and
maintained in the progeny of individual
cells in a clonal manner (ref. 10; Fig. le-h
and see Supplementary Tables 1 and 2
online).  Randomly  monoallelically
expressed genes are expressed in different
cells of a given cell type or in different cell
types. Therefore, coordination of replica-
tion timing does not imply coordination of
transcription of distinct gene families and
is instead a consequence of the early devel-
opmental mechanisms that establish asyn-
chronous replication. Each gene family
probably makes use of asynchronous repli-
cation (and the differences in chromatin
structure that it reflects) in the complex
gene regulation that characterizes these
gene families. In the case of the
immunoglobulin genes, we have recently
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shown that early replication correlates with
the allele that will first undergo rearrange-
ment and therefore provides a basis for the
establishment of allelic exclusion'?.

X inactivation has been known for
decades. Our data indicate that chromo-
some-pair non-equivalence is also found on
autosomes and thus is a general, fundamen-
tal property of chromosomes that affects a
large number of loci dispersed throughout
the genome. The autosomal non-equiva-
lence we observe is similar to that observed
with X inactivation, except that a larger
fraction of the genes on the X chromosome
are affected. Other similarities in the under-
lying mechanisms of X inactivation and
autosomal non-equivalence may emerge
with further investigation.

Note: Supplementary information is avail-
able on the Nature Genetics website.
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