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By using recombinase-mediated cassette exchange, a method that allows integration of single copies of
different constructs at the same predetermined chromosomal location, several expression cassettes have been
integrated at a randomly chosen locus in the genome of mouse erythroleukemia cells. The cassettes studied
contain the human @-globin promoter fused to lacZ coding sequences either alone or linked to DNase
I-hypersensitive site HS2, HS3, or HS234 (a large locus control region fragment containing HS2, HS3, and
HS4) of the human (3-globin locus control region. Analysis of expression of these cassettes revealed mosaic
expression patterns reminiscent of, but clearly different from, position effect variegation. Further investigations
demonstrated that these mosaic expression patterns are caused by dynamic activation and inactivation of the
transcription unit, resulting in oscillations of expression. These oscillations occur once in every few cell cycles
at a rate specific for the enhancer present at the locus. DNase I sensitivity studies revealed that the chromatin
is accessible and that DNase-hypersensitive sites were present whether or not the transcription unit is active,
suggesting that the oscillations occur between transcriptionally competent and transcriptionally active chro-
matin conformations, rather than between open and closed chromatin conformations. Treatment of oscillating
cells with trichostatin A eliminates the oscillations only after the cells have passed through late G, or early S,

suggesting that these oscillations might be caused by changes in histone acetylation patterns.

It has long been known that expression of transfected or
translocated genes is not always stable and is subject to posi-
tion effects. In metazoans, the two best-studied such phenom-
ena are heterochromatin-induced position effect variegation
(PEV) (24), in which transgenes are clonally inactivated in a
fraction of a cell population, and extinction of transgenes in
cell culture (50) and transgenic animals (15, 35, 41, 47). We
have recently developed a novel method called recombinase-
mediated cassette exchange (RMCE) that allows integration of
single copies of different expression cassettes at the same pre-
determined chromosomal locations (1). This method is ideally
suited to study position effects and gene regulation because
interesting chromosomal locations can be identified and then
revisited by insertion of different expression cassettes.

To study position effects and means to prevent them, we
have used as a model components of the human B-globin gene
cluster. This cluster is located on chromosome 11 and contains
five genes that are sequentially expressed during development
and are regulated by the locus control region (LCR) (14, 34,
44). The LCR is located 6 to 20 kb upstream of the e-globin
gene and consists of five DNase I-hypersensitive sites (HSs)
first reported by Tuan et al. (48). The importance of the LCR
for regulation of the globin genes was inferred from studies of
naturally occurring deletions of the LCR that are associated
with transcriptional silencing of the locus and with a switch
from early to late replication and a change of chromatin con-
formation (13). More recent analyses of experimentally in-
duced deletions of HS1 to HS5 on mouse chromosomes (6)
and HS2 to HS5 on human chromosomes (40) revealed, how-
ever, that the locus was still sensitive to DNase I in the absence
of the LCR and that in the case of the murine locus, expression
was decreased but not abolished by the deletion. Taken to-
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gether, these data suggest that the LCR, as currently defined,
acts as an enhancer but is not required to render the chromatin
sensitive to DNase I at its native location.

Transfection and transgenic experiments show that the LCR
confers high-level expression on the globin genes. When mul-
tiple copies of LCR-driven cassettes are integrated at ectopic
loci, expression is often found to be copy number dependent
and site of integration independent (19). On the basis of these
experiments, it has been proposed that the LCR differs from
other enhancers in having a dominant chromatin-opening ac-
tivity (19).

No single HS of the LCR is indispensable for transcriptional
activation of the globin genes, since deletions of individual HSs
introduced at the endogenous mouse locus (8, 26), in yeast
artificial chromosomes (3, 38), or in cosmids containing large
fragments encompassing the entire human locus (35) are as-
sociated with relatively mild phenotypes. These results have
led many authors to the conclusion that the LCR acts as a
holocomplex composed of all of the HSs. Nevertheless, HS2,
HS3, HS4, and, to a lesser extent, HS1 have enhancer activity
when tested individually in cell culture and in transgenic mice
(reviewed in reference 18).

In a previous study (1), RMCE was used to investigate the
function of some of the HSs constituting the LCR by integrat-
ing five expression cassettes in the genome of mouse erythro-
leukemia (MEL) cells at the same randomly chosen chromo-
somal location. This chromosomal location was termed RLI,
for random locus 1. The cassettes studied included the B-globZ
gene (the human B-globin promoter fused to lacZ coding se-
quences) alone or driven by HS2, HS3, or HS234 (a large LCR
fragment containing HS2, HS3, and HS4) of the LCR (Fig. 1a).
This revealed that expression of these five cassettes occurred in
mosaic patterns reminiscent of PEV (1).

These mosaic expression patterns appeared particularly in-
teresting because the proportion of expressing cells was depen-
dent on the HS and on the number of genes present at the
locus. In the present study this phenomenon has been further
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FIG. 1. Mosaic expression patterns at RL1 in the presence of various cassettes. (a) Cassette integrated at RLI. The HYG cassette contains the PGK-HYG gene and
the Lox sites that are required for RMCE. All other cassettes were exchanged with the PGK-HYG gene by RMCE. Cassette 0 contains the B-globZ gene and no
enhancer. Cassettes 2, 3, and 234 contain the B-globZ gene linked, respectively, to HS2, HS3, and HS234 (a large LCR fragment containing HS2, HS3, and HS4). In
all cassettes, orientation of the HS relative to the B-globin promoter is similar to that of the natural locus. When cassette 234Neo is at RLI, two genes are present:
B-globZ, linked to HS234, and MCNeopA, a selectable marker. The direction of transcription is indicated below the genes. Numbers at the right indicate percentages
of cells expressing B-globZ 1 month after integration of the cassette (1). The proportion of expressing cells was dependent on the enhancer present at the locus. (b)
Mosaic expression patterns are stable over time. Cells with cassettes 2, 3, 234, and 234Neo inserted at RL1 were maintained in culture for 4 months and monitored
every 1 to 3 weeks by FACS-Gal. After the first month of incubation, each culture was split into three identical subcultures, and each triplicate subculture was monitored
for 3 more months. The percentage of expressing cells over 120 days was fairly constant.
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investigated and found to be clearly different from PEV and to
be caused by dynamic activation and inactivation of B-globZ
resulting in oscillations of expression. The oscillations occur
once every few cell cycles at a rate specific to the enhancer
present at the locus. We have also found that treatment of the
cells with trichostatin A (TSA) (51) eliminates the oscillations
in a cell cycle-dependent manner. Oscillations at a second
locus were also observed.

MATERIALS AND METHODS

Plasmids. Construction of the expression cassettes used in this study was
previously described (1). Fragments containing HS2, HS3, and HS4 are frag-
ments 7764-9172, 4273-5122, and 951-2199, respectively, of GenBank file
HUMHBB. The B-globin promoter extends from —344 to +44 relative to the cap
site. The MCNeopA gene was obtained from Stratagene (La Jolla, Calif.).

Cell line construction. Generation of the cell lines used in this study is de-
scribed in detail elsewhere (1). Briefly, RL1 was constructed by electroporation
of a DNA fragment containing the phosphoglycerate kinase (PGK)-hygromycin
(HYG) reporter flanked by two Lox sites differing by a point mutation in their
spacer regions. The transfected fragment also contained the coding sequence of
the Neo gene (but no promoter) located just 3’ from the cassette defined by the
Lox sites. One clone containing a single copy of this fragment (as determined by
Southern blotting) was then used as the target cell line in which we integrated the
four cassettes depicted in Fig. 1. These integrations were performed via RMCE
using the preintegrated mutated Lox sites and a gene trap system based on the
activation of the Neo gene by integration of the MC promoter next to the Neo
coding sequence. In a secondary step, this reconstituted MCNeo selectable
marker was excised via FLP-mediated recombination. The end result of these
manipulations was therefore the integration of four different cassettes at the
same chromosomal locus (RLI) in the absence of any selectable marker. Inte-
gration of cassette 3 at RL3 was performed similarly, except that the locus was
initially generated with a plasmid containing the cytomegalovirus-HYTK select-
able marker and that the second step (excision of the selectable marker) was
precluded by the use of cell sorting to select for cells that had undergone RMCE.
Details of this improved RMCE procedure will be published elsewhere (7).

Cell culture. MEL cells (clone 745 [DS19]) were grown at 37°C and 7% CO,
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum, 100 U of penicillin per ml, and 100 pg of streptomycin per ml. Benzidine
staining and induction of differentiation with dimethyl sulfoxide (DMSO) or
hemin were performed as previously described (1).

Long-term culture. To standardize the culture conditions as much as possible,
the same batch of serum was used throughout the experiments and cells were fed
at fixed times, three times a week, by the same person. Absence of cross-
contamination was routinely verified by taking advantage of specific properties of
each cell line used in this study: controls had a HYG gene at RLI and were the
only cells that were hygromycin resistant; cells with cassette 234Neo at RLI were
the only G418-resistant cells; cells with cassette 3 are not inducible by hemin (1).
At the end of each long-term experiment, all cultures were induced to differen-
tiate with DMSO, with over 95% of the cells turning B-galactoridase (B-Gal)
positive, demonstrating that loss of the chromosome carrying RLI was not
occurring at an appreciable frequency.

Subclones were obtained by depositing cells at a density of one cell per well in
96-well plates, using a Becton Dickinson (San Jose, Calif.) FACSStar flow cy-
tometer. Under these conditions, MEL cells have a plating efficiency of 50 to
60% and a single colony could be visually detected after 7 days of incubation in
about half of the wells. The precision of the flow cytometer was evaluated by
sorting cells at a density of two or four cells per well. As expected, one or two
visible colonies grew in most wells. This demonstrates the accuracy of the sorting
procedure and confirms that the subclones obtained were truly the progeny of
single cells.

FACS-Gal (fluorescence-activated cell sorting-B-Gal) analyses were per-
formed as described elsewhere (10). The experiments represented in Fig. 2b were
performed three times on three different days.

TSA incubations. Cells (5 X 10*/ml) were incubated and fed every 3 days for
16 days with medium containing 5 or 10 nM TSA. After day 16 of incubation, all
cultures were less than 0.5% benzidine positive, confirming that these concen-
trations of TSA did not induce differentiation. All experiments were performed
in duplicate.

HS mapping studies. HS mapping studies were performed as described by
Dhar et al. (5). Briefly, 2 X 10° to 10 X 10° nuclei were incubated with 0.5, 1, or
2 U of RQ1 DNase I (Promega, Madison, Wis.) for 10 min at 37°C, and the DNA
was purified by extraction with organic solvents and analyzed by Southern blot-
ting after digestion with EcoRI, using the lacZ coding sequence as a probe.

General DNase I sensitivity studies. Partially DNase I-digested genomic DNA
was obtained exactly as described above. DNase I sensitivity of the lacZ coding
sequence was then determined relative to the mouse B-globin major (B-major)
gene (DNase I-sensitive control) and to the Cy2b gene from the immunoglobulin
heavy-chain locus (DNase I-resistant control). The LacZ probe was a 2-kb Not 1
fragment from plasmid pCMVbeta (Clontech, Palo Alto, Calif.) that contains the
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lacZ coding sequence. The B-major probe was a 0.45-kb Sau3A/Xbal fragment
located just 3’ of the B-major gene coding sequence (fragment E in reference 25).
The immunoglobulin heavy-chain region probe was a 1.4-kb fragment located 5’
of the Cy2b gene (pBR 1.4 probe in reference 33). The probes were used either
sequentially or simultaneously. Similar results were obtained in both cases. The
intensity of each band was quantified on a phosphorimager. At least two inde-
pendent series of DNase I digests were performed for each cell line tested.

Cell cycle analysis. Cells were separated according to size by centrifugal
elutriations as described elsewhere (2) except that the cells were not labeled with
bromodeoxyuridine. Briefly, 10® exponentially growing MEL cells were resus-
pended in 20 ml of Hanks’ medium containing 5% fetal bovine serum and loaded
into an elutriation rotor spinning at 2,000 rpm, and cells of increasing sizes were
incrementally recovered by collecting 50-ml fractions after the flow rate of the
peristaltic pump was increased by a fixed amount. The quality of the separation
was monitored by FACS by measuring the DNA content of citrate nuclei with the
help of propidium iodide by the procedure of Krishan (32).

B-Gal half-life. MEL cells containing cassette 234 at RLI (1) were incubated
with either cycloheximide (20 or 60 pg/ml) or actinomycin D (5 or 30 wg/ml) (11,
12, 27, 30, 42), aliquots were taken every 2 h, and LacZ expression was evaluated
by chemiluminescence on protein extract as described elsewhere (1). For both
drugs, similar kinetics of B-Gal decay were obtained with both concentrations
tested. All experiments were performed in duplicate. Both drugs totally blocked
cell division at both concentrations tested, since no increase in cell number was
detectable at any point after addition of the drug.

RESULTS

We previously reported (1) that when two genes are cointe-
grated at RL1 (cassette 234Neo [Fig. 1a and reference 1]), one
of the genes can be expressed in all cells whereas the other
displays mosaic expression patterns. This observation con-
trasted with clonally inherited PEVs observed in Drosophila
and with silencing of globin regulatory elements in transgenic
mice, since these phenomena often involve silencing of a large
chromatin region (28, 50a) and a closed chromatin conforma-
tion (16). To investigate the differences between PEV and the
mosaic expression patterns at RL1, we have assessed the mode
of epigenetic inheritance and the long-term stability of expres-
sion at RLI.

Mosaic expression patterns are stable. The stability of ex-
pression of cassettes 2, 3, 234, and 234Neo (Fig. 1a) inserted at
RLI was assessed by monitoring the proportion of cells ex-
pressing B-globZ via FACS-Gal, a highly sensitive method to
detect B-Gal activity in single cells (10). For each of the four
cassettes, three independently derived clones were studied. A
total of 12 clones were therefore studied. As shown in Fig. 1b,
the percentages of expressing cells characteristic of each cas-
sette did not vary significantly over a period of 4 months. To
confirm these results a different set of 12 subclones was stud-
ied. Similar results were obtained, except that one of the three
clones containing cassette 2 was subject to gradual extinction
and one of the three clones containing cassette 234Neo was
subject to gradual activation (data not shown). In summary, 22
of the 24 clones studied exhibited mosaic expression patterns
that were stable for at least 200 cell cycles and that were
specific for the enhancer present at the locus.

Mosaic expression patterns result from oscillation of ex-
pression. The mode of epigenetic inheritance of B-globZ ex-
pression at RLI was then assessed by sorting expressing and
nonexpressing cells and by monitoring the two sorted popula-
tions by FACS-Gal (Fig. 2a). We tested cells with cassettes 2,
3, and 234Neo at RLI and a 1:1 mixture of control 100%
negative cells (PGK-HYG at RLI) and control 100% positive
cells (cassette 234 at RLI [1]). For all cassettes tested, popu-
lations of cells that were over 99% either expressing or non-
expressing returned to the mosaic expression pattern of the
unsorted populations within a few days. This finding demon-
strates that these mosaic expression patterns are not clonally
inherited and that expression at RL1 is dynamically regulated:
active RLI loci are constantly being inactivated, and inactive
RL1 loci are constantly being activated.
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FIG. 2. Mosaic expression patterns are caused by oscillations between activation and inactivation of the B-globZ gene. (a) Demonstration of oscillation by flow
cytometry. Cells with cassettes 2 and 234Neo at RLI, as well as an artificial mixture of 100% negative cells and 100% positive cells, were sorted into populations of
cells >99% negative and >99% positive for B-globZ expression and were monitored by FACS-Gal. In the case of cassettes 2 and 234Neo, the unsorted populations
remained unchanged, while both the negative and positive populations returned to mosaic expression patterns similar to those of their parental populations within a
few days, suggesting that expression of the B-globZ gene oscillates between activation and inactivation. (b) Demonstration of oscillations by subcloning. Subclones of
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In the case of the mixture of controls, the proportion of
positive cells in the unsorted mixture declines gradually to
almost zero because this particular negative control grows
faster than the positive control. Because of the imperfections
of the sorting procedure, this growth advantage led to a grad-
ual increase in the proportion of B-globZ-negative cells in the
positive population. In contrast to the situation with cassette 2
or 234Neo at RL1, however, the negative population remained
100% negative. This graphically illustrates that the results ob-
served with cassettes 2, 3, and 234 cannot be caused by differ-
ential growth rates of the B-Gal-positive and -negative cells.

To confirm the existence of the oscillations, subclones were
generated, expanded, and monitored by FACS-Gal for 2
months (Fig. 2b). Almost all of the subclones with cassette 0, 2,
3, or 234Neo integrated at RLI exhibited mosaic expression
patterns similar to those of their parental cell populations. This
finding definitively establishes that the mosaic expression pat-
terns at RL1 are caused by oscillations since the progenies of
individual cells are mixed populations of expressing and non-
expressing cells.

To assess the generality of transcriptional oscillations, cas-
sette 3 was introduced by RMCE at a second random locus in
MEL cells (RL3), and expression and epigenetic inheritance
were analyzed. FACS-Gal analysis on four clones with a single
copy of cassette 3 at RL3 revealed that 40 to 60% of the cells
were expressing LacZ, suggesting that RL3 was more permis-
sive for expression than RLI since when the same cassette is
integrated at the latter locus, only 2 to 4% of the cells express
LacZ. To determine if the mosaic expression patterns at RL3
were caused by transcriptional oscillations, we derived eight
subclones from each of the four clones containing cassette 3
integrated at RL3 and evaluated expression by FACS. All 32
subclones thus analyzed exhibited mosaic expression patterns
similar to those of the parental clones (Fig. 2c). Since each of
the subclones originated from a single cell, we concluded that
the mosaic expression at RL3 was caused by oscillations similar
to the ones at RLI.

To better interpret these results, we measured the half-life
of B-Gal as described in Materials and Methods. After inhibi-
tion of protein synthesis, the calculated half-life of B-Gal was
about 9 + 2 h. After inhibition of transcription, the calculated
half-life was 11 + 2 h. Since this half-life is about as long as a
MEL cell cycle, it follows that many cell divisions must be
required for a B-Gal-positive cell to turn FACS-Gal negative
(after the gene has been switched off). Oscillations between
activation and inactivation are therefore less frequent than
once per cell cycle, since otherwise all of the cells would appear
to be expressing at all times.

HS2 and HS3 are formed whether the RLI locus is tran-
scriptionally active or inactive. Active globin genes reside in
open chromatin domains characterized by early replication,
DNase I sensitivity, hypomethylation, and histone hyperacety-
lation. In contrast, inactive globin genes in nonerythroid cells,
or in erythroid cells with an LCR deletion, reside in closed
chromatin domains characterized by late replication, DNase I
resistance, hypermethylation, and hypoacetylation (13, 21, 23).
The oscillations described here could occur either between the
open and closed chromatin structures defined above or be-
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tween two different states of active chromatin. To address this
question, cells with cassette 2 at RLI were sorted into express-
ing and nonexpressing populations, nuclei were extracted, and
the presence of HS2 was assessed by limited DNase I digestion
of the nuclei (Fig. 3A). We found that HS2 was present in both
the expressing and nonexpressing cells. Interestingly, an addi-
tional HS mapping at the promoter was detected in the sorted
expressing cells but not in the sorted nonexpressing cells. HS
mapping was also performed with unsorted cells containing
HS3 at RLI. This revealed that HS3 formed at this locus in a
significant proportion of the cells (Fig. 3B). Since less than 3%
of the cells containing this enhancer express the lacZ gene, we
conclude that HS3 also forms in nonexpressing cells.

General DNase I sensitivity. To determine if the chromatin
at the RLI locus is more sensitive to DNase I when LacZ is
expressed than when it is silent, we partially digested nuclei
from expressing and nonexpressing sorted populations of cells
with HS2 at RLI with increasing concentrations of DNase I
and extracted genomic DNA. After digestion with BamHI, the
genomic DNA was hybridized with three probes that we had
previously shown to be devoid of any detectable HS (data not
shown): (i) a fragment of the lacZ coding sequence, (ii) a
fragment of the B-major gene (which is known to be accessible
to DNase I in MEL cells), and (iii) a fragment of the Cy2b
gene of the immunoglobulin heavy-chain locus (which is tran-
scriptionally silent in MEL cells and therefore presumably in a
chromatin region that is less accessible to DNase I). As ex-
pected, the B-major fragment faded out with lower DNase I
concentrations than the immunoglobulin fragment, demon-
strating that in these cells, the chromatin at the 8-globin locus
is more accessible to DNase I than the chromatin at the im-
munoglobulin locus. For all three cell populations tested (sort-
ed expressing, sorted nonexpressing, and unsorted), the frag-
ment containing the lacZ coding sequences was at least as
accessible to DNase I as the B-major fragment (Fig. 4A).
Similar experiments with unsorted cells containing HS3 inte-
grated at RLI revealed that in this case also, the lacZ se-
quences were as accessible to DNase I as the B-major region
(Fig. 4B). Since when cassette 3 is at RL1 only a few percent of
the cells are expressing, this result suggests that in the presence
of HS3, the locus is accessible to DNase I, whether or not it is
transcribed.

TSA progressively eliminates the oscillations. A possible
role of histone acetylation in the generation of oscillations was
investigated by using TSA, a potent and specific inhibitor of
histone deacetylase (52). Since TSA is a known inducer of
MEL cell differentiation (53) and since we had previously
shown that oscillations at RL! are eliminated when MEL cells
differentiate (1), an evaluation of a potential effect of TSA
directly on the RLI locus, rather than through differentiation,
required finding concentrations of TSA that do not induce
differentiation. To find such concentrations, dose-response ex-
periments were performed by incubating MEL cells with in-
creasing amounts of TSA, or with 2% DMSO, for 6 days (Fig.
5a). This revealed that concentrations below 20 nM do not
induce differentiation of our MEL cell strain. Further experi-
ments revealed that even after a 2-month-long incubation of
MEL cells in 5 or 10 nM TSA, the percentage of benzidine-

cells with cassettes 0, 2, 3, and 234Neo at RLI were monitored by FACS-Gal for up to 40 days. Black bars represent percentages of cells expressing B-globZ before
subcloning; white bars represent percentages of cells expressing B-globZ 17, 24, or 39 days after subcloning for each of eight subclones (A to H). Almost all of the
subclones displayed mosaic expression patterns similar to those of the parental populations, demonstrating the existence of oscillations. (c) Oscillations at RL3. Cassette
3 was inserted by RMCE at RL3. Subclones were then generated from four independent clones, and expression was analyzed by FACS-Gal. As at RLI, the progeny
of individual cells display mosaic expression patterns demonstrating that the cells oscillate between activation and inactivation at this locus too. P, parental clones; a

to h, eight independent subclones.
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FIG. 3. HS mapping. (A) HS2. Cells with HS2 integrated at RLI were sorted
into expressing and nonexpressing populations, and formation of HS2 was as-
sessed by limited DNase I digestion and hybridization of EcoRI-digested
genomic DNA with a lacZ coding sequence probe. HS2 was found in both
expressing and nonexpressing cells. A second HS that maps at the promoter was
present in the expressing cells. For the assay on the right, cells with HS2 inte-
grated at RL1 were cultured in the presence of 5 nM TSA for 14 days, and DNase
T analysis was performed as described above. HS2 was still present after TSA
treatment. The promoter HS could also be detected. (B) HS3. Unsorted cells
with HS3 integrated at RLI were tested as described above before or after
treatment with TSA for 2 weeks. This assay revealed that HS3 forms in these cells
and that an additional HS mapping at the promoter is induced by TSA.

B-globZ

positive cells was always less than 2%. Concentrations of 5 and
10 nM were therefore chosen to test the effect of TSA on the
oscillations. At these concentrations, no cytotoxicity was ob-
served.

Cells with cassette 0, 2, 3, or 234Neo at RLI were grown in
the presence of 5 and 10 nM TSA for 2 weeks, and the pro-
portion of cells expressing LacZ was periodically monitored by
FACS-Gal. At the end of each experiment, all cells were
stained with benzidine to verify that differentiation had not
occurred. As shown in Fig. 5b and c, the mosaic expression
patterns were eliminated or greatly attenuated in the presence
of TSA, regardless of the cassette integrated at RLI. Slightly
faster kinetics of induction were observed when the cells were
incubated with 10 nM TSA (data not shown). Less than 2%
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benzidine-positive cells were observed after the 2 weeks of
culture in 5 or 10 nM TSA.

To determine the effect of TSA at the chromatin level,
DNase I HS mapping and general DNase I sensitivity studies
were performed with cells grown in the presence of 5 nM TSA
for 2 to 4 weeks (Fig. 3 and 4). As expected, after TSA treat-
ment, HS2 and HS3 were still present. In both cases, an addi-
tional site mapping at the B-globin promoter could also be
detected. Presence of an HS at the promoter demonstrates that
TSA treatment affects expression at the transcriptional level.
Regardless of the enhancer present at RL1, the chromatin was
about as accessible to DNase I before and after treatment with
TSA.

To determine whether TSA activation of gene expression at
locus RL1 is direct or indirect, the minimum time required for
detection of an increase in the proportion of expressing cells
was determined. The response time was found to be 6 h when
5 or 10 nM TSA was used (Fig. 4B) and 1 to 3 h when 75 nM
TSA (data not shown) was used. While quite short, these
response times do not completely rule out that TSA activates
expression indirectly.

Activation by TSA requires passage through late G, or early
S. To determine if activation by TSA occurs throughout the
cell cycle or only at a particular stage, cells with cassette 2 at
RLI were fractionated into five cell cycle fractions (G, S;, S,,
S;, and G,/M) by centrifugal elutriation. Each fraction was
then cultured in the presence of 10 nM TSA, and the kinetics
of activation of B-globZ was monitored for about two cell cycles
(Fig. 6). When TSA was added to the G, fraction, the percent-
age of cells expressing B-globZ increased by 80% in 11 h and
doubled in 24 h. When TSA was added in G,/M, the response
was delayed: the percentage of expressing cells was almost
unchanged after 11 h and increased by 80% in 22 h. Results
with the S; to S; fractions were intermediate. Yoshida et al.
have reported that inhibition of histone deacetylation by TSA
can be detected after only 30 min of incubation (52). The delay
response to TSA that we observed is therefore best explained
by the hypothesis that histone hyperacetylation affects tran-
scription only after passage through late G, or more likely after
replication of the locus. The finding of an 80% increase in the
proportion of expressing cells after 11 h in the G, fraction
confirms that the response to TSA starts occurring after a
relatively short time.

These experiments also show that TSA significantly slows
the cell cycle: after 22 h, cells grown with TSA were several
hours behind cells grown without TSA (Fig. 6a).

DISCUSSION

Summary of the results. Expression at locus RLI is dynam-
ically regulated and oscillates at a rate set by the LCR frag-
ments present at the locus. In the presence of cassette 2 or 3 at
RL1, HS2 and HS3 can be detected whether the locus is ac-
tively transcribed or not. Similarly, in the presence of cassettes
2 and 3, the chromatin is accessible to DNase I whether the
locus is transcribed or not. Treatment with TSA progressively
eliminates the oscillations, but passage through late G, or early
S phase is required before TSA affects expression.

DNase I sensitivity studies. The chromatin of the human
B-globin gene locus is preferentially DNase I sensitive in ery-
throid cells (20, 22). Since this general DNase I sensitivity is
established prior to the onset of gene transcription and affects
active and inactive globin genes as well as nontranscribed
flanking sequences, the chromatin of the B-globin locus can
adopt at least three different conformations: a closed confor-
mation present in nonerythroid cells, a transcriptionally com-
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FIG. 4. General DNase I sensitivity. (A) HS2. Nuclei were incubated with increasing concentrations of DNase I, and genomic DNA was extracted, digested with
BamHI, and hybridized with three probes specific for the B-major gene (8™%; DNase I-sensitive control), the region 5’ of the Cy2b gene (DNase I-resistant control),
and the lacZ coding sequences. Representative autoradiograms obtained in assays using unsorted, sorted expressing, and sorted nonexpressing cells and cells treated
with 5 nM TSA for 2 weeks are shown. Intensities of each band were quantified by phosphorimaging. The plot below each autoradiogram represents the ratio of the
intensity of the LacZ band to the intensity of the Cy2b band (@) and the ratio of the intensity of the B-major band to the intensity of the Cy2b band (O) for each
concentration of DNase I used. All ratios were normalized to the value obtained when no DNase I was added. This study clearly demonstrated that in the presence
of cassette 2, the RLI locus is as sensitive to DNase I as the B-globin gene regardless of whether the gene is expressed and whether TSA was used. Ig, immunoglobulin.
(B) HS3. Unsorted cells (untreated or treated with 5 nM TSA for 2 weeks) containing HS3 at locus RLI were examined for general DNase I sensitivity as described
above. This assay revealed that in the presence of this HS too, the chromatin was as accessible to DNase I as the B-major gene.

petent conformation in immature erythroid cells that do not
transcribe the globin genes, and a transcribed conformation in
mature erythroid cells.

By analogy to the endogenous locus, transcriptional oscilla-

tions at RLI could be caused by oscillations between the tran-
scribed chromatin conformation and either the closed or tran-
scriptionally competent conformation. The findings that (i)
HS2 and HS3 are present in nontranscribing cells and (ii) the
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chromatin is in a conformation accessible to DNase I regard-
less of transcription clearly support the second alternative.
These cells should therefore prove useful as a model system to
study the structure of these different types of open chromatin.

The results also imply that at this locus, enhancers affect the
frequency of the transition from transcriptionally competent to
transcriptionally active chromatin rather than the transition
from closed chromatin to transcriptionally competent chroma-
tin since the proportion of expressing cells at RLI is dependent
on the HS. Recently, Reik et al. (40) deleted HS2, HS3, and
HS4 from the human B-globin endogenous locus by homolo-

gous recombination in DT40 cells and transferred the mutated
chromosome into MEL cells. This deletion was associated with
a complete inactivation of transcription of the locus. However,
the remaining sites, HS1 and HS5, were still formed, and the
chromatin of the locus remained preferentially DNase I sen-
sitive. The dissociation between transcription and chromatin
structure defined by sensitivity to DNase I is analogous to the
findings reported here. One explanation for this dissociation
would be that in MEL cells, the B-globin promoter itself has
the capacity to open up the chromatin.

The facts that the chromatin is sensitive to DNase I and that
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the HSs are present regardless of transcription also confirm
that the oscillations are distinct from PEV, since the latter type
of position effects is associated with a closed chromatin con-
formation (16).

Presence of an HS is believed to be due to a disrupted
nucleosome or to the presence of a nucleoprotein complex that
displaced the nucleosome (17). Our results clearly show that
the presence of such a complex on the enhancer is not suffi-
cient to activate transcription. The finding that when the cells
are actively transcribing an HS can also be detected at the
promoter suggests that during active transcription, nucleopro-
tein complexes are present at the enhancer and at the pro-
moter. Whether these two complexes interact via looping of
the intervening sequences or via some other mechanism is not
clear at this point. We cannot exclude that the nucleoprotein
complex present at HS2 when the cells are expressing is dif-
ferent from that present when they are silent.

The fact that when cassette 0 is at RL1, a small but clearly
detectable fraction of the cells are expressing suggests that
formation of the nucleoprotein complex at the promoter does
not require the presence of an LCR fragment. However, the
observation that the proportion of expressing cells depends on
the type of enhancer present at RLI suggests that enhancers
can affect the frequency at which the nucleoprotein complex
forms at the promoter.

Role of enhancers in the generation of oscillations. Previous
reports had suggested that in K562 cells, HS2 affects transcrip-
tion by decreasing the probability of permanent gene silencing,
a process that might be caused by progressive heterochroma-
tinization (49, 50). The oscillations in MEL cells are clearly
different from permanent gene silencing since they result from
dynamic activation and inactivation of the transcription unit.
Nevertheless, as discussed above, the data reported here also
suggest that enhancers affect the probability of expression.
However, in contrast with K562 cells, when expression ceases
to occur, the silencing is not permanent. Differences between
these two sets of results could be due to the use of different cell
lines, integration sites, regulatory elements, or experimental
strategies in the two studies.

Role of histone acetylation. Results of the TSA experiments
suggest that histone acetylation plays a role in the generation
of these oscillations. However, one cannot definitively con-
clude that the effect of TSA is direct because this compound
probably has global effects on chromatin structure.

A striking feature of activation by TSA is its progressivity
even when synchronized populations are tested. TSA does not
activate transcription at RLI in all cells at the same time but
rather increases the probability that a gene will be active after
each replication. Histone hyperacetylation after inhibition of
histone deacetylase with TSA is believed to occur rapidly (52).
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Therefore, the progressive activation of B-globZ in the pres-
ence of TSA cannot be explained by a slow increase in the
amount of hyperacetylated histones in the cells. This suggests
that TSA affects the transmission of the epigenetic modifica-
tions that are required for active transcription after each cell
cycle.

The finding that activation by TSA requires passage through
the late G, or early S phase of the cell cycle is also compatible
with a role of histone acetylation in the transmission of the
epigenetic modifications that are required for transcription.

Mechanism of generation of oscillations. Whether or not the
cells express the B-globZ gene, they have the same genomic
structure at locus RL1. By definition the oscillations are there-
fore caused by an epigenetic phenomenon. Two factors could
influence these oscillations: either the concentration of critical
transcription factors varies more or less randomly in the cells
or the fine chromatin structure of the locus differs in a semi-
inheritable manner in expressing versus nonexpressing cells.
As discussed by Struhl (45), several histone deacetylases and
histone acetyltransferases either are intrinsically part of the
polymerase II transcription machinery or are able to interact
with it. This complicates this classical distinction between
trans- and cis-acting factors because these recent observations
demonstrate that the chromatin structure is not a passive ma-
trix on which transcription is initiated but is modified by the
transcription machinery itself. Consequently, active transcrip-
tion and chromatin structure are inextricably linked.

In this context, the results obtained with TSA support mod-
els in which the establishment and/or the maintenance of an
active transcription unit depends on histone acetylation and its
inheritance after each replication. Since the rate of oscillation
is set by enhancers, these results also indirectly suggest that
one role of enhancers may be to act as nucleation sites for
histone acetyltransferases. Further studies are required to de-
cisively demonstrate these points.

Transcriptional oscillations might be quite frequent. The
observation of oscillations at both of the two random loci that
we tested (RLI and RL3) and the fact that oscillations might
account for the mosaic expression patterns observed in several
lymphocytic and fibroblastic cell lines (9, 29, 31, 39) suggest
that oscillations are not limited to one locus or to MEL cells.

Milot et al. (35) have observed “transcription timing” posi-
tion effects in transgenic mice containing cassettes driven by
mutated LCRs. These position effects were caused by the fact
that at any moment in time only a fraction of the erythroid cells
were transcribing the transgene (35). Although in these mice
all cells contained globin mRNA, this transcription pattern
might be related to the oscillations in MEL cells since a more
pronounced reduction in the frequency of transgene transcrip-
tion in these mice might result in mosaic expression patterns.
When HS234 is at RL1, all cells are expressing (Fig. 1a). This
could be due either to the lack of oscillation in the presence of
this larger enhancer or to the fact that in the presence of
HS234 the oscillations are so rapid that detectable amounts of
B-Gal remain in the cells between oscillations. If the latter
alternative is correct, the pattern of expression in these cells
would be similar to the one found for the transgenic lines with
transcription timing position effects described by Milot et al.

Possible biological consequences of the oscillations. Al-
though our results involve small regulatory elements artificially
introduced at random chromosomal sites, it is tempting to
speculate that expression of natural genes can also oscillate. A
recent report that transcription in primary muscle fibers is
pulsed demonstrates that this is indeed the case (36). Oscilla-
tions of expression of receptors, transcription factors, or other
regulatory proteins would have profound consequences for
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many biological phenomena. For instance, oscillations of genes
involved in the response to differentiation and proliferation
signals in stem cells could explain the stochastic behaviors
observed during hematopoiesis (37, 46): complex cycles of in-
activation and activation of cytokine receptors could sponta-
neously and reversibly produce daughter cells with different
levels of sensitivity to cytokines and therefore produce appar-
ently stochastic differentiation patterns. More generally, oscil-
lations of expression could be the molecular mechanism of the
heterogeneity and apparent randomness of the response of
numerous biological systems to endogenous or exogenous sig-
naling molecules.

Finally, these findings have important implications for gene
therapy, since extinction of provirus (43) and integrated adeno-
associated virus sequences (4) is a common problem. Extinc-
tions of adeno-associated virus sequences are reversible by
treatment with TSA (4) and therefore might be caused by
unregulated oscillations. Overcoming these extinctions will re-
quire a better understanding of the cause and role of oscilla-
tions.
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