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Several gene constructs containing the firefly lucif-
erase gene and the herpes simplex virus thymidine
kinase gene promoter (TK) were used to evaluate the
transcriptional activity of the distal enhancer (23442,
23285) of the rabbit as1-casein gene. Six copies of the
enhancer (6i) were added upstream of the TK–
luciferase construct in the presence or absence of the
chicken b-globin 5*HS4 insulator. The activity of the
constructs was tested by transient transfection in
CHO cells and in rabbit primary mammary cell cul-
tured on plastic or on floating collagen. Constructs
were also tested in stably transfected mouse mam-
mary HC11 cells. In all cell types the multimerized
as1-casein enhancer strongly stimulated luciferase
gene expression in the presence of lactogenic hor-
mones. It was also sensitive to the extracellular matrix
in rabbit primary mammary cells. The constructs were
used to generate transgenic mice. The 6i TK trans-
genic animals expressed the luciferase gene at very
low levels irrespectively of the physiological state. No
preferential expression in the mammary gland was
observed. Addition of 5*HS4 insulator to the 6i TK
construct did not prevent silencing in most of the
transgenic lines. However, two lines expressed high
luciferase levels specifically in the mammary gland.
Our data suggest that 6i may confer, when insulated
properly, a higher and mammary-specific expression
to the TK promoter. © 2002 Elsevier Science
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Increasing gene transcription using a multimerized
enhancer is a strategy that was previously proposed (1,
2). The presence of multiple binding sites enhances the
concentration of transcription factors in the promoter
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region which would increase the probability of the
transcription event (1, 3). Such a strategy is especially
attractive when the enhancer is regulated hormonally,
developmentally or is tissue specific, since transcrip-
tion can occur in precisely defined conditions. Hoag and
collaborators (1) showed that the activity of the human
Factor IX proximal promoter in transfected cells was
increased 20-fold by adding a multimerized enhancer
from the homologous promoter. This multimer exhib-
ited an enhancer activity in liver cells but not in mam-
mary and muscle cell lines, exhibiting a high degree of
tissue specificity.

Several milk protein genes contain a distal enhancer
whose transcriptional activity is regulated by lacto-
genic hormones and the extracellular matrix (see re-
views (4, 5). These distal enhancers were described in
the bovine (6) and human b-casein gene (7), in the rat
whey acidic protein (WAP) gene (8) and in the rabbit
as1-casein gene (9). They contain binding sites for sev-
eral transcription factors such as the signal transducer
and activator of transcription 5 (STAT5), the CCAAT
enhancer binding protein (C/EBP), the nuclear factor
(NF-I), the glucocorticoid receptor (GR), the E26-
specific sequence factor (Ets) and the octamer binding
transcription factor (Oct-1) (4, 5). The importance of
these binding sites in distal enhancers was highlighted
by the inactivation of transcription factors or by the
mutation of their binding sites. Maximum stimulation
by the distal enhancer was achieved only when all the
binding sites were functional with their transcription
factors present and interacting (10–12).

The distal enhancer of the rabbit as1-casein gene
located between nucleotides 23442 and 23285 up-
stream of the transcription start point is a good candi-
date for testing whether its addition in a multimerized
form can increase the transcriptional efficiency and the
mammary specificity of a reporter gene. A previous
study showed that this enhancer has the ability to
increase the prolactin-dependent transcriptional activ-
ity of the rabbit as1-casein minimal promoter in trans-
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fected CHO cells (13). This enhancer presents four
distinct nuclear protein-binding sites (13), of which a
STAT5 and a C/EBP binding site were characterized
(11, 14). The presence of all binding sites is necessary
for maximal transcriptional activity of this enhancer
(11). In the present study, we evaluated the effect of
the multimerized as1-casein distal enhancer using
transfected cells and transgenic mice. For this purpose,
a weak and non-hormonally inducible promoter, the
Herpes simplex virus thymidine kinase (TK) gene pro-
moter, was used.

MATERIALS AND METHODS

Plasmid constructs. The rabbit as1-casein distal enhancer
named “i” (for “insert”) and encompassing the 23442, 23285 region
was obtained by PCR as previously described (11) and cloned in the
BamHI site of pBluescript after blunting (pBSi plasmid). Cloning the
enhancer reconstituted a BglII site at its 59P- and 39OH ends. A
multimer of i was obtained as follows: i was excised from pBSi by
BglII digestion and cloned into the BamHI site of pBluescript. A first
plasmid containing three copies of i inserted in the same direction
was isolated giving the plasmid pBS 3i. The three copies were then
released by SmaI and SpeI digestion of pBS 3i, filled in, and cloned
into the SmaI site of pBS 3i. Sequencing assessed the direction and
integrity of the multimer. The pBS6i plasmid, which encompassed 6
multimerized copies of i in the same direction, was thus obtained. A
series of luciferase-expressing plasmids was prepared from the pGL3
basic vector (Promega) (Fig. 1). The TK promoter sequence, located
between nucleotides (2109, 155) respectively from the transcription
starting point, was excised from pTKM (kindly provided by Dr.
Herbomel) by digestion with XbaI and BglII. Its extremities were
filled in and the promoter cloned into the pGL3 basic vector digested
by BglII and NheI with the extremities also filled in. The resulting
plasmid was named pGL3TK. The distal enhancer i excised from
pBSi by BglII digestion was cloned upstream of the TK promoter into
the Asp718 blunt ended site of pGL3TK generating the pGL3 i TK
plasmid. The six-multimerized fragment containing 6i was obtained
from pBS6i by EcoRV and SpeI digestion and cloned into the blunt
ended Asp718 site of pGL3TK to generate the pGL3 6i TK plasmid.

FIG. 1. Structure of the pGL3TK-based plasmids. TK: promote
cDNA. tSV40: SV40 late terminator. i and 6i: one or six copies of th
intron associated to the MMTV promoter fragment (dotted box) and
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The VP1 intron from the SV40 late gene containing in its EcoRV site
the MMTV (mouse mammary tumor virus) promoter devoid of its
transcription start site (15) was added to the vectors together with
the SUR (SV40 59UTR region). The SUR is an association of the
59UTR from SV40 early genes and the U3R region from the HTLV-I
virus. It stimulates the transcription and transduction (16). SUR
was mutated to eliminate a splicing donor site which considerably
reduces luciferase gene expression (17 and unpublished data). The
fragment containing the VP1 intron, the MMTV promoter fragment
and the mutated SUR was amplified by PCR (high fidelity PCR,
Roche) from the p42 plasmid (15). The amplified DNA fragment was
subcloned into the pGEMT easy plasmid (Promega), recovered by
digestion with NotI, blunt ended and cloned into the HindIII blunt
site of pGL3 TK and pGL3 6i TK, resulting in the pGL3 TKV and
pGL3 6i TKV plasmids. Two copies of the 59HS4 insulator in tandem
from the chicken b-globin locus (kindly provided by Dr. G. Felsen-
feld) were cloned into the SmaI site of the pGL3 6i TKV vector and
into the Asp718 site of the pGL3TKV vector. The resulting plasmids
were respectively pGL3 5H 6i TKV and pGL3TK 5H TKV.

Cell culture, transfection, and hormonal induction. CHO-K1 (im-
mortalized Chinese hamster ovary cell line) cells were grown as
previously described (18). The day before transfection, cells were
seeded in 35-mm-diameter culture dishes. Transfection was per-
formed using 1 mg of a plasmid encoding for the rabbit mammary
prolactin receptor (19), 1 mg of the pCH110 plasmid (Pharmacia) and
0.5 mg of luciferase-expressing plasmids, plus 3.6 equivalents of
Exgen500 (Euromedex) in a DMEM/F12 (Eurobio) serum-free me-
dium according to the manufacturer’s recommendations. Four hours
later, the transfection medium was removed and the cells were
cultured in a modified GC3 serum-free medium supplemented with
bovine insulin (InVitrogen) (1 mg/ml), cortisol (Sigma) (10 ng/ml)
with ovine prolactin (1PRL), 1 mg/ml, or without (2PRL) (18). Each
luciferase-expressing plasmid was transfected independently in six
separate dishes (three 1PRL and three 2PRL). Forty hours later,
cells were assayed for luciferase activity as described below. Rabbit
primary mammary cells were prepared from 14- to 16-day pregnant
rabbit mammary gland as previously described (14). Isolated mam-
mary cells were seeded on 35-mm dishes directly on plastic or on rat
tail collagen. The following day, luciferase-expressing plasmids were
transfected using Lipofectin (InVitrogen) according to the manufac-
turer’s recommendations. Cells were incubated overnight in the
presence of plasmid–Lipofectin mixture in OPTIMEM medium (In-

gion from the TK promoter (nt 2109 to nt 155). Luc1: luciferase
abbit as1-casein distal enhancer (nt 23442 to 23285). Intron: VP1
R. 59HS4: 59HS4 insulator element from the chicken b-globin gene.
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Vitrogen): 4 mg of luciferase-expressing plasmid and 1 mg of the Luciferase assay in tissue samples. Tissue from adult transgenic
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pCMV-bgal, a plasmid expressing the b-galactosidase gene under
the control of the CMV promoter (Pharmacia). The following morn-
ing, after discarding the overnight medium, a fresh differentiation
medium containing DMEM/F12 supplemented with 2% UltroSer (a
steroid-free substitute of serum, Biosepra), 1 mg/ml insulin, 100
ng/ml cortisol, with or without PRL (1 mg/ml), was added. Collagen
was detached from the dishes and allowed to float. Luciferase and
b-galactosidase assays were performed 48 h later as described below.
Whenever possible, transfection efficiency was assessed by the co-
transfection of a reporter plasmid encompassing the b-galactosidase
gene: pCH110 for CHO cells and pCMV-bgal for primary mammary
cells. The pCMV-bgal plasmid was chosen for primary mammary
cells instead of pCH110 because CMV promoter is more efficient than
the SV40 promoter of pCH110. However, the presence of pCH110
and pCMV-bgal dramatically disturbed the expression of plasmids
containing the SUR element, regardless of the hormonal treatment
(data not shown). Consequently, pCH110 and pCMV-bgal were not
cotransfected with plasmids containing the SUR element. In this
case, multiple transfections were carried out and luciferase activity
(RLU) for each plasmid was referred to the value obtained with a
reference plasmid (p GL3TK) as described in the legends of figures.
HC11 cells, subcloned from the spontaneously immortalized mouse
mammary cell line COMMA1D (20), were grown in RPMI medium
(RPMI 1640 (Eurobio)) supplemented with 10% of heat inactivated
fetal bovine serum (FBS, Sigma), glutamine (300 mg/ml), insulin (5
mg/ml) and Epidermal Growth Factor (InVitrogen) (10 ng/ml) as
previously described (20). Three independent transfections were per-
formed for each luciferase-expressing plasmid. The luciferase–
plasmids (10 mg) were cotransfected with the pRSVneo plasmid (1
mg). Transfection and selection of the HC11 stably transfected cells
by Geneticin (G418, InVitrogen), 150 mg/ml were performed as pre-
viously described (15). The resulting pools of cells were grown to
confluence. After 5 days of confluence, cells were cultured in a serum-
free medium: RPMI (Eurobio) without SVF and EGF and supple-
mented with transferrin and nonessential amino acids. Twenty-four
hours later, cells were hormonally stimulated with one of the hor-
monal combinations: insulin alone (I) 5 mg/ml, I plus cortisol (F) 1026

M; I 1 PRL 1 mg/ml or (I 1 F 1 P) in a serum-free RPMI medium
during 48 h. The luciferase values were normalized to the protein
content of each extract using the Bradford method (Bio-Rad).

Luciferase and b-galactosidase assays. Cells grown directly on
plastic were washed twice with cold PBS, harvested and lysed in a
glycylglycine buffer (21) by pottering. Cells grown on collagen were
collected after complete collagenase digestion of collagen (1 mg col-
lagenase type IV, Sigma) in 1 ml of PBS, pelleted and lysed in a
glycylglycine buffer by pottering. Luciferase activity was assayed as
described (21, 22), using a Lumat LB 9501 photometer (Berthold
Instruments). b-Galactosidase and luciferase activities were evalu-
ated using aliquots from the same cellular extracts. bgal activity was
measured as previously described (11).

Transgenic mice. Three constructs were used for generating
transgenic mice: 6i TK, 59 TKV and 59 6iTKV. Linearization of the
plasmid was obtained after digestion. The 6i TK insert was obtained
after digestion of pGL3 6i TK with SmaI and BamHI. The 5H TK V
and 5H 6i TKV inserts were obtained after digestion of the pGL3 5H
TK V and pGL3 5H 6i TK V with BamHI. Inserts were purified using
Glassmilk (Bio 101). The recovered DNA was diluted in a 5 mM
Tris–HCl, 0.1 mM EDTA, pH 7.4, solution. Transgenic mice were
generated by standard DNA microinjection procedures (23). Em-
bryos from C57-Bl/CBA F1 mice were microinjected with a solution
containing 2 ng/ml of luciferase-expressing plasmids.

Identification of transgenic animals. Tail genomic DNA was ex-
tracted as described before (24). Founders and progeny were
screened by PCR using a set of primers located inside the luciferase
gene (22).
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F1 males, nonlactating females and lactating females from day 10 to
day 12 of lactation was analyzed for luciferase gene expression.
Besides the mammary gland, ovary, kidney, liver and brain were
collected. Fragments of fresh organs were ground with a potter in
50–200 ml lysis buffer solution (21). Five microliters of the organ
extract was assayed for luciferase activity as described above. At
least two lactating F1 females were analyzed for each transgenic
line. An internal control was included in all the luciferase assays
using purified luciferase (Sigma). The luciferase values were normal-
ized to the protein content of each extract using the Bradford method
(Bio-Rad).

Statistical analysis. Whenever possible statistical analysis was
performed using the Student paired t test.

RESULTS

Multimerized i (6i) Is a Strong PRL-Dependent
Enhancer in CHO, HC11, and Rabbit
Primary Mammary Cells

The effects of the multimerized enhancer 6i were
evaluated in three types of transfected cells: CHO cells
transfected with a plasmid encoding for the prolactin
receptor, rabbit primary mammary cells and HC11
cells. These cellular types were chosen because they
are expected to provide different and complementary
information about the 6i effect. Addition of one copy of
the i element did not stimulate the TK promoter upon
prolactin addition in any of the cell types (Figs. 2A–
2C). In contrast, the presence of 6i did increase lucif-
erase levels after prolactin stimulation. The induction
was 9.7-fold in CHO cells and 6.8-fold in primary mam-
mary cells. In primary mammary cells, the 6i effect
was detected only when cells were cultured on collagen,
indicating that both PRL and the extracellular matrix
regulate pGL3 6i TK expression. In stably transfected
HC11 cells, addition of 6i resulted in a 9.1-fold induc-
tion by cortisol 1 PRL. This value was statistically
different to that obtained with pGL3 TK (1.2-fold) and
pGL3 i TK (2.4-fold) with a 9.2 and 8% statistic signif-
icance level, respectively. It is worth to mention that
the maximum expression level of the different
luciferase-expressing plasmids under prolactin stimu-
lation was as high as the expression levels obtained
with the RSV luc plasmid (data not shown). Taken
together, these results show that the 6i multimer can
stimulate the TK promoter and render the constructs
sensitive to prolactin and the extracellular matrix in
transfected cells.

When Associated to the TK pRomoter, 6i Enhancer
Does Not Enhance Gene Expression in Vivo

The strong prolactin stimulation obtained in trans-
fected cells after addition of 6i upstream of the TK
promoter led us to ask whether the same effect would
be observed in vivo, in transgenic animals. Five trans-
genic lines were obtained with the 6i TK construct.
Luciferase mRNA was not detectable by Northern blot
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in tissues tested from the five transgenic lines (data
not shown). Luciferase activity was hardly detected in
mammary gland of lactating mice. Mean levels ranged
from 0.8 to 26.1 relative luciferase units (RLU)/mg pro-
tein (Fig. 3A). During lactation transgene expression

FIG. 2. Effect of 6i enhancer in CHO, HC11 and rabbit primary
mammary cells. (A) CHO cells were transiently transfected as de-
scribed under Materials and Methods. Luciferase activity was nor-
malized using b-galactosidase activity. Cells were treated with insu-
lin and cortisol (2PRL) or insulin, cortisol, and prolactin (1PRL) for
48 h. Values are shown as the mean 6 SEM of at least 9 independent
transfections. (B) Transfection of rabbit primary mammary cells.
Within each experiment, luciferase-expressing plasmids were trans-
fected on twelve 35-mm dishes (six with cells cultured on plastic and
six on collagen). Under each culture condition (plastic (pl) or collagen
(col)), three dishes were treated with insulin and cortisol (2PRL) and
three dishes with insulin, cortisol and PRL (1PRL), for 48 h. Lucif-
erase activity was normalized using b-galactosidase activity. Here a
representative profile of the mean values obtained within one exper-
iment is given. This profile was obtained with six independent ex-
periments. (C) HC11 cells were stably transfected with luciferase-
expressing plasmids as described under Materials and Methods. The
pools of stable transfectants were treated hormonally: insulin (I),
insulin and prolactin (IP), insulin and cortisol (IF), and insulin,
cortisol, and prolactin (IFP). Luciferase activity was corrected to the
amount of proteins in each cellular extract. Results are the mean 6
SEM of three independent transfections.
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was also measured in ovary, liver, spleen and brain
with average levels ranging between 0.3 to 15.0
RLU/mg protein (Fig. 3B). These data suggest that 6i is
able neither to stimulate the TK promoter nor to confer
tissue specificity to this promoter in the mammary
gland of lactating mice.

Effect of the Association of 6i TK with the 59HS4
Element, VP1 Intron, MMTV Promoter Fragment,
and SUR on Luciferase Gene Expression
in Transfected Cells

The poor activity of the 6i TK luciferase construct
in vivo is inconsistent with the results obtained with
transfected cells. One possible explanation is the
absence of intron and insulator in the 6i TK con-
struct resulting in the inability of the construct to
prevent transgene extinction in vivo. These elements
may be necessary in vivo but not in transfected cells.
To verify these hypotheses, the 59HS4 insulator, the
VP1 intron, the MMTV promoter fragment and the
SUR transcription stimulator were added to the 6i
TK luciferase construct. The 59HS4 fragment is an
element derived from the b-globin chicken locus con-
trol region (LCR). Its insulating property has been

FIG. 3. Luciferase activity in 6i TK transgenic animals. Five
lines (L) were generated with the 6i TK construct. (A) Average
luciferase levels 6 SEM in the mammary gland of lactating females.
At least two animals were analyzed per transgenic line. Luciferase
activity was corrected to the amount of proteins in each tissue
extract. (B) Average luciferase levels 6 SEM in different tissues from
lactating females. Result for each tissue is the mean of luciferase
activity in the five transgenic lines.
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described in transfected cells (25, 26), in cells in-
fected in vivo by retroviral vectors (27) and in trans-
genic animals (25, 28 –31). In transfected cells, the
presence of introns in a construct is often not man-
datory (15). The same is generally not true in vivo, in
transgenic animals. The presence of at least one
intron is generally essential for a transgene to be
expressed (32). The luciferase gene employed in this
study is an intronless gene. The VP1 intron together
with the MMTV promoter fragment and SUR are
able to enhance the transcription of cDNA in vivo
(15). We therefore added these three elements and
the 59HS4 region to the pGL3 TK and pGL3 6i TK
plasmids resulting in the pGL3 5H 6i TK V, pGL3 6i
TKV and pGL3 5H TKV plasmids. The activity of
these constructs was firstly tested in transfected
cells and later in transgenic animals. In CHO cells,
addition of 59HS4, VP1 intron, MMTV promoter frag-
ment and SUR did not modify the transient expres-
sion level under prolactin stimulation (Fig. 4A). In
primary rabbit mammary cells (Fig. 4B), the lucif-
erase basal expression level (2PRL) was higher with
constructs containing the VP1 intron, MMTV pro-
moter fragment and SUR (pGL3 5H TKV, pGL3 6i
TKV, pGL3 5H 6i TKV). This can be due to the
presence of numerous GR binding sites within the
fragment of the MMTV promoter. Prolactin stimu-
lated luciferase expression levels in all transfected
cells cultured on collagen and transfected with plas-
mids containing the 6i multimer. However, the pro-
lactin fold level (2PRL/1PRL) was lower in con-
structs containing 59HS4 (compare pGL3 6i TKV and
pGL3 5H 6i TKV transfections) suggesting that
59HS4 interferes with the 6i enhancer activity. Such
an enhancer-blocking activity was observed when
erythroid cells were transiently transfected with a
construct containing 59HS4 (33). In the HC11 stably
transfected cells (Fig. 4C), addition of the VP1 in-
tron, MMTV promoter fragment and SUR increased
the luciferase basal levels about 20-fold: compare
pGL3 6i TK (6278 RLU/mg protein) and pGL3 6i TKV
(139496 RLU/mg protein). In these cells, the presence
of 59HS4 significantly enhanced luciferase gene ex-
pression under glucocorticoid and prolactin stimula-
tion: 139,496 RLU/mg protein without the insulator
(pGL3 6i TKV) and 250,723 RLU/mg protein with the
insulator (pGL3 5H 6i TKV). The prolactin-fold stim-
ulation (IFP/IF) was the same for the pGL3 6i TK,
pGL3 6i TKV and pGL3 5H 6i TKV constructs, indi-
cating that neither the VP1 intron, MMTV promoter
fragment and SUR nor 59HS4 are sensitive to pro-
lactin. Thus it is clear that in HC11 stably trans-
fected cells, the presence of the 59HS4, VP1 intron,
MMTV promoter fragment and SUR increases ex-
pression levels without interfering with induction by
prolactin.
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Effect of the Association of 6i TK with the 59HS4
Element, VP1 Intron, MMTV Promoter Fragment,
and SUR on Luciferase Gene Expression
in Transgenic Animals

The pGL3 5H 6i TKV construct and its control, pGL3
5H TKV, were tested in vivo. Nine lines of transgenic

FIG. 4. Influence of the 59HS4, the VP1 intron, MMTV promoter
fragment and SUR on TK promoter activity in transiently and stably
transfected cells. (A) CHO cells were transfected as described under
Materials and Methods. The relative RLUs are the mean 6 SEM of
the luciferase levels (RLUs) normalized to the control pGL3 TK
(2PRL). At least 9 independent transfections were performed. (B)
Primary rabbit mammary cells were cultured on collagen or plastic,
transfected and hormonally induced as described in the legend to
Fig. 2B. Luciferase activity was normalized to the luciferase activity
obtained in cells transfected in the same experiment with the con-
trol, pGL3 TK (2PRL). This figure is representative of three exper-
iments. (C) HC11 cells were stably transfected with luciferase-
expressing plasmids according to the protocol described under
Materials and Methods. The pools of stable transfectants were
treated with insulin (I), insulin and prolactin (IP), insulin and cor-
tisol (IF), and insulin, cortisol, and prolactin (IFP). Results are the
mean 6 SEM of three independent transfections.
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mice were obtained with 5H 6i TKV construct and four
with 5H TKV construct. Surprisingly, the luciferase
levels varied greatly (0.5 to 51012 RLU/mg protein)
(Fig. 5A). Besides the high luciferase activity detected
in lactating mammary glands from lines L23 and L27,
luciferase levels were hardly detectable in the other
seven lines. Consequently, the luciferase mean level in
mammary gland from lactating 5H 6i TKV animals did
not differ statistically from that observed in the mam-
mary gland from 5H TKV lactating females (0.6 to
143.2 RLU/mg protein), 6i TK lactating females (0.8
and 26.1 RLU/mg protein) and from 5H 6i TKV nonlac-
tating females (1.6 to 178 RLU/mg protein (Figs. 3A
and 5A). Ovary, liver, kidney, and brain were also
analyzed and no significant difference was observed
among lactating and nonlactating animals and among

FIG. 5. Luciferase expression levels in 5H 6i TKV and 5H TKV t
gland from lactating and nonlactating females. (B) Luciferase aver
animals: MG, mammary gland; B, brain; K, kidney; O, ovary; L, live
in the different transgenic lines.
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the 5H 6i TKV, 5H TKV, and TK6i lines (Figs. 5B and
3B). The expression of the luciferase gene was not
significantly higher in the mammary gland compared
to other tissues except for lines L23 and L27. These
results suggest that addition of the 59HS4, VP1intron,
MMTV promoter fragment and SUR to the 6iTK con-
struct did not allow 6i to amplify significantly the
transgene expression in most lines.

DISCUSSION

The rabbit as1-casein gene contains in its distal pro-
moter an enhancer that is able to stimulate the activity
of the minimal as1-casein promoter in the presence of
prolactin (11, 13). In the present paper, we studied the
transcriptional efficiency of the multimer of this en-

sgenic lines (L). (A) Luciferase mean levels 6 SEM in the mammary
levels 6 SEM in different tissues from lactating and nonlactating
or each tissue the presented value is the mean of luciferase activity
ran
age
r. F
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hancer associated with a weak and hormonally non-
regulated promoter: the TK promoter (34). Our results
revealed that the multimerized element of the i ele-
ment (6i) was, in transfected cells, able to greatly en-
hance the TK promoter activity and render the con-
structs sensitive to both prolactin and the extracellular
matrix. Unexpectedly, the enhancer activity of 6i was
hardly observed in vivo in transgenic animals.

The TK promoter was previously assayed in trans-
fected cells associated with various enhancers. Li et al.
(8) and Winklehner-Jennewein et al. (7) stimulated
and rendered the constructs sensitive to prolactin us-
ing, respectively, the HSS1 region from the rat whey
acidic protein gene promoter and the enhancer from
the human b-casein gene. Sassi et al. (35) using the
glucocorticoid responsive elements (GRE) from the rat
tyrosine kinase gene, rendered the constructs contain-
ing the TK promoter sensitive to glucocorticoids. Soti-
ropoulos et al. (36) associated the TK promoter with a
six-copies multimer of STAT5 (LHRE element). The
multimer exhibited a prolactin sensitivity in vitro.
Here we demonstrate that 6i is able to render the TK
promoter sensitive to hormones as observed with other
enhancers.

One copy of the i element was not able to stimulate
the TK promoter in any of the cell types. Sax et al. (37)
associated one copy of the 18bp mouse a-A crystallin
gene enhancer with the pTKCAT plasmid. One copy
did not stimulate the TK promoter in several cell types.
Increasing the copy number of mouse a A-crystallin to
2, 3 and 4 copies resulted in an increase in CAT activ-
ity. Four copies gave the best stimulation. According to
Schaffner et al. (3), the presence of a larger number of
binding sites in the enhancer would facilitate the for-
mation of a functional complex by protein–protein con-
tacts. The results with i TK and 6i TK confirm the
observations reported above: increasing the copy num-
ber of the i element (6i) made it possible to strongly
stimulate the TK promoter. Contrary to our data,
James et al. (2) did not observe an enhancer effect on
the b-lactoglobulin promoter when a multimer of this
promoter was inserted upstream of the proximal pro-
moter. The authors suggest that the combination of
binding sites in the b-lactoglobulin promoter may not
be ideal. Besides, it is worth to consider that in con-
trast to our work, a larger fragment (376 bp) was
employed and longer sequences may contain binding
sites for inhibitor factors.

The 6i TK transgenic animals very poorly expressed
the luciferase gene. No difference in luciferase activity
was observed between nonlactating or lactating fe-
males. The luciferase level in the mammary gland was
similar to those found in kidney, brain, liver and ovary
indicating that no stimulation or specificity occurred at
the mammary gland level. This is in marked contrast
with the in vitro studies where 6i increased the expres-
sion of the reporter gene in the presence of prolactin. In
59
transgenic animals, the TK promoter alone is poorly
active and unable to avoid the chromatin position
effects (34). Sassi et al. (35) reported that a
glucocorticoid-dependent enhancer stimulated many-
fold the TK promoter in vitro but not in vivo. Cassard-
Doulcier et al. (38) produced transgenic animals with
the TK CAT construct. Only one line expressed CAT
weakly in several tissues while all the other lines were
silent. Association of the TK CAT construct with the
enhancer from the UCP-1 gene did not increase the
number of transgenic lines expressing the CAT gene.
Nelson et al. (39) studied the androgen-specific en-
hancer of the mouse Slp gene associated with the TK
CAT construct in transgenic animals. When a 160-bp
fragment of the enhancer was placed upstream of the
TK CAT gene reporter, 4 out of 6 transgenic lines
expressed the transgene. When a 120-bp region of the
enhancer was associated with the TK CAT construct,
only 1/11 lines expressed the CAT gene. In these three
studies, the authors suggested that the association of
the TK gene promoter and enhancers may not contain
all the elements necessary for transgene expression in
any integrated site.

Our observations together with those previously re-
ported lead us to formulate two hypotheses: (a) 6i does
not harbor essential regulatory elements to stimulate
the TK promoter in vivo. (b) 6i contains regulatory
elements but the transgene is strongly extinguished
when integrated in the chromatin. To tentatively re-
duce transgene silencing and to increase transfection
efficiency, the 59HS4 insulator, the VP1 intron, a frag-
ment from the MMTV promoter and the SUR were
added to the 6i TK construct. Addition of VP1 intron,
MMTV promoter fragment and SUR improved lucif-
erase transcription in primary mammary cells and
HC11 cells in agreement with a previous study (15). In
HC11 stably transfected cells, addition of 59HS4 in-
creased the luciferase expression level. This observa-
tion is consistent with other studies in which different
stably transfected cells and promoters were used (25,
26, 29, 33).

Association of the 59HS4 insulator, VP1 intron,
MMTV promoter fragment and SUR with the 6i TK
construct did not increase significantly luciferase ac-
tivity in most transgenic lines. When the 59HS4 insu-
lator was associated with the human EF1a ubiquitous
promoter (28), the whey acidic protein mammary-
specific promoter (29), a liver-specific promoter (31), a
tyrosinase minigene (40), and a retrovirus promoter
(27), an insulator effect was observed. All mouse lines
expressed the transgene and higher gene expression
levels were obtained. This insulating activity is be-
lieved to be due to 59HS4 ability to favor histone acet-
ylation in the transgene area preventing the formation
of inactive chromatin (41). However, 59HS4 is not able
to completely protect transgenes in all chromatin inte-
gration sites (42). Indeed, variegation of DAF and
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CD59 cDNA expression (28) was observed in trans-
genic rabbits (unpublished data) despite the presence
of 59HS4. The high variability observed among the 5H
6iTKV transgenic lines led us to suppose that an in-
complete insulation by 59HS4 occurred.

The low luciferase activity in most 5H 6i TKV trans-
genic lines may be due either to the silencing of the TK
promoter even in the presence of 59HS4 or to the weak-
ness of this promoter whose efficiency cannot be im-
proved even in the presence of additional regulatory
elements. The TK promoter is rich in CpG dinucleo-
tides. Different assays in transfected cells and in vivo,
in Xenopus laevis oocytes, showed a considerable de-
crease in transcription when the CpGs in the TK pro-
moter are methylated (43, 44). According to Montoliu et
al. (45), the probability of silencing of a transgene can
be increased by one of the following events: transgene
integration in tandem, absence of insulator sequences
or presence of CpG motives causing the transgene to
become methylated. The lacZ gene, like the TK pro-
moter, is rich in CpG nucleotides and poor in SpI sites.
In transgenic animals, variegation of lacZ expression
due to methylation of CpG dinucleotides has often been
observed. Cohen-Tannoudji et al. (46) reported that the
epigenetic phenomena of demethylation followed by
the de novo methylation that occurs in the embryo
during the pre-implantation period can result in pref-
erential methylation of the transgenes rich in CpGs
like the lacZ gene. The 59HS4 insulator prevents trans-
gene methylation indirectly (26, 41). When associated
with the human a-EF1 promoter and its first intron,
59HS4 did not completely prevented the variegation
effect (unpublished data). The a-EF1 promoter and
intron have a high CpG content. This example suggests
that the efficiency of 59HS4 can to some extent be
dependent on the CpG content in transgenes. The pres-
ence of exogenous enhancers and insulators may not be
sufficient to prevent the silencing of a transgene. The
data in the present study shows that, 59HS4 has not an
appropriate insulating activity when associated to the
TK promoter indicating that, although this insulator
presents a broad spectrum of activity, it may not be
efficient in all cases.

Accumulating evidence suggests that enhancers act
by reducing the silencing and variegation of gene ex-
pression (47). This hypothesis implies that enhancers
may contribute in some way to the insulating action.
Our study shows that the rabbit as1-casein enhancer,
even in a multimerized form and associated with the
59HS4 insulator, was unable to isolate the transgenes
containing the TK promoter. The lactogenic-hormone
dependent enhancer activity of this multimer is clear
in transfected cells. In transgenic animals this en-
hancer activity was observed only in the presence of
the 59HS4 insulator and in the mammary gland of only
two lactating transgenic lines. More data is necessary
to better conclude about the multimer enhancer activ-
60
ity in vivo. Association of this multimer to a promoter
less sensitive to extinction effects would help to solve
this issue.
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