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The human �-globin genes constitute a large chromo-
somal domain that is developmentally regulated. In non-
erythroid cells, these genes replicate late in S phase,
while in erythroid cells, replication is early. The replica-
tion origin is packaged with acetylated histones in ery-
throid cells, yet is associated with deacetylated histones
in nonerythroid cells. Recruitment of histone acetylases
to this origin brings about a transcription-independent
shift to early replication in lymphocytes. In contrast,
tethering of a histone deacetylase in erythroblasts causes
a shift to late replication. These results suggest that his-
tone modification at the origin serves as a binary switch
for controlling replication timing.
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Studies in both yeast and animal cells demonstrate that
the time at which replication origins fire during S phase
is established by a preset marking system that operates
in early G1 at about the same point that nuclear struc-
ture is restored following cell division (Raghuraman et
al. 1997; Dimitrova and Gilbert 1999). This epigenetic
signal may involve histone modification, as suggested by
genetic manipulation experiments in yeast showing that
normally early replicating origins can actually be made
to fire aberrantly in late S phase simply by causing forced
local histone deacetylation (Vogelauer et al. 2002). Whereas
in yeast cells each origin replicates at an invariable fixed
time within S phase, replication timing in higher eukary-
otes is often subject to developmental regulation, and
this is accomplished by altering the firing schedule of
fixed origins. The human �-globin domain represents a
good example of this phenomenon. Genetic and bio-
chemical studies have demonstrated that this entire
∼100-kb region is copied by employing a single bidirec-
tional origin that fires early during S phase in erythroid
cells, but is converted to a late replication mode in all
nonerythroid cells (Kitsberg et al. 1993). Nothing, how-

ever, is known about how this timing profile is set up at
the molecular level and, in particular, whether this is
dependent on local transcription (Gilbert 2002).

Results and Discussion

In order to assess whether this epigenetic switch may be
mediated by changes in histone modification, we used
chromatin immunoprecipitation (ChIP) analysis to map
the mean histone acetylation pattern over the entire �-
globin domain in different cell types (Fig. 1). In proeryth-
roblast cells, we observed a large enrichment of histone
H3 and H4 acetylation over the �-globin promoter and
coding sequence in correlation with the transcription
profile of this gene in these erythroid cells. Mapping
studies indicate that the replication origin in this region
is actually composed of two separate functional units
(Wang et al. 2004), and it appears from our data that these
sequences (see map) are also prepackaged with a combi-
nation of hyperacetylated histones and me-H3(K4) in the
proerythroblast cells (Fig. 1). A similar pattern was also
observed in other studies using this same culture system
(Miles et al. 2007).

To determine whether this acetylation pattern may be
a common feature of other erythroid cell types as well,
we next carried out ChIP analysis on the CML-derived
(Konopka et al. 1985), �-globin-expressing K562 cell line
(Donovan-Peluso et al. 1987). Strikingly, the same repli-
cator fragment still shows peaks of histone acetylation
and me-H3(K4), even though the adult �-globin gene it-
self is inactive and underacetylated in these cells, and
this has been confirmed at high resolution using ChIP-
on-chip analysis, as well (Supplemental Fig. 1). In con-
trast to erythroid cells where the �-globin domain repli-
cates early, this same origin region is completely deacety-
lated in the nonerythroid 293 cell line (Fig. 1) where this
domain replicates late (data not shown). In keeping with
these findings, the mouse �-globin origin (Forsberg et al.
2000) as well as the human lamin B2 origin (Abdurashi-
dova et al. 2000) have also been shown to be packaged
with acetylated histones in correlation with early repli-
cation. These studies clearly suggest that there is a
straightforward transcription-independent correlation
between early replication timing and histone acetylation
at origin-associated DNA sequences.

In order to test whether histone acetylation at the ori-
gin may represent an epigenetic mark that actively con-
trols replication timing, we devised a strategy for bring-
ing about site-directed histone acetylation near the hu-
man �-globin origin in vivo. To this end, we utilized a
150-kb BAC (RP11622D14) containing the entire human
globin domain to insert multiple Gal4-binding sites near
the origin region (Materials and Methods) by recom-
bineering (Zhang et al. 1998), and then generated trans-
genic mice. Five different founder mice were obtained
and all were shown by multiplex PCR analyses to con-
tain a single intact copy of the �-globin BAC construct.
Two of these founder animals (B14 and B54) were then
crossed with transgenic mice that express the histone
acetylase genes VP16, CBP, or PCAF fused to a Gal4-
binding domain (see Materials and Methods). In double-
transgenic animals these HAT proteins should be teth-
ered to the �-globin origin region, bringing about forced
local histone acetylation in nonerythroid cell types.

To test whether this strategy actually brings about in-
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creased histone acetylation over the origin region, we
isolated spleen lymphocytes from transgenic animals
carrying the �-globin BAC, either alone or in combina-
tion with the HAT fusion constructs, and then per-
formed ChIP analysis for histone H3 acetylation. As ex-
pected for nonerythroid cells, the origin located on the
wild-type BAC is packaged with deacetylated histones.
In contrast, the presence of a tethered HAT protein
brings about a striking increase in histone acetylation
over a 3.2-kb domain that includes the �-globin origin
region (Supplemental Fig. 2A). This reacetylation was
observed mainly for histone H3 with histone H4 show-
ing only a modest increase (data not shown). The fact
that very similar results were observed for two different
founder animals (B14 and B54) targeted with a variety of
HAT proteins (Supplemental Fig. 2B) strongly suggests
that this tethering strategy is highly effective in vivo.

We next asked whether this imposed histone acetyla-
tion pattern over the origin region affects DNA replica-
tion timing of the entire locus. To this end, we isolated
spleen cells from animals containing either the wild-type
BAC or its artificially histone-acetylated counterpart and
carried out interphase FISH analysis using a large probe
specific for the human �-globin region (Materials and
Methods). In this method, the appearance of a single hy-
bridization dot in the nucleus represents the unrepli-
cated form of this region, while a double dot indicates
that replication has already occurred. In a nonsynchro-
nized population of cells, the percentage of S-phase (BrdU-
positive) nuclei with single as opposed to double dots
provides a direct measurement of replication timing (Se-
lig et al. 1988). Previous studies have demonstrated that
human globin transgenes that contain an intact LCR rep-

licate in a developmentally controlled manner (Simon et
al. 2001). In keeping with this, FISH analysis of the wild-
type human globin BAC in B14 nonerythroid tissues re-
vealed a single hybridization signal in 56%–60% of cells,
indicating that it undergoes replication a short time after
mid-S, at a point similar to the endogenous mouse globin
sequences (∼50% single dots). In contrast, BAC DNA
that had undergone forced histone acetylation around
the origin became earlier replicating (32%–38%) in both
mouse embryonic fibroblasts (MEFs) and lymphoid cells,
and similar results were also obtained for B54 transgenic
founder animals (Fig. 2A,B). Control experiments dem-
onstrated that this shift in replication timing does not
occur when the Gal4-binding sequences are inserted at
an alternate chromosomal site or in the presence of a
mutant (CBP�) acetylase construct (Fig. 2), clearly indi-
cating that this effect must be due to specific histone
acetylation at the origin itself. It should be noted that the
level of human �-globin transcription in these cells re-
mained extremely low (see Materials and Methods) even
following the shift to early replication.

In order to confirm the findings obtained from FISH
analysis, we also used an S-phase fractionation method
to measure replication timing (Azuara et al. 2003). For
this experiment, BrdU-labeled spleen-derived cells were
sorted into six different fractions according to DNA con-
tent. The BrdU DNA was then purified by immunopre-
cipitation and real-time PCR was used to quantitate the
amount of replicative DNA in each fraction. These data
are then normalized relative to known early and late
gene markers (Supplemental Material). According to this
analysis, the wild-type human �-globin BAC replicates
relatively late in S phase, but following targeted histone

Figure 1. Histone acetylation map of the human �-globin replication origin. Chromatin from human K562, 293, and proerythroblast (ProE)
cells was subjected to ChIP analysis with antibodies against 2meH3K4, H4Ac, and H3Ac, and analyzed for relative enrichment by real-time
PCR at 15 different sites along the �-globin domain on chromosome 11 (see map). The globin origin region, composed of two replicator subunits,
RepI (I) and RepP (P) (Wang et al. 2004), is marked, as are the �(HBE), �(HBG1, HBG2), �-pseudo (HBBP1), �(HBD), and �(HBB) gene sequences
and the upstream LCR. Transcription is from right to left. Origin-specific histone acetylation and H3K4 methylation are characterized by a peak
(highlighted by a white stripe). High-resolution ChIP-on-chip analysis for histone H3Ac in K562 cells over the origin region and the �-globin
genes can be seen in Supplemental Figure 1.
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acetylation, replication of this entire region is markedly
shifted to a much earlier time point (Fig. 3A). These ex-
periments clearly show that histone acetylation at the
origin has a dominant effect on replication timing in vivo.

In normal human cells, replication timing of the glo-
bin locus is controlled by sequences in the LCR that
operate by influencing the firing schedule of a single bi-
directional replication origin (Simon et al. 2001). In order
to show that histone acetylation actually works by al-
tering the initiation of replication at this specific origin
and not by some other mechanism, we carried out map-
ping studies to ascertain origin usage for both the normal
and targeted BAC sequences. This was accomplished by
detecting the leading strand of DNA synthesis at several
positions along the globin locus (Supplemental Material;
Handeli et al. 1989). In both erythroid and nonerythroid
human cells containing the normal human �-globin lo-
cus, assays of probes located both upstream of and down-
stream from the � gene revealed bidirectional replication
(Fig. 3B). Identical results were obtained for the human
�-globin BAC in both wild-type and hyperacetylated trans-

genic animals, as well, clearly suggesting that this histone
modification affects replication by altering the time of ori-
gin firing in the same way that replication timing is regu-
lated during normal development (Kitsberg et al. 1993).

In light of our results demonstrating that forced acety-
lation at the origin causes an early replication time switch
in nonerythroid cells, we next tested the effect of deacety-
lation on the early replication time pattern normally seen
in erythroid cells. To this end, mice carrying the wild-
type BAC were crossed with transgenic animals that ex-
press a gene chimera in which the Gal4-binding domain
is fused to a histone deacetylase (HDAC2) (see Materials
and Methods). We then isolated and purified adult pro-
erythroblasts (Dickerman et al. 1976) from double-trans-
genic mice and carried out ChIP analysis over the human
globin domain in these cells. The wild-type BAC appears
to have a histone acetylation pattern similar to that of
normal human proerythroblasts, with marked acetyla-
tion observed over the �-globin origin itself (data not
shown), confirming previous results for human globin

Figure 3. (A) Spleen lymphocytes from B14 wild-type (WT) and B14
VP16 (VP16) transgenic mice were transiently cultured and incu-
bated with BrdU for 1 h and cell-cycle-sorted by FACS into G1, S1,
S2, S3, S4, and G2 fractions. BrdU DNA was then purified from each
sample and analyzed by real-time PCR using six different primer
sets distributed over the human globin BAC. The results from both
experiments were individually averaged over all probes (local abun-
dance) and normalized to the peaks of standard early (Cd19 and
Actb) and late (Hbb and Amy) replicating mouse genes and then
mathematically adjusted to take into consideration variations be-
tween the separate FACS analyses (Supplemental Material). (B) Rep-
licating fork directions were determined by isolating emetine-
treated, BrdU-labeled cells and carrying out single-strand real-time
PCR analysis on purified BrdU DNA at two loci (28K and 74K)
positioned on opposite sides of the human �-globin origin (Supple-
mental Material). The ratio of normalized backward to forward syn-
thesis is shown. Leading strand synthesis in the rightward direction
shows a high ratio of backward/forward PCR synthesis, while left-
hand leading strand synthesis gives an opposite result.

Figure 2. Histone acetylation causes a shift to early replication. (A)
FISH analysis (percentage of single dots) of BrdU-positive nuclei
from transiently cultured, BrdU-labeled spleen lymphocytes (SL) or
MEFs using the human globin BAC (H) and a mouse globin con-
struct (M) as probes. Results from HAT-tethered mice are marked in
red. (B) Bar graph showing the normalized values (Supplemental
Material) for replication time as a percentage of S phase as measured
in spleen lymphocytes (B14-L and B54-L) or MEFs (B14-M). Standard
replication time markers included mouse globin (mHbb), as well as
both the early (S1) and late (S2) asynchronous Snrpn alleles. The
ranges of wild-type (WT) (late) and HAT (early) replication times are
indicated by dotted lines. (Inset) Transgenic mice carrying a ran-
domly integrated nonorigin fragment (NOC2) were crossed with ani-
mals containing the Gal4-CBP transgene, and spleen nuclei then
subjected to FISH analysis with the pLJ168 probes.
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transgenes (Miles et al. 2007). Tethering of the HDAC pro-
tein brings about a relative decrease in histone acetylation
over this region (Supplemental Fig. 2C).

In order to test the effect of this change in histone
status on replication timing, we carried out FISH analy-
sis on transient cultures of dividing proerythroblasts (Fig.
4A,B). In keeping with previous findings, the wild-type
BAC was found to replicate early in S phase (35%–38%
single dots) at a point similar to that of the endogenous
mouse globin domain. Strikingly, however, even partial
deacetylation of the origin region causes a marked shift
in domain-wide replication timing to late S phase (56%–
62% single dots), thus mimicking what occurs in non-
erythroid cells (see Fig. 2). This change appears to occur
even though �-globin transcription remains relatively
high in these cells (see Materials and Methods). Forced
histone deacetylation (Coffee et al. 1999) may also be
responsible for the dramatic shift to late replication seen
at the FMR1 locus in Fragile X syndrome as a result of de
novo DNA methylation on origin sequences (Gray et al.
2007) located in the gene promoter.

Previous studies have shown that histone acetylation
affects replication timing of origins in yeast (Vogelauer
et al. 2002). Using a similar experimental approach, we
now demonstrate that this same mechanism may play a
role in the developmental regulation of replication tim-
ing in animal cells. Proper firing of each origin takes
place as a two-step process involving the initial assembly
of a multicomponent origin recognition complex (ORC)
at the end of mitosis, followed by actual activation of the
origin during S phase (Goren and Cedar 2003; DePamphi-
lis 2005). The timing of activation at each origin appears
to be determined by structural cues that are set up during
early G1 phase at about the time when nuclear structure

is being reconstituted following the previous round of
mitosis (Raghuraman et al. 1997; Dimitrova and Gilbert
1999).

Our studies indicate for the first time that there are
indeed origin-associated structural differences that de-
finitively control early versus late firing. While this ap-
pears to be accomplished through a straightforward bi-
nary histone modification code, it should be noted that
the relationship between histone acetylation levels and
replication timing may actually be quite complex (Figs.
2, 3), and other epigenetic signals, such as DNA meth-
ylation, could also play a role in this program (Jablonka
et al. 1985; Hansen et al. 2000). It has been suggested that
replication timing may merely reflect local transcrip-
tion, with active regions being early replicating (Gilbert
2002). Our data clearly show that transcription levels of
�-globin do not correlate with the replication timing pro-
file of this locus in human erythroid cells (Fig. 1). Fur-
thermore, a forced shift to either early or late replication
is not accompanied by changes in local transcription.
Taken together, these data indicate that switches in rep-
lication timing are controlled independently of tran-
scription. Whatever the details of this binary switch on
the �-globin origin, it appears to be set up for both the
early and late replication modes by long-range cis-acting
sequences located in the upstream LCR (Simon et al.
2001).

In the next step of replication timing control, the sig-
nals that mark replication origins as being early or late
must be read and interpreted during S phase. Judging by
other cell-cycle-controlled processes, this might require
the generation of a gradient over time, and protein fac-
tors that can recognize the predetermined histone acety-
lation pattern that is probably set up during G1. It has
been shown that cyclins themselves are indirectly impli-
cated in the control of replication timing. In yeast, for
example, the �-cyclin Clb5 is actually required specifi-
cally for the replication of late origins, and in its absence
the entire genome is copied by early-firing origins exclu-
sively (Donaldson et al. 1998). This discrimination could
work either because these cyclins recognize the modifi-
cation pattern at the origin as a histone code, or because
the increased cyclin concentration during late S phase
eventually overcomes the relative lack of accessibility
caused by underacetylation at the origin. In either case,
the histone acetylation state appears to play a critical
role as a molecular switch for controlling replication tim-
ing. The Rad53 and Mec1 checkpoint genes also seem to be
involved in the regulation of replication timing, but these
proteins apparently work by delaying late origin firing
until the early replicons have completed elongation in a
process that operates independently of the histone acety-
lation marking system (Early et al. 2004).

It has already been shown that replication timing has
a decisive effect on the initial acetylation state of newly
added histones H3 and H4 during nucleosome reassem-
bly in the wake of DNA synthesis (Zhang et al. 2002).
According to this model, the entire globin domain is re-
packaged in a relatively closed structure following each
round of replication in nonerythroid cells, and this main-
tenance process may constitute one of the mechanisms
for preventing activation of this entire region. In con-
trast, the switch to early replication timing in erythroid
cells immediately brings about a major change in the
initial reassembly process, thus facilitating the creation
of an open chromatin structure by other, more stable

Figure 4. Histone deacetylation causes a shift to late replication.
(A) FISH analysis (percentage of single dots) of BrdU-positive nuclei
from transiently cultured, BrdU-labeled erythroid cells using the hu-
man globin BAC (H) and a mouse globin construct (M) as probes. Re-
sults from HDAC2 mice are marked in red. (B) Bar graph showing
the normalized values (Supplemental Material) for replication time
as a percentage of S phase in erythroblasts (B14-E and B54-E). Stan-
dard replication time markers include mouse globin (mHbb), as well
as both the early (S1) and late (S2) asynchronous Snrpn alleles. The
ranges of wild-type (WT) (early) and HDAC2 (late) replication times
are indicated by dotted lines.
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mechanisms. This may help explain how local changes at
key targets on the DNA (e.g., origins) can exert major struc-
tural and functional effects over large genomic domains.

Materials and methods

Transgenic mice
BAC RP11622D14, containing the entire human �-globin domain
(Chr11: 5,175,878–5,363,071; University of California at Santa Cruz Ge-
nome Browser) was subject to recombineering (Zhang et al. 1998) in order
to inject multiple (6×) Gal4-binding sites within the replication origin
region (position 5,205,520) that overlaps the second exon of the �-globin
gene itself (see map in Supplemental Fig. 2A). Five transgenic mice con-
taining this modified BAC were generated and were found to contain
intact copies of the globin domain as determined by PCR analysis at
multiple points as well as FISH. Two single-copy transgenic founders (B14
and B54) were then used for subsequent experiments. As a non-origin-
containing control, we prepared multiple-copy, single random integra-
tion site transgenic mice carrying the pLJ-168 plasmid (A. Klar) that
contains eight tandem Gal4-binding site repeats (NOC2). Restriction
fragments containing chimeric gene constructs made up of the Gal4-
binding domain bound to histone acetylases or HDAC were excised from
the plasmids pCMV × Gal4CBP, pCMV × Gal4CBP�, pCMV × Gal4P/
CAF (T. Kouzarides), pBEF1�-Gal4VPI6 (G. Levkowitz), and pBind-
HDAC2 (L. Vardimon) and were used to make transgenic mice. A single
expressing founder of each type was used in crosses with transgenic mice
containing the �-globin domain BAC (B14 and B54). MEFs were cultured
from 13.5-d embryos. Lymphocytes from adult spleens of either wild-
type BAC or double-transgenic mice were grown in DMEM supple-
mented with concanavalin-A for 3–4 d and erythroblasts were isolated
from Phenylhydrazin-treated animals (Dickerman et al. 1976) by mag-
netic-activated cell sorting using biotinilated �-ter119 antibodies
(PharMingen) (Goren et al. 2006). Blood-derived human proerythroblasts
were enriched by culturing in specific media (Fibach et al. 1989). The
levels of human �-globin transcription in mouse transgenic embryonic
fibroblasts and spleen erythrocytes were determined by quantitative real-
time PCR analysis as described previously (Goren et al. 2006). In MEFs
from B14, both in control and early replicating cells, �-globin RNA was
found to be present at levels of 10−6 as compared with Aprt (set at 1). The
level of �-globin RNA in spleen erythrocytes was found to be 180 (in compari-
son with Aprt) in wild-type animals and 107 for HDAC-expressing mice.

Replication time assays
FISH (see the Supplemental Material) was performed as described previ-
ously (Lichter et al. 1988; Lichter et al. 1990) by culturing cells for 1 h
with BrdU (3 × 10−5 M) and isolating nuclei using hypotonic KCl (0.5%)
treatment and fixation with methanol:acetic acid (3:1) (Selig et al. 1992),
and S-phase PCR analysis of BrdU-labeled replicating DNA was carried
out as described (Azuara et al. 2003). These techniques are detailed in the
Supplemental Material.

ChIP
Cells were cross-linked and chromatin was extracted and sonicated to an
average size of 300–3000 base pairs (Schlesinger et al. 2007). Immuno-
precipitation with anti-H4Ac, anti-H3Ac, or anti-H3K4me antibodies
(Upstate Biotechnologies) was carried out (∼5 µg per 10–30 µg of DNA)
using a ChIP assay kit. Incubation with the various antibodies was fol-
lowed by precipitation with salmon sperm DNA and protein A Agarose
(60 µL per 10 µg of DNA; Sigma) to isolate the bound fraction. Amplifi-
cation was carried out by quantitative real-time PCR and the bound/
input values were then normalized by setting the negative control (Cryaa
or Pck1) to 1. Multiple assays of the same sample or the same gene sequence
in separate immunoprecipitations from a given chromatin preparation
showed an average coefficient of variance of ∼17%. Primer sequences are
displayed in Supplemental Table 1.
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