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The major milk whey protein of sheep, fl-lactoglobulin (BLG), is expressed specifically in the mammary gland in a
developmentally regulated pattern. To identify the cis-acting DNA regions involved in the regulation of BLG expression,
resected gene constructs were analysed in transgenic mice. BLG transgenes which contain at least the proximal 406 bp of
the 5' flanking region were expressed in all mice analysed, at levels related to transgene copy number, and thus were
expressed in a position-independent manner. Expression was restricted to the mammary gland, except in a few lines where
low-level expression was also detected in the salivary gland. In these mice, BLG transgenes were expressed during
pregnancy and lactation in the appropriate temporal pattern. Further resection of the 5' proximal region to -146 bp
resulted in a dramatically reduced frequency of expression, without affecting tissue specificity, while a construct which
retained only 79 bp of 5' flanking region was not expressed. Chromatin analysis of isolated sheep nuclei showed that the
promoter resides within a DNAaseI-hypersensitive region in the mammary gland but not in the liver. A BLG transgene
displayed a similar tissue-specific pattern of DNAaseI hypersensitivity in mice. These data demonstrate an essential role
of the proximal DNAaseI-hypersensitive sequences for position-independent expression of the BLG gene.

INTRODUCTION

The major milk proteins (Jenness, 1982) are expressed
specifically and abundantly in the mammary gland during
pregnancy and lactation (Forsyth, 1986; Gaye et al., 1986;
Mercier et al., 1990; Harris et al., 1991). In the rat, milk protein
gene transcripts comprise as much as 60% of the total poly(A)+
RNA present in the mid-lactation mammary gland (Mercier et
al., 1990). This expression pattern is regulated by a complex
interaction of hormones (Topper & Freeman, 1980; Forsyth,
1986), in conjunction with intercellular and cell-extracellular-
matrix interactions which are as yet poorly defined (Levine &
Stockdale, 1985; Li et al., 1987; Eisenstein & Rosen, 1988).
Although the general trend of expression, gradually increasing
through pregnancy to a maximum during lactation, is common
to the major milk proteins of different species, differences both in
milk composition and in hormonal induction requirements occur.
It has been suggested that these differences may reflect evol-
utionary pressures to integrate the endocrine control of re-
production and lactation (Forsyth, 1986).
The analysis ofmilk protein gene expression has been restricted

by the lack of a suitable in vitro cell culture system. Studies
involving mammary epithelial cell lines have generated results,
but their interpretation is limited by the inability of these cell
models to mimic the entire repertoire of gene expression seen in
the mammary gland (Ball et al., 1988; Eisenstein & Rosen, 1988;
Doppler et al., 1989). An alternative approach is the use of
transgenic animals, where the DNA fragment is exposed to the
full range of developmental signals that endogenous genes
experience. Indeed, transgenic animals can reveal mechanisms of
gene control that are not evident in vitro (Brinster et al., 1988; cf.
Ott et al., 1984 with Pinkert et al., 1987). Although the analysis
of various milk protein gene constructs in transgenic mice has

begun to define the regulatory regions required for expression in
the mammary gland (Simons et al., 1987; Lee et al., 1988; Vilotte
et al., 1989; Bayna & Rosen, 1990), the locations of the individual
control elements have not yet been identified. Nevertheless,
sequence comparison of the promoter regions of some of these
genes has identified conserved regions (Hall et al., 1987; Mercier
et al., 1990), some of which have been shown to interact with
nuclear factors in vitro (Lubon & Hennighausen, 1987, 1988).
Whether these or other regions have a functional role in vivo in
the regulation of milk protein gene expression remains to be
determined.

In ruminants, the major whey protein is ,-lactoglobulin (BLG).
The ovine BLG gene has been cloned and sequenced (Ali &
Clark, 1988; Harris et al., 1988; Ali et al., 1990). Initial
experiments have demonstrated that transgenic mice which carry
genomic BLG gene fragments including 4.3 kb of 5' flanking
sequences express BLG specifically and abundantly in the mam-
mary gland (Simons et at., 1987). Indeed, despite the fact that
rodents do not have an endogenous BLG gene, the BLG
transgene is expressed in an appropriate temporal pattern during
mouse mammary gland development (Harris et al., 1991). In
addition, hybrid constructs containing BLG 5' sequences can
target expression of heterologous proteins to the mammary
gland of transgenic animals (Clark et al., 1989; Archibald et al.,
1990). To define functionally the BLG promoter, we have
generated 5' resected gene constructs and analysed their ex-
pression pattern in transgenic mice. BLG transgenes which
contain only the proximal 406 bp of 5' flanking sequences were
efficiently expressed in the mouse mammary gland in an ap-
propriate developmental pattern. This promoter region is
characterized by a strong tissue-specific DNAaseI-hypersensitive
site, both in sheep and in transgenic mice. BLG transgenes which
contain this compact promoter region, the transcription unit and

Abbreviations used: BLG, fl-lactoglobulin; LCR, locus control region; DTT, dithiothreitol; PMSF, phenylmethanesulphonyl fluoride; HS,
hypersensitive site; NF-1, nuclear factor 1.
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1.9 kb of 3' flanking sequences were expressed in all mice
analysed, and showed a strong trend towards copy-number-
related levels of expression.

MATERIALS AND METHODS

Generation of constructs
All commercial kits and enzymes were used as recommended

by the supplier, with all constructions performed according to
standard recombinant DNA procedures (Sambrook et al., 1989).
The BLG transgene (BLG.SS) present in mouse line BLG/14 has
been previously described (Simons et al., 1987). The 5' resected
constructs were derived from the genomic ovine BLG clone
pSSltgXS (Ali & Clark, 1988; Harris et al., 1988), termed
BLG.SX in these studies. To facilitate 5' resection manipulations,
the 4.2kb SalI-SphI fragment from pSSltgXS was subcloned
into SalI-SphI-cut pPolyI (Lathe et al., 1987), to generate
pSSltgSpS. Subsequently, pSSltgSpS was digested either to
completion with HpaI, or partially with AvaI, and both samples
to completion with Sall. After blunting the cohesive ends, the
various internally deleted molecules were self-ligated. The three
resulting pSSltgSpS deletion constructs were digested with SphI
and BglII, and the BLG-derived fragments were isolated and'
ligated with the 6.8 kb SphI-XbaI fragment from pSSltgXS to
pPolyI digested with BgllI and XbaI, to generate pSSltgXAH
(BLGAH), pSSItgXAAI (BLGAA1) and pSS1tgXAA2
(BLGAA2). The 800 bp BgllI-SphI fragment from pSS1tgXAA2
was isolated and digested with DpnI, StuI and ThaI and the
resulting fragments were ligated with the 6.8 kb SphI-
XbaI fragment from pSSItgXS to pUC19 digested with SmaI
and XbaI, to generate pUCXSpADp, pUCXSpASt and
pUCXSpATh. To ease isolation of fragment for injection, these
three plasmids were digested fully with XbaI and partially with
EcoRI, and the relevant EcoRI-XbaI fragments were ligated to
pPolyIII-I (Lathe et al., 1987) digested with EcoRI-XbaI to
generate pSSltgXADp (BLGADp), pSSItgXASt (BLGASt) and
pSSltgXATh (BLGATh). Prior to microinjection, plasmid
sequences were removed by digestion with the appropriate
restriction enzymes: Sall-Sall for BLG.SS, SalI-XbaI for
BLG.SX, BLGAH, BLGAA1 and BLGAA2, and SfiI-XbaI for
BLGADp, BLGASt and BLGATh.

Generation and identification of transgenic mice
Gel-purified insert DNA was microinjected, using standard

techniques, into either pronucleus of eggs collected from
superovulated (C57BL/6 x CBA) Fl female mice, which had
been mated with Fl stud males, to generate transgenic mice
(Hogan et al., 1986; Simons et al., 1987). Transgenic lines were
propagated by mating with Fl mice. DNA (for Southern blot
analysis) was prepared from tail biopsy material taken at
weaning, digested with the appropriate restriction enzyme,
subjected to agarose gel electrophoresis and blotted to nylon
membranes (Hybond N; Amersham). Southern blots were
hybridized (Church & Gilbert, 1984) with random oligo-primed
probes (Multiprime, Amersham; Feinburg & Vogelstein, 1983,
1984). After X-ray autoradiography, a range of exposures were
scanned on a Shimadzu CS-9000 densitometer, and by com-
parison with restricted sheep DNA and known amounts of
restricted pSSltgXS on each blot, the transgene copy number
was determined. DNA loadings were corrected by reprobing for
the whey acidic protein gene (a single-copy rodent gene; Gupta
et al., 1982). Rapid screening of established lines was by
polymerase chain reaction assay on crude tail extracts (Whitelaw
et al., 1991).

RNA analysis
RNA was prepared from tissues isolated from mid-lactation

females. The tissue sample was homogenized in 2 ml of RNAzol
(Chomczynski & Sacchi, 1987), as suggested by the supplier
(Biogenesis), and analysed by Northern blot. Total RNA was
electrophoresed on 1% denaturing Mops/formaldehyde agarose
gels, transferred and probed as for Southern blots. Blots were
probed with the 424 bp PvuII ovine BLG cDNA subfragment
isolated from pBlg931 (Gaye et al., 1986). RNA levels were
quantified by probing serial RNA dilutions, dot-blotted and
probed as described above, corrected for loadings and reprobing
for ribosomal RNA with pXlrlOl (Sollner-Webb & Reeder,
1979), and standardized with linear dilutions of a standard
lactating sheep mammary RNA. A range of exposures, within a
linear portion of a calibration curve, were scanned using a
Shimadzu CS-9000 densitometer.

Isolation of nuclei and digestion with DNAaseI
Frozen tissue samples were ground in the presence of liquid

nitrogen, homogenized in a Dounce homogenizer (Wheaton) in
A/NT/L (2:3:5 by vol.; see below for composition) and filtered
through several layers of Miracloth (Cambridge Bioscience).
Nuclei were pelleted by centrifugation at 250 g for 10 min
(Jouan CR3000). The nuclei were resuspended in A/NT (1:1,
v/v; see below) and then repelleted as above. Storage of nuclei
(108/ml) was at -70°C in storage buffer [75 mM-NaCl,
0.5 mM-EDTA, 0.85 mM-dithiothreitol (DTT), 0.125 mm-
phenylmethanesulphonyl fluoride (PMSF), 50% glycerol,
20 mM-Tris/HCl, pH 7.9]. All steps were carried out at 4 'C.
Solution A contained 0.6 M-sucrose, 120 mM-KCl, 15 mM-NaCl,
0.3 mM-spermine, 2 mM-spermidine, 28 mM-/1-mercaptoethanol,
4 mM-EDTA, 2 mM-EGTA, 0.2 mM-PMSF, 2 mM-DTT, 0.2%
Triton X-100 and 10 mm-Tris/HCl, pH 7.9. Solution NT was
15 mM-NaCl/10 mM-Tris/HCl, pH 7.9, and solution L was
composed of 10 mM-NaCl, 0.1 % (v/v) Nonidet P-40 and 10 mm-
Tris/HCl, pH 7.9.

Prior to digestion, nuclei were thawed and pelleted at
12000 g (Eppendorf Microfuge) for 5 min at 4 'C. The nuclei
pellet was resuspended in 500,1 of digestion buffer (0.3 M-
sucrose, 60 mM-KCl, 2 mM-EDTA, 2 mM-EGTA, 15 mM-NaCl,
5 mM-MgCl2 and 15 mM-Tris/HCl, pH 7.5). Digestion was
initiated by the addition of DNAaseI (Promega) in 5 mM-
CaCl2/1 mM-MgCl2, and was allowed to continue for 10 min at
37 'C. Reactions were stopped by the addition of EDTA to
20 mm, and nuclei were lysed with SDS (final concentration 1 %).
Samples were incubated at 22 "C for 3-16 h with 2 mg of
proteinase K/ml. DNA was isolated by sequential phenol and
chloroform extractions, and was finally precipitated with ethanol
(Sambrook et al., 1989). Subsequent digestion with restriction
enzyme and Southern blotting was as described above. In test
reactions, without DNAaseI, digestion due to endogenous
nuclear nucleases was detectable after 60 min and 20 min of
incubation at 37 "C for mammary gland and liver samples
respectively. That DNAaseI digestion had occurred was
demonstrated by a decrease in the size average of bulk non-
restricted DNA, and no hypersensitive sites were revealed by
DNAaseI digestion of naked DNA from these nuclei.

Blots were probed as described above with either a 522 bp
PvuII-HindIII (nt 2575-3097) fragment or a 446 bp
HindIII-BamHI (nt 3097-3543) fragment from pSSltgXS
(Harris et al., 1988). The sizes of the hybridizing bands appearing
in the autoradiograms were determined by using marker DNA
fragments comprising pooled samples of pSSltgXS digested
separately with AccI, BamHI, EcoRI, HindIII, PstI, PvuII and
SmaI.
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Efficient transgene expression in the mammary gland
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Fig. 1. BLG gene constructs and expression frequency
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The structure of the ovine BLG gene fragments (identified on the left) injected into fertilized mouse eggs is shown. The sizes of the 5' and 3' flanking
regions are given in kb or bp, and exons are presented as boxes. All constructs contain the entire 4.7 kb BLG structural gene. BLG.SS and BLG.SX
have been described previously as SS1 (SalI fragment) and a SalI-XbaI subfragment respectively( Simons et al., 1987). The numbers of mice/lines
identified by Southern blot, analysed for expression, and whether they expressed the BLG in the mammary gland, is shown on the right. Some
Go mice either failed to transmit the transgene to their progeny, were sterile or carried the transgene on the Y chromosome.

RESULTS

Generation of resected BLG transgenic mice
The eight BLG gene constructs used in this study are illustrated

in Fig. 1. All constructs contain the entire 4.7 kb BLG tran-
scription unit (Ali & Clark, 1988; Harris et al., 1988). BLG.SS is
the complete insert from the phage clone SS1 (Ali & Clark,
1988), which contains 4.3 kb of 5' flanking and 7.3 kb of 3'
flanking DNA. Each of the other constructs contains only 1.9 kb
of 3' flanking sequences, with various amounts of 5' flanking
sequences, from 4.3 kb (BLG.SX) to 79 bp (BLGATh).
A total of 61 Go transgenic mice were obtained, with < 1-30

transgene copies per cell. Animals with less than one copy per cell
were presumed to be mosaic (Wilkie et al., 1986; Whitelaw et al.,
1990) and were not analysed. In addition, three transgenic lines
were obtained which carried the transgene on the Y-chromosome,
precluding expression analysis. In total, 45 separate integration
events were analysed in this study.

The proximal 5' flanking sequences are required for BLG
expression

Expression was analysed in Go or G1 mid-lactation transgenic
females. RNA was isolated from the mammary glands of 1 -day
post-partum females and analysed by hybridization of Northern
and dot blots. Milk was also collected from these females and
analysed by SDS/PAGE and Western blotting.
The presence of distal 3' sequences in BLG.SS had no obvious

effect on expression when compared with that seen for BLG.SX,
which has an identical 5' region (Simons et al., 1987), or with the
5' resected BLG transgenes lacking these distal 3' sequences (Fig.
1 and Table 1). All BLG.SS, BLG.SX, BLGAH, BLGAA1,
BLGAA2 and BLGADp mice expressed BLG mRNA in the
mammary gland and secreted BLG into milk (Fig. 1 and Table
1). Expression levels ranged from about 5% to 300% that of
lactating sheep. This variation in expression was not related to
the different constructs and the four lowest expressing mice/lines
did not carry the same construct. Gross transgene rearrangement
was not observed by Southern blot analysis (results not shown);
however, the presence of localized mutations remains possible.

The amount ofBLG detected in mouse milk reflected, in general,
the observed mRNA levels.

Further 5' resection of this region, to leave 146 bp of the 5'
flanking DNA, resulted in a dramatic decrease in the frequency
of transgene expression, with only one out of eight mice/lines
expressing the BLGASt transgene (Fig. 1). This low expression
frequency is significantly different from that observed for the
BLG transgenes containing more extensive 5' regions (P < 0.001;
Fisher's Exact Test). In the one BLGASt mouse expressing BLG,
the observed mRNA levels were at the lower end of the range
observed for the transgenes comprising more extensive 5' flanking
sequences (Table 1). None of the eight transgenic mice/lines
carrying the BLGATh construct expressed the transgene (Fig. 1).
This construct contains only the proximal 79 bp of the 5' flanking
DNA, which includes the TATA consensus sequence.

BLG transgenes are expressed in a copy-related manner in the
mammary gland
The range of expression levels was further analysed. Fig.

2(a) shows a scatter graph of RNA expression level versus
transgene copy number for transgenic mice carrying constructs
comprising 406 bp or more of 5' flanking region. For the
10 individual BLGADp transgenic mice/lines, a significant
linear relationship was demonstrated between transgene copy
number and expression level (Fig. 2b), with the regression
line y = 0.31(+0.15)+ 0.037(±0.0l)x. From the regression
equation, the level ofmRNA expression per BLGADp transgene
copy is 34.7 % of that in RNA of lactating sheep. Thus, per gene
copy, we estimate that the BLGADp transgenes are expressed on
average at nearly two-thirds the level of the endogenous sheep
gene, since both ovine BLG alleles are active (Ali et al., 1990).
Significant regression lines could not be calculated for each of the
other constructs due to the sample sizes.

Tissue distribution of BLG transgene expression
In sheep, BLG is expressed specifically in the mammary gland

(Gaye et al., 1986). We have previously shown that transgenic
mice carrying either BLG.SS or BLG.SX express high levels of
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Table 1. Expression levels of BLG transgenes in the mammary gland and
milk

Detection levels were at least 104-fold lower than in standard
lactating sheep. RNA levels were normalized to that of lactating
sheep mammary gland. ND, not determined.

Expression of
Construct/line Copy no. RNA

1.00
3.00
0.70
ND
2.90
0.31
3.00
0.61
0.87
0.44
0.15
0.08
0.05
0.36
0.40
0.50
0.14
0.05
0.08
1.00
0.92
1.50
0.27
0.34
1.24
0.35
0.26
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Fig. 2. Relationship between transgene copy number and expression
(a) Scatter graph ofmRNA levels detected in the mammary gland by
densitometric scanning of duplicate, serial-diluted RNA dot-blots
versus transgene copy number, as estimated by densitometric
scanning of Southern blots. Data are presented for BLG.SS,
BLG.SX, BLGAH, BLGAA1, BLGAA2 and BLGADp transgenic
mice. Some of the single-copy transgene points overlap each other.
(b) Linear regression (solid line) for BLGADp is given by
y = 0.31(±0.l5)+0.037(+0.0l)c, where y is the BLG mRNA ex-
pression normalized to a standard lactating sheep, and x is the
transgene copy number; the 95% confidence limits are indicated
(broken lines). The value for a single endogenous sheep gene is 0.5.

BLG specifically in the mammary gland (Simons et al., 1987). To
determine the specificity of expression of the resected transgenes,
RNA was isolated from several tissues taken from mid-lactation
mice and analysed for expression by Northern blot hybridization.

In transgenic mice carrying BLG gene constructs containing at
least 406 bp of proximal 5' flanking sequences, expression was
detected predominantly in the mammary gland (Fig. 3a). By
over-exposing the blots, very low levels of expression were also
observed in the salivary glands in eight out of 22 of the mice/lines
analysed (Fig. 3b). This BLG expression was not attributable to
contamination with mammary gland material in these animals,
as hybridization of these samples with mouse whey acidic protein
or mouse f8-casein cDNA probes gave no hybridization signal
(results not shown). Salivary gland expression, although not
restricted to a specific construct, was most prevalent in BLGADp
mice. In all cases, the levels of salivary expression were at least
103-fold lower than those observed in the mammary gland.
Expression of BLG was not seen in the ovine salivary gland even

after long exposures of sheep RNA blots. RNA was also analysed
from thymus, skeletal muscle, tongue, small intestine, lung and
brain of mice of line BLGADp/39, which express BLG mRNA
in the salivary gland, but no BLG mRNA was detected (results
not shown). In the one expressing BLGASt line, expression of the
transgene was again predominantly in the mammary gland;
however, low-level expression was also seen in the liver, kidney
and salivary gland (Fig. 3c). This non-mammary expression was

also at least 103-fold lower than that detected in the mammary
gland.

Expression of BLG transgenes during mammary gland
development

During pregnancy, the mammary gland undergoes prolifer-
ation of cells and a marked differentiation of those cells (Knight
& Peaker, 1982; Forsyth, 1986). In parallel, ovine BLG ex-
pression gradually increases as the mammary gland develops, to
a maximum during lactation (Gaye et al., 1986). We have
previously demonstrated a similar developmental pattern of
BLG.SS expression in mice, paralleling that seen for fl-casein, an
endogenous mouse milk protein gene (Harris et al., 1991). To
determine whether the resected BLG transgenes behaved in a
similar manner, RNA was isolated from mammary tissue of age-
matched siblings at selected time points during pregnancy and
lactation, and analysed by Northern blotting (Fig. 4a). High-
expressing lines were analysed to maximize the sensitivity of
detection of low-level expression during early developmental
time points.

All BLG transgenes which contained at least the proximal
406 bp of the 5' flanking region demonstrated a temporal
expression pattern similar to the others (Fig. 4b) and to that
previously determined for BLG.SS (Harris et al., 1991). A
gradual increase was observed during pregnancy, with maximal
expression occurring during lactation: by mid-pregnancy ex-
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Fig. 3. Tissue specificity of BLG expression in transgenic mice

(a) Northern blot analysis of RNA isolated from mammary gland
(M), liver (L), kidney (K), spleen (Sp), salivary gland (S1) and heart
(H) samples, isolated from individual mid-lactation transgenic mice
of lines BLG.SX/45; BLGAH/12, BLGAAI/13, BLGAA2/28,
BLGADp/39 and BLGASt/86, and from sheep. Total RNA was

resolved by denaturing gel electrophoresis, transferred to Hybond
filters and hybridized to an ovine BLG-specific probe. The auto-
radiographs were over-exposed to maximize the sensitivity of
mRNA detection. (b), (c) Low non-mammary expression in trans-
genic mice detected by Northern blot analysis. To allow identi-
fication of low-level expression, various amounts of total RNA
were loaded as indicated above each lane. NT, non-transgenic
mouse.

pression was 6-fold higher than that detected in the virgin, a
further 4-fold increase occurred by late-pregnancy, and mid-
lactation levels were approximately 30% greater than that seen
at the end of gestation. This pattern parallels that of endogenous
fl-casein transcripts (Harris et al., 1991).

Mammary-specific DNAaseI-hypersensitive sites reside in the
proximal 5' region of BLG
The presence and location of DNAaseI-hypersensitive sites in

the chromatin encompassing the ovine BLG gene were de-
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Fig. 4. Expression ofBLG transgenes during mammary gland development

(a) Northern blot analysis of mammary RNA isolated from
BLGADp/39 mice at various time points during pregnancy and
lactation: V, virgin; P1, 10 days post-plug; P2, 16 days post-plug; L,
11 days post-partum (lactation); C, 11 days post-partum non-
transgenic mouse. Total RNA was resolved by denaturing gel
electrophoresis, transferred to Hybond filters and hybridized to an
ovine BLG-specific probe. The ethidium bromide-stained gel is
shown below. (b) Comparison of the temporal expression patterns
seen for the various transgenes analysed; a, BLG.SS/14; b,
BLGAH/12; c, BLGAAI/13; d, BLGAA2/1; e, BLGADp/39.
Values were determined by quantification of serially diluted RNA
dot blots. The level of expression (average of two mice for each time
point) is presented as a percentage of that detected in the mid-
lactation mammary gland. All mice were age-matched siblings
within each transgenic line.

termined by limited DNAaseI digestion of nuclei isolated from
lactating sheep mammary gland. DNA isolated from DNAaseI-
treated nuclei was digested with HindIII, and the resulting
fragments were identified by indirect end-labelling (Wu, 1980) of
Southern blots. Two HindIII restriction fragments span the
entire region of the transgenes used in this study.
The PvHd probe (Fig. 5J) detects a 7.5 kb 5' HindIII genomic

fragment (Fig. 5a), encompassing the first three BLG exons and
approx. 5.4 kb of 5' flanking sequences in DNA isolated from
sheep nuclei which had not been treated with DNAaseI. In
addition to the genomic fragment, this probe detected three
other fragments of 2.4, 3.0 and 4.0 kb in DNAaseI-tre- .td
lactating-mammary chromatin (Fig. Sa). The 3.0 kb fragment
was not detected in all preparations of nuclei analysed. These
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Fig. 5. Identificadon of DNAaseI-hypersensitive sites
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Nuclei from lactating mammary glands (a, b, d) and liver (c, e) were incubated with increasing amounts of DNAaseI at 37 °C for various times,
as indicated above each lane. The next incubation point essentially digested all bands. Purified nuclear DNA was restricted with HindIII, resolved
by agarose gel electrophoresis, transferred to nylon membranes and hybridized with the PvHd (a, c, d, e) or the HdB (b) probes. SM, sheep
mammary gland; SL, sheep liver; MM, BLG/14 transgenic mouse mammary; ML, BLG/14 transgenic mouse liver; M, marker lane. (J) Diagram
of genomic ovine BLG showing the relevant restriction sites (Hd, HindIII; Pv, PvuH; S, Sall; Xb, XbaI). Exons are presented as boxes. Location
and sizes (bp) of the PvHd and HdB probes and the observed hybridizing bands are shown diagramatically. The deduced DNAaseI-hypersensitive
sites (numbered I-III; relative sensitivity indicated by arrow width) in sheep (above line) and mouse (below line) lactating mammary gland
chromatin are indicated.

fragments identify two weak DNAaseI-hypersensitive sites, re-

spectively -1800 bp (HSI) and -800 bp (HSII) from the tran-
scription start site, and a strong hypersensitive site (HSIII)
which, located at -300 to +100 bp, encompasses the promoter
region (Fig. 5]). No equivalent hypersensitive sites were detected
in chromatin from lactating sheep liver nuclei (Fig. 5c). The HdB
probe detects a 4.2 kb HindIII genomic fragment which comprises
the 3' BLG exons and approx. 2.0 kb of 3' flanking sequences

(Fig. 5J). Using this probe, no DNAaseI-hypersensitive sites
were detected in mammary (Fig. Sb) or liver (results not shown)
chromatin.
To determine whether BLG transgenes displayed a similar

DNAaseI-hypersensitivity pattern, nuclei were isolated from
mid-lactation mammary gland tissue from a line ofBLG.SS mice
(BLG/14). This line carries two copies of the BLG.SS construct
and expresses BLG abundantly and specifically in the mammary
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gland (Simons et al., 1987) in the appropriate developmental
pattern (Harris et al., 1991). Fragments corresponding to two
hypersensitive sites were identified using the PvHd probe (Fig.
5d), in addition to the bands representing the internal Hindlll
transgene fragment (6.5 kb) and the fragment comprising
transgene and flanking mouse sequences (10.0kb). These sites
co-localized to HSI and HSIII that were identified in lactating
sheep mammary nuclei. HSII was not detected, and may reflect
the inability to perform a similarly extensive DNAaseI titration
due to the limited number of nuclei available from the mouse
mammary gland or the relatively weak and inconsistent nature of
this site in sheep. Again, no hypersensitive sites were detected in
liver chromatin (Fig. Se). In unrestricted DNAaseI-digested
mammary chromatin, a fragment of the approximate size of the
transgene fragment was detected (results not shown), suggesting
that the promoter regions of both copies of the transgene were
hypersensitive.

DISCUSSION

Expression of BLG in transgenic mice: defining the promoter
region
The ovine BLG gene is expressed specifically in the sheep

mammary gland (Gaye et al., 1986; Harris et al., 1991). We have
previously shown that BLG transgenes containing 4.3 kb of 5'
flanking sequences are expressed efficiently, with an appropriate
developmental pattern, in the mammary gland of transgenic mice
(Simons et al., 1987; Harris et al., 1991). We have also shown
that this 5' region is capable of targeting the expression of a
heterologous gene to the mammary gland (Archibald et al.,
1990). In this present study we show that the proximal 406 bp of
5' flanking sequences are sufficient to direct efficient expression
of the BLG gene to the mammary gland. Within this promoter
region, important regulatory elements are present between -406
and -146, since the removal of these sequences dramatically
reduces the frequency of transgenic mouse lines expressing BLG.
The fact that expression was observed in one out of eight cases,
again predominantly in the mammary gland, with a BLG
transgene containing only 146 bp of the immediate 5' flanking
sequences indicates that additional regulatory elements, capable
of targeting expression to the mammary gland, are located more
proximally in the promoter, or downstream of the transcription
start site. The ability of these elements to function in the absence
of the region between -146 and -406 would appear to be
highly dependent on the site of transgene integration. An
alternative, but unlikely, explanation is that the expression
observed in this one case was due to the fortuitous integration of
the BLGASt transgene in the vicinity of endogenous enhancer
sequences that mediate expression in the mammary gland.
For many genes, the analysis of 5' flanking regulatory

sequences has identified both proximal and distal control
elements which are necessary for appropriate tissue-specific
expression (e.g. Pinkert et al., 1987). The studies described here
demonstrate that the 5' flanking sequences required for ap-
propriate tissue-specific and developmental regulation of the
BLG gene are located in a relatively compact promoter region.
By contrast, two other milk protein genes have been found to
possess more extensive promoters. Thus transgenic mice carrying
a whey acidic protein gene containing 950 bp of 5' flanking
sequences or a ,-casein gene containing 500 bp of 5' flanking
region expressed the transgenes predominantly in the mammary
gland, but in both cases appropriate expression was not observed.
The whey acidic protein transgenes, although expressed at levels
which approached that of the endogenous mouse gene, presented
an inappropriate temporal expression pattern (Bayna & Rosen,
Vol. 286

1990), while the fl-casein transgenes responded appropriately
during mammary gland development, but the expression levels
obtained were extremely low when compared with the en-
dogenous mouse gene (Lee et al., 1988).

BLG transgenes are expressed in the salivary gland
BLG expression was detected at low levels in the salivary

glands of a number of transgenic mice. Salivary gland expression
of other milk protein genes and hybrid genes derived from them,
including BLG, has also been reported in transgenic mice (Lee et
al., 1988; Pittius et at., 1988; Archibald et al., 1990; Gurzburg et
al., 1991). Since salivary expression is a consistent phenomenon,
it is unlikely to be due solely to position effects at the site of
transgene insertion.
The mammary gland and salivary glands have several

characteristics in common. They share similar morphology and
cell types, and possess an overlapping range of cell surface
receptors (Abbey & Witorsch, 1984). The salivary gland also
responds to at least some of the hormones which stimulate milk
protein synthesis in the mammary gland (Hatakeyama et al.,
1988). Therefore the expression of milk protein genes in the
salivary gland may reflect the presence of similar trans-acting
factors in these two tissues. The inappropriate, low-level salivary
expression seen in this study could be due to species differences
in the relative affinities of the trans-acting factors for the ovine
BLG regulatory sequences in the mouse and sheep salivary
glands. Alternatively, the lack of expression of endogenous milk
protein genes in salivary tissue may be due to the presence of
negative regulatory elements missing from the constructs used
for gene transfer.

The BLG promoter encompasses a mammary-specific
DNAaseI-hypersensitive site

Expressed genes often reside within an open chromatin struc-
ture (Weintraub, 1985; Elgin, 1988). This is manifested as an
increased sensitivity to nucleases of the chromatin in the vicinity
of actively transcribed genes (Jantzen et al., 1986). Sites which
are hypersensitive to nuclease digestion are frequently found
within these regions and represent a disruption in the nucleosomal
array. In numerous cases, these sites have been mapped to
important regulatory elements which interact specifically with
transcription factors (Elgin, 1988). In sheep, the BLG promoter,
as defined by the resection analysis described in this study,
exhibits a strong, tissue-specific DNAaseI-hypersensitive site
(HSIII), suggesting the interaction of trans-acting factors with
sequence elements in this region. The fact that a BLG transgene
also exhibits the same strong hypersensitive site shows that its
formation is mediated by cis-DNA elements within the transgene
and that its presence is associated with BLG expression in the
mammary gland.

Sequence comparison of the a-lactalbumin and casein gene
promoters from several species has revealed a 30 bp region which
is highly conserved. This region has been termed the 'milk box'
(Hall et al., 1987; Mercier et al., 1990). Nuclear factors, including
NF- 1, have been shown to interact with the murine a-lactalbumin
promoter milk box in vitro (Lubon & Hennighausen, 1987) and
with a comparable region in the murine whey acidic protein gene
promoter (Lubon & Hennighausen, 1988). The BLG promoter
contains a region with only a weak similarity to the milk box. It
does, however, contain a number of NF-l-binding sites, as well
as multiple sites that bind a mammary-gland-specific nuclear
factor which may interact to drive expression in the mammary
gland (Watson et al., 1991).
Two minor upstream hypersensitive sites (HSI and HSII) were

detected in sheep mammary chromatin. HSII was not detected in
all sheep mammary samples, and was not detected in transgenic
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mice. No hypersensitive sites were detected in liver chromatin.
No essential role for HSI and HSII, with respect to BLG
expression, is evident from these studies, since their deletion has
no overt effect on the efficiency of transgene expression. They
may simply reflect DNA structures which display enhanced
sensitivity to nuclease digestion in tissues where the BLG gene is
expressed. Alternatively, these sites may reflect a function which
was masked in the expression studies by the presence of down-
stream sequences.

BLG transgenes are expressed in a copy-related manner in the
mammary gland
The level of expression of most gene constructs introduced

into transgenic mice does not correspond to the transgene copy
number (Lee et al., 1988; Bonnerot et al., 1990). This is thought
to be due to the influence of the chromosomal DNA sequences
in the vicinity of the integration site (Allen et al., 1990; Al-Shawi
et al., 1990). Indeed, this so-called 'position effect' can be so
extreme that a transgene may be completely inactive in a signifi-
cant proportion of the transgenic animals generated in an
experiment.
The fl-globin-like genes provide a notable exception to the

position-dependent behaviour of most transgenes. Thus a variety
of fl-globin constructs have been shown to be expressed in
transgenic mice independently of their site of integration, and
exhibit a strong correlation between copy number and level of
expression (Grosveld et al., 1987; Orkin, 1990). These constructs
all contain a distal 5' flanking region, now termed the Locus
Control Region (LCR; Orkin, 1990), which is responsible for
this effect. Other genes for which position-independent expression
has been reported include those for CD2 (Lang et al., 1988),
lysozyme (Bonifer et al., 1990) and a-globin (Higgs et al., 1990),
and fps/fes (Greer et al., 1990). The a- and ,J-globin LCRs are
characterized by strong tissue-specific DNAaseI-hypersensitive
sites, as is the 3' flanking region of the CD2 gene responsible for
position-independent expression. The fl-globin LCR and the
equivalent region from CD2 have both been shown to confer
position-independent expression on heterologous genes (Ryan
et al., 1989; Greaves et al., 1989). At present, it is not clear by
what mechanism these sequences mediate position-independent
expression.
BLG genes comprising 406 bp or more of the proximal 5'

flanking sequences showed a clear relationship between copy
number and level of expression in the mammary gland, indicating
that they may function in a position-independent manner.
Sequences within the promoter region ofBLG are clearly essential
for efficient expression. Furthermore, BLG expression correlates
with the presence of a strong DNAaseI-hypersensitive site in this
region. By contrast to the ,?-globin LCR and the 3' regulatory
region identified for the CD2 gene, the BLG promoter does not
function independently since it does not drive the expression of
a heterologous gene, xz-antitrypsin, in a position-independent
manner (Archibald et al., 1990). This conclusion is supported
by the experiments utilizing two BLG minigenes, which lack
BLG introns, in which expression was detected in less than half
the mice analysed (Whitelaw et al., 1991). Our current hypothesis
is that the position-independent expression of BLG transgenes
requires an interaction between the promoter region and
element(s) located within and/or downstream of the gene.
Intriguingly, no DNAaseI-hypersensitive sites have been detected
within this region.

Targeting of efficient expression of foreign proteins to the
mammary gland

There is considerable interest in transgenic animals as pro-
duction systems for proteins. The approach generally taken has

been to target expression of the proteins of interest to the
mammary gland, with the intention of harvesting them from
milk (Wilmut et al., 1990). We have previously used BLG
sequences to target expression of human factor IX and human
al-antitrypsin to the mammary glands of sheep and mice (Clark
et al., 1989; McClenaghan et al., 1991); however, with only one
hybrid construct was a high level of expression detected
(Archibald et al., 1990; Wright et al., 1991; Whitelaw et al.,
1991). Other workers attempting the same approach have also
been hampered by low expression levels (Gordon et al., 1987; Yu
et al., 1989; Buhler et al., 1990; Denman et al., 1991; but see
Meade et al., 1990). Defining the elements within the BLG gene
that mediate efficient expression and understanding how they
function will facilitate the design of hybrid genes which can
reliably target the expression of heterologous genes to the
mammary gland.
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