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Transcriptional Behavior of LCR Enhancer Elements Integrated at the Same
Chromosomal Locus by Recombinase-Mediated Cassette Exchange

By Eric E. Bouhassira, Karen Westerman, and Philippe Leboulch

Efficient integration of transgenes at preselected chromo- hemin or DMSO show that the presence of these enhancers
is associated with variegated patterns of expression. Wesomal locations was achieved in mammalian cells by recom-

binase-mediated-cassette-exchange (RMCE), a novel proce- were able to show that the LCR fragments tested act by
controlling both the probability of expression and the rate ofdure that makes use of the CRE recombinase together with

Lox sites bearing different spacer regions. We have applied transcription of the linked b-globin promoter. Both of these
factors were also dependent on the state of differentiationRMCE to the study of the human b-globin gene Locus Con-

trol Region by integrating at the same genetic locus in MEL of the MELc and on the presence of a second transcription
unit located in cis. The ability to manipulate by RMCE con-cells, a LacZ gene driven by the human b-globin promoter

linked to HS2 and HS3 alone or in combination with HS4. structs integrated into chromosomes should help in the cre-
ation of complex, rationally designed, artificial genetic loci.Expression studies at the cell population level and in individ-

ual cells before and after induction of differentiation with 1997 by The American Society of Hematology.

I the lack of control over the transgene integration process has
been a major hurdle for the study of the regulation of gene

T IS WELL ESTABLISHED that the regulation of gene
expression in higher eukaryotes is affected by chromatin

structure. Therefore, it is important to study cis-acting ele- expression.
ments that regulate gene expression in relation to the chro- We have developed a new method, termed Recombinase
mosomal context in which they are located. Mediated Cassette Exchange (RMCE), that eliminates these

Most techniques to permanently introduce a DNA frag- problems. RMCE is based on the CRE site-specific recombi-
ment into cells result in integration of multiple copies of the nase combined with mutated Lox sites, and allows integra-
transgenes at one, or a few, random chromosomal locations.1 tion of a unique copy of a transgene, at a predetermined
In addition, because of the low frequency of chromosomal chromosomal locus.
integrations after transfection, studies of nonselectable trans- We have used this new approach to study the enhancer
genes require cotransfection with a selectable gene. The cells function in mouse erythroleukemia cells (MELc) of the
produced by a typical transfection experiment therefore con- Dnase I hyper sensitive sites (HS) constituting the human b-
tain one to several hundred copies of transgenes, cointegrated globin Locus Control Region (LCR). The LCR is the major
with an unknown number of copies of selectable gene, at regulatory element of the five developmentally regulated b-
unknown chromosomal locations. globin genes. It is composed of five developmentally stable

Comparisons between such transfections are difficult be- Dnase I hypersensitive sites (HS), termed HS 1 to 5, that
cause the level of expression of the transgene depends on are located upstream of the e-gene.2-4 Studies of naturally
the number of integrated copies and the locus of integration, occurring deletions have shown that the LCR is crucial for
and because the multiple integrated copies of transgene and the regulation of the b-globin locus, because in its absence,
selectable marker interact with each other in complex and the locus is late replicating, DnaseI resistant, and transcrip-
unpredictable ways. Although these problems can be miti- tionally silent.5

gated by comparing pools of subclones, or by analyzing by Grosveld et al6 and others have performed experiments in
Southern blots the array of copies in independent subclones, transgenic mice suggesting that the LCR differ from other

enhancers because it appears to have a dominant chromatin
opening activity that suppresses position-effects. Analysis of
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HS3, alone or in combination with HS4, as a model for the FLP Expression Vector
study of the role of enhancers integrated into chromosomes. Plasmid POG 44 containing the FLP recombinase coding sequence

Two models have been proposed to explain the increased driven by the CMV promoter was obtained from Stratagene (La
levels of expression observed in the presence of enhancers. Jolla, CA).
In the classical model, enhancers form complexes with pro-
moters via looping of the intervening DNA and increase CRE Expression Vector
the rate of transcription. In situ hybridization studies have Three CRE expression plasmids (pSSR73, pBS185, and pCAG-
suggested that higher rate of transcription could be caused CRE) were used interchangeably at various times during the study:
by an increase in the frequency of interaction between the The CRE coding sequence is driven by the RSV promoter in pSSR73
LCR and the promoters of the globin genes rather than by (described in ref 21), by the cytomegalovirus (CMV) promoter in

pBS185 (Life Technologies, Gaithersburg, MD) and by the chickenan increase in the density of polymerase per promoter.14 The
acting promoter in pCAG-CRE (a generous gift of Dr P. Vassilli,second model is based on the premise that enhancers act by
Geneva, Switzerland).establishing a permissive chromatin structure and affect the

probability of expression within a given cell rather than the
GFP Expression Plasmidrate of transcription.15-18 According to this model, rates of

Plasmid pEGFP-N1 was obtained from Clontech.transcription are set primarily by the promoter, the cellular
environment, and by long-range chromatin effects, while

Cell Cultureenhancers act by suppressing or preventing silencing, and
have little or no effect on the rate of transcription. MEL cells (clone 745) were grown in Dulbecco’s modified Ea-

We report here that we have inserted by RMCE five differ- gle’s medium (DME) containing 10% fetal calf serum, penicillin,
streptomycin, and fungizone. Hemin induction was performed byent expression cassettes at a given chromosomal locus that
seeding 3 1 104 cells/mL in the above medium containing 75 mmol/was initially tagged by random integration of a single copy
L of hemin and culturing the cells for 4 days at 37 C. Dimethylof a Hygromycin resistance gene flanked by appropriate Lox
sulfoxide (DMSO) inductions were performed by seeding 3 1 104/sites. Subsequent expression studies showed that various
mL cells in above medium plus 2% DMSO and culturing the cellsLCR derivatives affect both the rate of transcription and the
for 8 days at 37 C. Induction of 99% to 100% of the cells was

probability of expression when they were linked to the hu-
routinely obtained after DMSO induction (monitored by performing

man b-globin gene promoter. 2-7 diamino-fluorene staining22). The level of induction after culture
in the presence of hemin could not be monitored the same way

MATERIALS AND METHODS because hemin interferes with the assay. G418 and hygromycin were
added at a concentration of 1 mg/mL when appropriate.

Plasmids
Electroporation

Construction of the plasmids used in this study was based on
Electroporation was performed as follows: 3 to 4 1 106 cellsconventional techniques.19 Detailed sequence information on all the

resuspended in 400 mL of serum-containing medium, were mixedplasmids developed for this study is available upon request.
with DNA dissolved in PBS, incubated 5 minutes at room tempera-
ture, and electroporated at 230 V and 1,100 mF in a Cell-PoratorpL1PL2
(BRL, Bethesda, MD). Integrations at random loci were performed

The MC promoter was derived from an Xho I/Pst I fragment of with 10 mg of DNA. RMCE were performed using 200 mg of the
pMCNeopA (Stratagene, La Jolla, CA). The L1 and L2 site were plasmid containing the cassette to be inserted and 50 mg of the
synthetic DNA fragments that were attached to the MC promoter CRE expression plasmid. Reducing the amount of DNA severely
by PCR. decreased the efficiency of RMCE.

pL1HYGL2 Excision of MCNeo
The Neo coding sequence was derived from pMCNeopA. The

Subclones used to performed the excision experiments were pas-
PGK-HYG gene was a generous gift of Dr R. Kucherlapathy (Albert

saged twice in G418 48 hours before the transfection. Excision of
Einstein College of Medicine, Bronx, NY). The FRT sequences

MCNeo was performed by transfection of 3 1 106 cells with 200
present in this and several other plasmids were synthetic oligonucle-

mg of pOG 44 (an FLP recombinase expression plasmid) and 10 mg
otides.

of pEGFP-N1 (a green fluorescent protein [GFP] expression plas-
mid). The 0.25% to 0.35% of cells expressing the most GFP (and

Cassettes 0, 2, 3, and 234 presumably the most FLP) were then sorted into two 96-well plates
at a density of 4 cells/well using a Becton Dickinson Flow cytometerHS 2, 3 and 4 were generated from the LAR-bs construct of

Forrester et al.20 The HS2 fragment contains sequences from position (Becton Dickinson, San Jose, CA). To improve survival, the cells
were sorted in wells containing 50% medium conditioned by MEL7764 to 9172 of genbank file HUMHBB; the HS3 fragment

HUMHBB coordinates are 4273-5122; the HS234 fragment con- cells and 50% fresh medium. After incubation for a week at 37 C,
25 to 120 (average 55 { 25) independent colonies derived fromtained the two above fragments plus an HS4 fragment (HUMHBB

coordinates: 951-2199). The b-globin promoter fragment included cells transiently transfected with high levels of FLP recombinase
were recovered. Each of these colonies was then tested for loss ofsequences 0374 to /44 relative to the cap site. The LacZ fragment

was derived from plasmid pCMVbeta (Clontech, Palo Alto, CA) the MCNeo gene by culture in the presence of 1 mg/mL of G418:
between 2 and 25 colonies (average 5.7 { 7) from each sortingand contains an SV40-derived intron, the Escherichia coli LacZ

sequence (fused to the ATG of the drosophila ADH gene) and an experiment had lost G418 resistance. FLP-mediated excision of the
MCNeo gene was then confirmed on these subclones by SouthernSV40 derived poly-adenylation signal.
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blotting using a probe derived from cassette 0 containing region chromosome. However, because the recombination reactions
0374 to /40 of the human b-globin promoter. are reversible, these integrations are unstable because the

plasmid can re-excise itself. Since integrations are inter-mo-
LacZ Detection lecular events while excisions are intra-molecular events,

Chemiluminescence detections of b-GlobZ were performed using excisions are strongly favored. With this approach, site-spe-
the Galacto-light plus kit (Tropix, Bedford, MA). The crude cell cific chromosomal integrations are therefore feasible (Fukus-
extracts were prepared at 4 C by rinsing 1.5 1 106 cells three times hige and Sauer et al24) but the efficiency is low because the
in phosphate-buffered saline (PBS), lysing them in 150 mL of lysis plasmid tends to pop out of the integration site.
solution (100 mmol/L potassium phosphate, 0.2% Triton X-100, and RMCE is a method that aims at eliminating the re-excision
100 mg/mL of Pefabloc (Life Technologies) and eliminating the

problem by taking advantage of Lox sites mutated in their
debris by centrifugation (5 minutes at 10,000g). The extracts were

spacer regions (Fig 1A). Such mutated Lox sites recombinestored at 070 C. The assays were performed in triplicate as recom-
readily with themselves but not with wild-type sites, or sitesmended by the manufacturer (using the extracts as is or diluted 8
bearing different mutations.25 As described in Fig 1B, onetimes as required to stay in the linear range of the assay). For each
can introduce a single copy of a cassette (cassette 1) flankedclone analyzed in this study, at least two different extracts made

from two different cultures were tested. To compensate for tempera- by two mutually incompatible Lox sites (L1 and L2) into
ture and reaction timing variations on assays performed on different a chromosome by random integration, and then exchange
days the results were normalized to a control solution of purified b- cassette 1 by another cassette (cassette 2). This exchange is
galactosidase (final concentration of 1 pg/reaction). These corrected a two-step process. In the first step of RMCE, a plasmid
luminometer values were further normalized to the total amount of containing cassette 2 flanked by L1 and L2 is cotransfected
protein per extract as determined with the BioRad protein assay

with a CRE expression plasmid into the cells containing
(performed in duplicate). During the differentiation process the

cassette 1. This results in the integration of the plasmidamount of protein per cell varies; to take this into account the results
containing cassette 2 into cassette 1 because of an intermo-were also normalized as follows: Multiple determinations of protein
lecular recombination between either the two L1 or the twoconcentration of extract made from carefully counted cells showed
L2 sites. In the presence of CRE, however, these integrationsthat the average protein content/cell was 1.13-fold higher after hemin

induction and 0.57-fold lower after DMSO induction. Results from are unstable and lead with a high frequency to secondary
hemin-induced and DMSO-induced were therefore multiplied by intra-molecular reactions between L1 or L2. These second-
these numbers. ary reactions recreate either the starting locus, or, more inter-

estingly, lead to the exchange of cassette 1 with cassette 2.
Fluorescence-Activated Cell Sorter (FACS)-gal Analysis Because L1 and L2 are mutually incompatible, these ex-

The assays were performed exactly as described by Fiering et al23 changes are stable even in the presence of recombinase.
on a FACSCAN flow-cytometer (Becton Dickinson) and the Lysis We have shown the feasibility of inserting cassettes by
II software package (Becton Dickinson). At least two negative con- RMCE into predetermined chromosome locations in MEL
trols were used in each experiment. cells (MELc) using plasmids pL1HYGL2 and pL1PL2 (Fig

2A), two plasmids that form a ‘‘plug-and-socket’’ system
RESULTS that can trap RMCE reactions very efficiently. Plasmid

The experimental goal of these studies was to compare pL1HYGL2 contains a ‘‘socket’’ made of the coding and
several expression cassettes containing various LCR deriva- poly-adenylation sequences of the MCNeo gene, and an
tives without the complications that are typically associated RMCE cassette composed of the hygromycin resistance gene
with multicopy integrations and with site of integration-in- flanked by L1 and L2. Plasmid pL1PL2, the ‘‘plug,’’ con-
duced position effects. To achieve this goal we have devised tains the MC promoter flanked by L1 and L2. Neither
a new method termed RMCE that allows the exchange of a pL1HYGL2 nor pL1PL2 alone confers resistance to G418,
chromosomal cassette flanked by mutated Lox sites with a but if the plug is inserted into the socket by RMCE, the
cassette carried by a transfected plasmid. Using conventional MCNeo gene that confers resistance to G418 is reconstituted.
transfection techniques and Southern blot to assess the num- Chromosomal loci containing the RMCE cassette and the
ber of integrated copy, we have introduced at a random socket were produced by random integration of a 3.8-kb
chromosomal location, a single copy of a cassette containing fragment of pL1HYGL2 (Fig 2, step 1). The number of
mutated Lox sites, and we have used RMCE to integrate a integrated copies of pL1HYGL2 was then determined by
unique copy of each cassette that we wanted to study at that Southern blot (data not shown) and two single-copy clones
particular chromosomal location. were selected for use as recipient cells. The two random

integration loci were termed RL 1 and RL 2. Culture of cells
Development of RMCE hemizygous for L1HYGL2 at RL 1 and 2 in G418-containing

medium showed that the presence of the socket did not con-Chromosomal integrations can be performed using the
fer G418 resistance. Control transfections with eitherCRE enzyme, a site-specific recombinase that catalyzes re-
pL1PL2 or the CRE expression plasmid alone produced 0combinations between short DNA sequences termed Lox
or 1 G418-resistant colonies. This demonstrated that in thissites. The simplest way to integrate a plasmid into a chromo-
experimental system, very few G418-resistant colonies cansome using CRE is to transfect cells that contain a Lox site
be generated without all the necessary components forpre-integrated on a chromosome, with a plasmid containing
RMCE. We then transfected 3 1 106 cells hemizygous forthe same Lox site. In the presence of CRE, the two Lox

sites will recombine and the plasmid will integrate into the L1HYGL2 at RL 1 and RL 2 with plasmid pL1PL2 and a
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Fig 1. RMCE. (A) Structure of a Lox Site: Lox sites are 34-bp double-stranded DNA fragments composed of two inverted binding sites for
the CRE recombinase flanking an 8-bp spacer. The exact sequence of the spacer is not crucial for the recombination to occur, but the spacer
sequence must be the same for two Lox sites to recombine.25 By introducing mutation in the spacer region, one can therefore create mutually
incompatible Lox sites, that is, Lox sites that will recombine with themselves but not with each other. On the two last lines of the figure, the
sequences of L1 and L2, the two mutually incompatible sites used in this study, are depicted. L1 and L2 differ by a G r A mutation at position
"3 of their spacer regions. (B) Principle of RMCE: RMCE is a method that allows the exchange of a cassette located on a chromosome (cassette
1) by a cassette located on a plasmid (cassette 2). To perform RMCE a single-copy of cassette 1 flanked by L1 and L2 is placed on a chromosome
by random integration (or by homologous recombination). A plasmid containing cassette 2 flanked by L1 and L2 is then cotransfected with a
CRE expression plasmid in cells containing cassette 1. After the transfection, two reactions can occur (step 1): either the two L1 sites recombine
or the two L2 sites recombine leading in either cases to integration of the plasmid carrying cassette 2 in the chromosome. If the L1 sites
recombine leading in either cases to integration of the plasmid carrying cassette 2 in the chromosome. If the L1 sites recombine the structure
on the left-hand side of the figure is obtained. If the L2 sites recombine the structure on the right-hand side of the figure is obtained. However,
these structures are not the final outcome of the reaction because two L1 and L2 sites are now present in cis on the chromosome and can
recombine at high efficiency (see text). These secondary recombinations (step 2) lead either to re-excision of the plasmid carrying cassette 2
or to the exchange of cassette 1 by cassette 2. When an insertion occur, it is stable because L1 and L2 cannot recombine with each other.
Cassette 2 is therefore locked into the chromosome. The products of step 2 are also substrates for RMCE, the final proportion of exchanges
versus re-excisions therefore depends on the number of copies of plasmid introduced in the cells. Theoretically, the equilibrium between
exchange and re-excision can be tilted toward exchange by introducing large number of plasmid molecules in the cells. The thick lines represent
chromosomal sequences. The double line plasmidic sequences. CAS1, cassette 1; CAS2, cassette 2. ‘‘X’’ symbolize CRE-mediated recombination.

CRE recombinase expression plasmid. Approximately 5,000 To verify that RMCE, and not some unforeseen mecha-
nisms, had reactivated the Neo coding sequence, we testedG418-resistant clones were obtained in each transfection.

This suggested that RMCE had occurred, because the most the G418 resistant cells for loss of hygromycin resistance.
All of 24 RL 1 and RL 2 independent G418-resistant cloneslikely explanation for the large number of G418-resistant

clones obtained was that the MCNeo gene26 had been recon- tested had lost hygromycin resistance. Plating of pools of
1,000 G418-resistant cells showed that more than 99% ofstituted by an exchange of the PGKHYG gene with the MC

promoter (insertion of the plug into the socket, Fig 2A, step the cells had lost hygromycin resistance, suggesting that the
overwhelming majority of the G418-resistant clones had ac-2). Because 30% to 70% of the cells die during our electro-

poration procedure, about 1 in 200 to 1 in 500 surviving cells quired G418 resistance by RMCE.
To definitely establish that we had successfully performedhad been converted to G418 resistance by CRE-mediated

insertion. RMCE, we extracted genomic DNA from the pools tested
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above and performed Southern blots. Digestions with Cla I/
HindIII and Xho I showed that RMCE had taken place at
RL1 and RL2 (data not shown). Taken together, these data
show the feasibility and high efficiency of RMCE.

Application of RMCE to the Study of the LCR

Experimental strategy. The experimental strategy is de-
picted in Fig 2. Five cassettes were studied: cassette 0 con-
tains the b-globZ reporter gene and no enhancer; cassettes
2, 3, and 234 contain the b-globZ gene linked, respectively,
to HS2, HS3, and a fragment containing HS2, 3, and 4.
Hypersensitive sites in cassettes 2, 3, and 234 are in their
natural orientations, relative to the b-globin promoter. Cas-
sette 234o2 contains the same LCR fragment than cassette
234 but inserted in the reverse orientation. These three en-
hancers were chosen because although the HSs of the LCR
are thought to act in concert at their natural location, they
are among the strongest enhancers active in erythroid cells
even when acting alone. HS2 and 3 were tested individually,
because it has been suggested that they might differ in their
mechanisms of action since both the human and murine HS3
are active only when integrated into chromatin27-29 while
HS2 is also active in transient transfection assays. Cassette
234 was chosen as an example of a DNA fragment that
possesses most of the enhancer activity of the full LCR.20

Cassettes 0, 2, 3, 234, and 234o2, cloned 5 of the MC
promoter in plasmid pL1PL2, were integrated by RMCE at
locus RL 1 using the plug-and-socket system described in
the previous section (Fig 2, step 2). This selection scheme
was chosen over simpler systems in which the selectable

Fig 2. Experimental strategy. (A) Step 1: To introduce targets for gene is also the reporter gene, because it allows the study
RMCE, we transfected the insert of plasmid pL1HYGL2 into MELc,

of cassettes containing no enhancer or enhancers too weakand identified clones with single integrated copies by Southern blots.
to drive a selectable gene.Two such clones were obtained; the insertion sites were termed

Random Locus 1 and 2 (RL1 and RL2). These cells were hygromycin After the cassette exchange, the MCNeo gene was excised
(Hyg) resistant but G418 sensitive because the Neo coding sequence using FLP recombination target (FRT) sites that had been
(the socket, see text) lacks a promoter. Step 2: RMCE at RL1 and 2 incorporated at appropriate locations in plasmid pL1HYGL2were performed by cotransfecting a CRE expression plasmid, and

and pL1PL2 (Fig 2, step 3). This step was included to elimi-plasmid pL1PL2 or its derivatives. Exchange of the PGK-HYG gene
nate potential interactions between MCNeo and the LCR-by the DNA fragment flanked by the L1 and L2 site in plasmid pL1PL2

and derivatives results in insertion of cassette X and in the reconstitu- containing cassette. At the end of this procedure, each cas-
tion of the MCNeo gene. Therefore, MELc having undergone RMCE sette was therefore integrated at RL1, in the absence of any
can be selected for in G418. The cells also loose Hyg resistance. Initial

vector sequences or selectable gene.experiments to demonstrate the feasibility of RMCE were performed
b-globZ expression was then determined at the individualat the RL1 and RL2 loci using plasmid pL1PL2 (cassette X ! nothing).

Insertions with pL1PL2 derivatives (cassette X ! cassettes 0, 2, 3 or cell level using the FACS-GAL procedure,23 and at the cell
234 [see B]) were only performed at RL1. Step 3: After step 2, the population level by chemiluminescence on lysates of whole
reconstituted MCNeo gene is flanked by FLP Recognition Target (F) cell populations. The average level of expression per activesites. It can therefore be excised by transient expression of an FLP

cell was then calculated by multiplying the proportion ofexpression plasmid. Because FLP-mediated excisions are rare events,
expressing cells (derived from the FACS-GAL analysis) bya GFP plasmid was cotransfected and used to enrich in cells having

been transfected. At the end of step 3 the only remaining plasmid the level of b-globZ expression in the whole cell population
sequences are therefore short FRT and L1 sequences flanking cas- (derived from the chemiluminescence assay). This procedure
sette X. (B) Cassettes 0, 2, 3, and 234 are represented by the ‘‘cassette

was necessary because direct quantification of the level ofX’’ box in (B) HS 2, 3, and 4 were generated from the LAR-bs construct
b-gal expression per cells by FACS-GAL was not possible,of Forrester et al20 (see Materials and Methods). The b-globin pro-

moter is represented by the ‘‘b-G’’ box in the diagram. The LacZ because, in many samples, the fluorescein-di-galactopyrano-
fragment contains an SV40-derived intron, the E coli LacZ sequence, side (FDG) substrate was in limiting quantity in the cells.
and an SV40 derived poly-adenylation signal. All cassettes were in- Like most permanent cell lines, MELc have a somewhatserted with the promoter of the b-globin gene facing away from the

unstable karyotype. Since subcloning could result in chromo-MC promoter (see Figs 4C and 5C).
some loss that could affect gene expression, we attempted
to minimized the extent of these clonal variations by study-
ing pools: For each cassette, excisions of the MCNeo gene
after RMCE (Fig 2, step 3) were performed on two indepen-
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dent subclones (subclones A and B), and all the subclones tive cells. Excisions were verified by Southern blots (Fig
3D).of subclones A or B that tested positive for excision of the

MCNeo gene (DNeo subclones) were pooled. This yielded
Expression Studiestwo independent pools of DNeo subclones (pool A and B)

for each cassette. Expression studies were then performed The results are illustrated and summarized in Figs 4 and
on both pools. 5. In Fig 4, the four cassettes are integrated at RL1 in the

The expression studies were performed in uninduced absence of MCNeo. In Fig 5, the four cassettes and the
MELc, and in MELc in which hemin or DMSO were used MCNeo gene are integrated at RL1. In Fig 4, two pools of
to induce differentiation. DMSO induction is associated with several clones were studied for each cassette. In Fig 5, two
accumulation of globin chains and a complex terminal differ- independent clones were studied for each cassette.
entiation process similar to normal in vivo erythroid differen- Clonal variations. To determine if clonal variations
tiation.30 Hemin induction is also associated with globin ac- would significantly affect the results of this study, we com-
cumulation, but by contrast with DMSO, hemin induction is pared for each cassette the levels of b-globZ expression
reversible and is not associated with terminal differentia- between pool A and B. As is evident in Fig 4, variation
tion.31,32 Whether MELc induced by hemin are blocked at between pool with the same cassette integrated at RL1 are
an early stage of the normal erythroid pathway, undergo not significantly from variation because of experimental er-
partial differentiation, or are following an alternate or abnor- ror. For each cassette, Student t-tests failed to show any
mal differentiation pathway is not clear. In any case, cells statistically significant differences between pools A and B.
produced after culture with DMSO and hemin differ widely In contrast, when different cassettes are inserted at RL1,
in nuclear morphology and express different globin genes33; Student t-tests show several statistically significant differ-
therefore, they provide two distinct environments in which ences between b-globZ level of expression (see below). The
to test enhancer function at the RL1 locus. same statistical analysis performed for the subclones A and

Finally, the expression studies were also performed in the B containing each cassette in the presence of the MCNeo
presence of MCNeo at RL1 using the subclones A and B gene (Fig 5) yielded similar results. We concluded that,
that were subsequently used for the excisions experiments. whether pools of a few clones or individual subclones are

studied, clonal variations due to random chromosome loss
or some other mechanisms are relatively small and in theInsertion of the Cassettes
same order of magnitude as the experimental errors in thisEach of the five cassettes was transfected in MELc hemi-
study.zygous for PGKHYG at RL1, and 20 independent G418

Expression of b-globZ in the absence of MCNeo. Thecolonies per cassette were analyzed by polymerase chain
b-globZ gene inserted at RL1 without an enhancer (cassettereaction (PCR) using RMCE-specific primers (data not
0) was expressed in 1.5% of uninduced MELc at an averageshown). Ninety-eight of 100 clones analyzed appeared to
level of expression of 60 1 10015 g of b-gal per positivehave undergone RMCE. Three to 12 clones for each cassette
cells. As shown in Fig 4B, bottom panel, when HS2 andwere then analyzed by Southern blots using three different
HS3 were driving the b-globZ gene (cassettes 2 and 3), theprobes (Fig 3A through C). More than 90% of the clones
proportions of expressing cells were 28- and 4-fold higherstudied had the predicted structure. The frequency of RMCE
while the average level of expression per positive cell waswas between 0.2% and 1% of the cells that survived the
unchanged. When cassettes 234 and 234o2 were present thetransfection.
proportion of active cells was almost 100%, and the average
levels of expression per positive cells was about 10-fold

Excision of the MCNeo Gene higher than in the presence of cassette 0 (t-test P value Å
.001). These results clearly suggest that enhancers controlThe excisions of MCNeo were performed by transient

cotransfection of expression plasmids coding for the FLP the proportion of expressing cells and the level of expression
per positive cells.recombinase and the GFP, followed by an enrichment in

cells expressing a high level of FLP recombinase using GFP Previous reports17 had clearly shown that transgenes inte-
grated at ectopic loci could be subject to extinction. There-as a flow cytometry marker (see Materials and Methods).

For cassette 2, two DNeo subclones were obtained from fore, we took care to passage the cells a similar number of
times before measuring b-globZ activity. In addition, to as-subclone A and four from subclone B. For cassette 3, three

DNeo subclones were obtained from subclone A and seven sess the rate of extinction at the RL1 locus in the presence
of cassettes 2, 3, and 234, the same measurements werefrom subclone B. For cassette 234, no DNeo subclones were

obtained from subclone A and five from subclones B. DNeo repeated 4 weeks after the experiments described above. No
major changes were observed in any of the cassettes (dataclones obtained from the same subclones were pooled and

the pools were termed pool A and B. In the case of cassette not shown). Although long-term studies will be required to
assess the stability of expression at RL1, this preliminary0 and 234o2, the excisions were performed on pools of 10

independent clones. In each case, 10 DNeo subclones were result indicates that expression at RL1 was not undergoing
rapid extinction at the time of our initial measurements.obtained. These DNeo subclones were divided arbitrarily

into 2 pools of 5 clones. The overall frequency of MCNeo To extend this analysis, we then induced differentiation
of the MELc. After hemin induction, the proportions of ex-excision was 0.017% { 0.025% of the cells having survived

the transfection and 10.15% { 8.3% of the sorted GFP posi- pressing cells and the average level of expression per positive
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Fig 3. Insertion of cassettes 2, 3, 234 and 0 at the RL1 locus and excision of MCneo. Panels (A) through (C) demonstrate insertion of
cassettes 0, 2, 3, and 234 by RMCE at the RL1 locus using three different probes. In all three panels, lanes labeled RL1 contains DNA with the
PGK-Hyg gene inserted at RL1 while lanes A and B contains DNA isolated from two independent clones. The blots in panel (A) were probed
with a DNA fragment containing the entire coding sequence of the Neomycin resistance gene. The band present when the PGK-Hyg gene is
at RL1, disappear after RMCE, and is replaced by a band of a size characteristic of each cassette. In the case of cassette 234, presence of an
internal Xho I site (XhoI*) leads to a band smaller than the band observed when the PGK-Hyg gene is at RL1. The restriction site marked by
a superscript ‘‘c’’ is a chromosomal site located close to the integration site. In panel (B) the blots were probed with a segment of the b-
globin promoter (region Ï374 to "40 relative to the cap site). The size of the fragment varies as expected, according to the size of the cassettes.
As expected, the PGK-Hyg gene at the RL1 locus did not hybridize to the b-globin promoter probe (data not shown). In panel (C), the blots
were probed with a segment of the PGK-Hyg gene containing the coding sequence of the Hyg gene and the mouse PGK polyA signal. The
1.5-kb band present in all lanes represents the endogenous PGK polyA gene and serves as a useful loading control; the upper band is a PGK-
Hyg specific band (lane RL1): as expected it disappears when one of the cassettes is at RL1 (all other lanes). This shows that the PGK-Hyg
gene is exchanged during RMCE rather than simply inactivated by the insertion. Panel (D) shows excision of the reconstituted MCNeo gene.
For each cassette, one subclone containing the MCneo gene (for instance Cas 2 A Neo) and two subclones having lost the MCNeo gene (for
instance Cas 2 A D, and Cas 2 B D) are shown. The blots were probed with a b-globin promoter fragment (see panel B). With all cassettes,
excision is demonstrated by an increase in size of the fragment due to the loss of an EcoRI site present in the MC Neo promoter. Neo cs,
neomycin resistance coding sequence (also includes polyA sequence); b-G, b-globin promoter; L1 and L2, Lox sites differing by a mutation in
their spacer region; F, FLP recognition target (FRT); MC, MC promoter.

cell were similar to uninduced levels for cassettes 0 and 3, cassette 234 and 234o2, the proportion of active cells was
unchanged at 100% and the average level of expression persuggesting that these two cassettes did not respond to hemin.

In the case of cassette 2, the proportion of active cells more positive cell increased twofold to threefold. The average
levels of expression per positive cell were, respectively, 7-than doubled to 90% while the average level of expression

per positive cells increased about sevenfold. In the case of and 23-fold higher in the presence of HS2 and HS234 than
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when there was no enhancer at RL1. The Student t-test peated the experiments described above using the subclones
in which MCNeo had not been removed (Fig 5).showed that these differences were statistically significant:

P Å .0038 for the comparison of the mean LacZ expression When cassette 0 was at RL1, presence of MCNeo was
associated with a marked increase in the proportion oflevel positive cells for cassette 0 and 2, and P Å .00004

for the comparison between cassette 0 and cassette 234. expressing cells as compared with the same cassette
tested in the absence of MCNeo, suggesting that the en-Differences between cassette 2 and 234 were also statisti-

cally significant: P Å .01. hancer present in MCNeo also acts on the b-globin pro-
moter. However, when cassettes 2, 3, or 234 were at RL1,These differences could be due to changes in the rate of

transcription at the b-globin promoter when different en- the presence of MCNeo was associated with a decrease
in the proportion of expressing cells, suggesting that thehancers are at RL1 or to different timing of induction. To

discriminate between these two possibilities, the hemin in- MC promoter/enhancer and the LCR fragments are in-
terfering or competing with each other and/or with theduction period was prolonged from 4 to 8 days to ascertain

that a new equilibrium had been reached. Expression levels b-globin promoter. To ascertain that the MCNeo gene
was expressed in all cells, the FACS-GAL measurementsand proportion of expressing cells were then determined as

above. The results after 8 days of hemin induction were were repeated after selection of the cells for 6 days in
G418. For all cassettes, the proportions of expressingsimilar to the results obtained after 4 days of induction (data

not shown). Therefore, we concluded that the differences cells increased slightly but none of the increases reach
statistical significance (data not shown). We concludedobserved were not caused by difference in the timing of

induction. These results confirm the findings made in unin- that forcing expression of MCNeo in all cells did not
lead to expression of b-globZ in all cells or alternativelyduced cells that both the probabilities of expression and the

average levels of expression per positive cell vary widely to complete extinction, but led to a variegated pattern of
expression.when no or different enhancers are at the RL1 locus; they

also show that HS2, an individual HS much less complex After induction of differentiation with DMSO or hemin,
the influence of MCNeo on the interactions between thethan HS234, can also modulate the level of expression per

positive cell. LCR fragment and the b-globin promoter was similar to that
observed before induction. In the case of cassette 0, theAfter DMSO induction, 39% of the cells were expressing

b-globZ when cassette 0 was at RL1 and almost 100% of probability of expression was higher in the presence of
MCNeo while in the case of cassettes 2 and 234, the proba-the cells were expressing when cassettes 2, 3, 234, or 234o2

were at the same location. The average level of expression bility of expression and the level of expression per positive
cell decreased in the presence of MCNeo. However, thisper active cell was similar to the level observed in uninduced

cells in the case of cassette 0, twofold higher in the case of decrease was less pronounced than in induced cultures. This
suggests that when the MEL cells differentiate, the erythroid-cassette 234 and 234o2 and about 10-fold higher in the case

of cassettes 2 or 3. specific interactions predominate. In the case of cassette 3,
the negative interactions between MCNeo and HS3 areThe average levels of expression per positive cell after

DMSO induction were, respectively, 10-, 9-, and 20-fold markedly decreased after hemin induction, suggesting that
hemin induces changes in the trans-environment that silenceshigher when HS2, 3, 234(o2) were at RL1 than when no

enhancer was present. The respective P values were .005, HS3. This hypothesis is supported by the fact that when
cassette 3 is at RL1 in the absence of MCNeo, the average.00003, and .000001. Differences between the level of ex-

pression per positive cells when cassettes 2 or 3 were com- level of expression per positive cell is lower after hemin
induction than in undifferentiated cells.pared to cassette 234 were also statistically significant. These

As in the absence of MCNeo, the proportions of express-results clearly confirm the conclusions of the experiments in
ing cells and the average levels of expression per activeuninduced and hemin-induced cells and demonstrate that
cell depend greatly on the enhancer present. After DMSOHS3 also can drive expression in all cells when the cellular
induction the average level of expression per active cell wasenvironment is adequate.
40 times higher in the presence of cassette 234 than in theAs can be seen in Fig 4, the level of b-globZ expres-
presence of cassette 0 at RL1.sion per positive cells and the percentage of expressing

cells appear to be positively correlated. To establish that
DISCUSSIONthis correlation was not a technical artifact, we ascertain

that the sensitivity of the chemiluminescence b-gal assay RMCE is a new method for site specific chromosomal
did not decrease with increasing concentration of b-gal integrations that does not require any pre-existing muta-
enzyme in the extract. Extracts from population of cells tions in the cell and should therefore be widely applica-
expressing b-globZ in all cells were mixed with extracts ble. Because the technique allows insertion of different
made from untransfected cells in various proportions and cassettes at the same locus, cis-acting regulatory se-
the levels of b-globZ expression were measured. As can quences can be compared more rigorously than with clas-
be seen in Fig 6, this showed that the chemiluminescence sical transfection techniques. Therefore, RMCE could
assay is linear in the range tested. prove very useful for the study of gene regulation. By

Expression of b-globZ in the presence of MCNeo. To varying the integration locus, one should also be able to
assess the influence of the immediate chromosomal environ- learn a great deal about position effects and the mecha-

nism of creation of open chromatin domains. Combiningment on enhancer/promoter functional interactions, we re-
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Fig 4.

RMCE with homologous recombination in ES cells In this report, we have focused on applying RMCE to the
study of the mechanism of action of enhancers. Because allshould facilitate the creation of animals with ever more

subtle mutations. Insertion based on FRT sites with the comparisons were made between cells that differ only
by the enhancer present at RL1, and because these enhancersspacer mutations had been previously reported in mam-

malian cells.34 However, the efficiency was very low are not believed to affect posttranscriptional processing, the
variations in b-globZ levels of expression observed withprobably because the FLP recombinase is 1,000 times

less efficient than CRE in mammalian cells.21 different cassettes integrated at RL1 are very likely to reflect
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Fig 4. Expression studies with cassettes 0, 2, 3, or 234 integrated at RL1 in the absence of MCNeo. (A) FACS-GAL analyses. All analyses
were performed in the presence of 2 mmol/L propidium iodide. Debris and dead cells were excluded from the analyses by gating out cells
with low SSC (Side-SCatter) and high (propidium iodide–induced) fluorescence in the red channel (FL2). Two thousand cells are shown in
each graph, 10,000 cells were counted. The boxes in the first column are MEL cells with PGK-HYG at the RL1 locus and were used to defined
the limit between the b-gal–negative and b-gal–positive populations. b-gal–positive cells are in the upper window (x axis ! FSC [Forward
Scatter]; y axis ! green fluorescence channel [530-nm wavelength with a 30-nm bandwidth]). The lower limit of the window was set at the
position at which between 0.3% to 0.4% of control cells appeared positive. The next four columns represent cells with cassettes 0, 2, 3, or
234 at RL1 before and after induction of differentiation by DMSO or hemin. Striking differences in the proportions of expressing cells can be
observed. (B) Comparative analysis of cassettes 0, 2, 3, and 234 integrated at RL1. Levels of LacZ expression in cell population with cassettes
0, 2, 3, 234, and 234o2 integrated at RL1 were measured on cell lysates by chemiluminescence. The percentage of cells expressing b-GlobZ
within each cell population was determined by FACS-Gal analyses (illustrated above). The level of expression of LacZ per positive cells was
estimated by multiplying the level of LacZ expression in cell population by the proportion of positive cells after normalization (see text). For
each cassette, the histograms represent the results obtained for two independent pools of several clones (pool A and B, see text). The means
and standard deviation of the results obtained for pools A and B combined is also indicated on the right side of the histograms. The smallest
level of b-gal expression represented in the histogram (0.8 Ì 10Ï15 g of b-gal/cell for cassette 0 in uninduced cells) was about 15 times higher
than the background level observed with untransfected cells (data not shown) and was therefore well within the range of detection of our
luminometer. This analysis clearly shows that both the probability of expression and the rate of transcription are enhancer and trans-acting
factor dependent. (C) Structure of the locus. The structure of the RL1 locus after integration of the cassettes and excision of the MCNeo gene
is depicted. LCR fragments were, respectively, HS2, HS3, and HS234 in cassettes 2, 3, and 234 (with HS234 in reverse orientation in HS234o2).
In cassette 0, no LCR fragment was present.
R

changes in the rate of transcription. In the rest of the discus- was rapidly silenced when it was integrated as single-copy
in the absence of an enhancer in K562 cells but did notsion, differences in the level of expression of the b-globZ

gene per active cell are therefore equated with changes in observe silencing when HS2 was present at the same loci.
These results differ from the observations presented herethe rate of transcription.
since we have observed variegation in the presence of HS2.

Variegated Patterns of Expression However, because the cells, the selection strategy, and the
integration locus were different in both studies, it is neverthe-A striking result obtained in these studies is that, even in
less possible that some of the variegation of expression ob-the presence of enhancers, expression of b-globZ at RL1
served in the study reported here could be the result of ais variegated in uninduced MEL cells. The mechanisms of
gradual silencing process that we failed to detect in our 4-appearance of the variegation are probably multiple: one
week study of stability of expression at RL1. This hypothesismechanism of creation of variegation is clearly linked to
implies that in MELc at RL1, HS2 and HS3 can slow gradualthe presence of MCNeo. The capacity of MCNeo to induce
silencing but do not stop it. The fact that variegation of avariegation can be observed when cassettes 2 or 3 are at
LacZ reporter gene driven by a large LCR fragment wasRL1 but is most obvious in the case of cassette 234: in the
observed in transgenic mice supports the contention thatlatter case, absence of MCNeo is associated with b-globZ
LCR fragments do not necessarily stop position-effect varie-expression in all cells, while presence of MCNeo is associ-
gation.35 Long-term studies of stability of expression at RL1ated with b-globZ expression in fewer than 50% of the cells.
are in progress and should help answer this question.The fact that selection with G418 to insure expression of

Whether position-effects variegation observed in the pres-MCNeo in all cells did not eliminate variegation of b-globZ
ence and absence of MCNeo are related is unclear at thissuggests that at least some variegation is not caused by a
time. In any case, variegation of expression in MEL cells isglobal extinction of the whole locus due to proximity to
not permanent because it can be rapidly overridden by induc-hetero-chromatin. The nature of the variegation induced by
ing the MEL cells to differentiate along the erythroid lineage.MCNeo is therefore unclear but could be related to steric

hindrance induced by transcription at the MC promoter
Enhancers Can Affect the Rate of Transcription(which is constituted of a tandem repeat of the enhancer

region from the polyoma mutant PYF441 linked to the pro- In uninduced MEL cells and in the absence of any en-
hancer at RL1, a small proportion of cells was expressingmoter of the HSV-TK gene26), to competition for HS234

between the TK and b-globin promoter, or to interferences low but easily detectable level of b-globZ. The average level
of expression per active cell when cassette 0 was at RL1between the polyoma enhancer and cassette 234.

Because variegated patterns of expression are also ob- was defined as the basal level of transcription of the b-
globin promoter at RL1. This basal rate of transcription wasserved in the case of cassette 0, 2, and 3 in the absence of

MCNeo, some other mechanism has to be implicated. One unchanged by hemin or DMSO induction.
In uninduced MEL cells, presence of cassette 234 orpossibility would be that some other transcription units, lo-

cated close to the RL1 locus acts as MCNeo, once MCNeo 234o2 was associated with a rate of transcription 10-fold
higher than the basal rate of transcription. This clearlyis excised. Alternatively, gradual silencing caused by differ-

ential hetero-chromatin spreading, a poorly understood phe- showed that the rate of transcription is not entirely set by
long-range chromatin effects but that it can be affected bynomenon that has been invoked in numerous systems, could

be involved: In the case of the b-globin genes, Walters et the presence of HS234, a large and complex enhancer. The
fact that HS2 and HS3 did not increase the rate of transcrip-al17 have reported that at most loci, a b-Geo reporter gene
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Fig 5. Analysis of cells with
cassettes 2, 3, or 234 integrated
at RL1 in the presence of MCNeo.
(A through C) All experiments
were performed exactly as de-
scribed in Fig 4. This analysis
confirms the conclusion of Fig 3
and demonstrates that presence
of a cis-linked transcription unit
has significant effects on both
probability of expression and
rate of transcription.

tion is in accordance with the observation of Walters et would be that the differences in the level of expression of
b-globZ are caused by differential timing of the silencingal16 that HS2 act primarily by increasing the proportion of

expressing cells. of the various cassettes by the hetero-chromatinization pro-
cess that occurs during erythroid differentiation of MELThis result is confirmed and extended by the fact that after

hemin induction the rate of transcription in the presence of cells. Although it is technically difficult to eliminate this
hypothesis in the case of DMSO induction, the fact thatHS2 and HS234 is, respectively, 8- and 23-fold higher than

the basal rate of transcription and by the fact that after prolonging hemin induction from 4 to 8 days did not change
the results shows that HS2 is not silenced at any point duringDMSO induction all three enhancers tested were capable of

increasing the rate of transcription 10- to 20-fold over the hemin induction, and suggests that HS2 does modulate the
rate of expression.basal rate of transcription.

An alternative interpretation of the induction studies Taken globally these results show that the enhancers stud-
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shown that four enhancers affect the final level of expression
in a cell population both by affecting the probability of ex-
pression and the rate of transcription. Therefore, any looping
model must account for the fact that in uninduced MEL
cells, enhancers can interact with the promoter in only some
cells. The fact that the rate of transcription can be altered
by enhancers rules out models in which the only role of
enhancer is to open up the chromatin without changing the
rate of transcription, but leaves open the possibility that long-
range chromatin structure changes, and not direct interaction
by looping, are critical in promoter/enhancer interactions.
One of the goals of these studies was to determine if the
enhancers tested differ by some qualitative properties that
might help define distinct classes of enhancers. The facts
that all the enhancers tested (HS2, HS3, and HS234 in two
orientations) were subject to variegation and could increase
the rate of transcription under some circumstances suggest,
however, that they might all share the same mechanism of
action at least when they are integrated at RL1.

Fig 6. The chemiluminescence assay is linear. Extracts from MELc In conclusion, we have shown that at the cell population
populations in which all the cells expressed the LacZ gene (cells with level, expression of b-globZ integrated at one particular ge-
cassette 234 at RL1) were sequentially diluted with extracts from

netic locus varies almost a 1,000-fold depending on the en-nonexpressing cells and the levels of b-gal expression were mea-
hancer present and the presence of another genetic unit.sured using the chemiluminescence assay. Extracts from uninduced,

hemin-, or DMSO-induced cells were used in three independent ex- These variations were caused in part by the fact that the
periments. The means of the levels of b-gal expression (normalized proportion of expressing cells can vary from less than 1%
to the 100% positive cells extract) obtained for all three types of

to 100%, and in part to the fact that the rate of transcriptionextract is plotted against the percentage of positive cells per extracts.
of the b-globin gene promoter varies up to 40-fold. AnyThis shows that the chemiluminescence assay is almost perfectly

linear over the range of interest. As shown by the small error bars, model of interactions between promoters and enhancers must
results for each type of extract plotted individually were similar. therefore account for this dual effect. Understanding these

regulations is a prerequisite for the rational engineering of
complex synthetic artificial genetic loci that could produce
a regulated amount of protein useful to human endeavor.ied here can affect the level of expression of a linked gene

by modulating the proportion of expressing cells and the rate RMCE might prove to be a powerful tool to achieve this
goal.of transcription.
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