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Expression of xanthine oxidoreductase in mouse mammary epithelium
during pregnancy and lactation: regulation of gene expression by

glucocorticoids and prolactin
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In the mammary gland of virgin mice, xanthine oxidoreductase
(XOR) enzymic activity is barely measurable. A high increase in
the levels of the enzyme is observed during the last days of
pregnancy and during lactation, and this is parallelled by an
elevation in the amounts of the respective protein and transcript.
In situ hybridization experiments demonstrate that the XOR
mRNA is specifically expressed in the alveolar epithelial cells of
the mammary gland. In HC11 cells, a model culture system for
normal breast epithelium, the levels of XOR enzymic activity are

dose- and time-dependently induced by dexamethasone, and a
further synergistic augmentation is observed in the presence of
dexamethasone plus prolactin. Increased XOR gene expression is
consequent on glucocorticoid receptor activation, as indicated by
sensitivity to the specific receptor antagonist RU486. In addition,
the phenomenon is likely to involve protein phosphorylation and
dephosphorylation events, as suggested by modulation of XOR
mRNA by tyrosine kinase and phosphatase inhibitors.

INTRODUCTION

Xanthine oxidoreductase (XOR) is the key enzyme in the
catabolism of purines, catalysing the oxidation of hypoxanthine
to xanthine and xanthine to uric acid. The protein is the product
of a single gene [1] and it is localized in the cytoplasm of various
cell types [2]. In its holo-enzymic form, XOR has a molecular
mass of 300 kDa and consists of two identical 150 kDa subunits
[3]. The enzyme is a molybdoflavoprotein, like sulphite oxidase
and aldehyde oxidase [4-6], and it exists in two interconvertible
forms, xanthine dehydrogenase (EC 1.1.1.204; XD) and xanthine
oxidase (EC 1.1.3.22; XO) [7,8]. The former uses NAD™" as the
acceptor of reducing equivalents whereas the latter transfers
them to molecular oxygen. XD can be converted into XO, either
irreversibly by proteolysis, or reversibly through oxidation of
crucial cysteine residues [9]. In various pathological conditions,
the XO form of XOR is believed to play an important role in the
processes that lead to tissue damage because of its ability to
reduce oxygen to the toxic superoxide anion species [10-12]. On
the other hand, under physiological conditions, XOR may have
a cytoprotective action against local oxidative stress, since the
final product of the activity of the enzyme is uric acid, a strong
antioxidant [13].

Although in certain animal species the enzyme is particularly
represented at the level of capillary endothelial cells [14,15], low
but measurable amounts of XOR enzymic activity are found in
various other cell types [2,16]. In the mouse, high levels of the
protein are present in the enterocytes lining the proximal tract of
the small intestine, as well as in a subpopulation of hepatocytes
and in the alveolar cells of the lung [2]. Tissue- and cell-specific
expression of the enzyme indicates that expression of the protein
is highly regulated. Modulation of XOR gene expression by
inflammatory mediators [16,17] further supports this contention.
In fact, the XOR gene is transcriptionally upregulated by bacterial

lipopolysaccharide, tumour necrosis factor and type I and type 11
interferon (IFN) in various mouse tissues [2] and mammalian cell
lines [15,17].

Significant levels of XOR activity are found in the milk of
humans and various other mammals. Indeed, human and cow
milk is widely used as a rich source for purification of the enzyme
[18-21]. XOR is produced in the mammary gland [14,22,23],
however, the refined cellular localization, the endogenous stimuli
and the molecular mechanisms responsible for the expression of
XOR in mammary gland are not yet known. In this report, we
first measured the levels of XOR enzymic activity, immuno-
reactive protein and mRNA in the mammary gland in virgin,
pregnant and lactating mice at various stages during the gestation
and lactation processes. Secondly, by in situ hybridization
techniques, we determined the cells within the gland responsible
for the synthesis of the XOR transcript. Thirdly, the expression
of XOR was compared with that of a prototypical milk protein,
i.e. p-casein. Finally, the hormones and the molecular mech-
anisms underlying XOR gene expression were studied in the in
vitro model of lactogenesis represented by the normal mouse
mammary epithelial cell line HC11.

MATERIALS AND METHODS
Animals and cell culture

To obtain pregnant and lactating mice, BDF, female mice
weighing 18-20 g, obtained from Charles River Italia (Calco,
Como, Italy), were mated in the central animal house facilities of
the Istituto ‘Mario Negri’. The day of pregnancy and lactation
was calculated from the day of appearance of the vaginal plug.
Procedures involving animals and their care were conducted in
conformity with the institutional guidelines that are in compliance
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Table 1 XOR activity, protein and mRNA levels in the mammary gland
during mammogenesis and lactogenesis

XOR activity data are the means + S.D. of three animals per experimental group. XOR protein
levels are expressed relative to the value observed in virgin mice, which is taken as 1. Each
experimental value is the mean + S.D. of the densitometric analysis of Western blots obtained
from four independent experiments. XOR mRNA data obtained from the densitometric analysis
of Northern blots were normalized for the intensity of the 18 S rRNA in each sample. Results
are expressed relative to the value observed in virgin mice, which is taken as 1. Each
experimental value is the mean + S.D. of four independent experiments. Statistical analysis was
performed according to the Tukey’s test following analysis of variance. * Significantly (P <
0.01) higher relative to the corresponding values observed in virgin mice, pregnant mice of 6,
12 and 18 days and post-lactating mice. f Significantly (P < 0.01) higher relative to the
values observed in pregnant mice of 6 and 12 days and post-lactating mice. p.c., post-coitum.

XOR activity XOR protein XOR mRNA
Animals (m-units/mg) (relative amount)  (relative amount)
Virgin mice 17401 1.0 1.0
Pregnant mice
6 day p.c. 10406 14403 14+09
12 day p.c. 16401 11405 36+18
18 day p.c. 45+1.0 6.6+137 58.8+24.01
Lactating mice
1 day 11.54+0.2* 8.0+25F 56.3+12.7F
2 days 10.0+11* 6.9+1.97 55.7+15.6F
3 days 111409 7.8+197 50.3+15.3F
7 days 148+3.5" 11.3+3.27 31.5+1717
Post-lactating mice 24405 1.7+11 71412

with national (D. L. n. 116, G. U., suppl. 40, 18 Febbraio 1992)
and international laws and policies (EEC Council Directive
86,/609, OJ L 358, 1, Dec. 12, 1987; NIH Guide for the Care and
Use of Laboratory Animals, NTH Publication No. 85-23, 1985).

HCI1 cells, a gift from Dr. B. Groner (Institute for Ex-
perimental Cancer Research, Freiburg, Germany) and Dr. N. E.
Hynes (Friedrich Miescher-Institut, Basel, Switzerland), were
grown in RPMI 1640 (Gibco-BRL, Gaithersburg, MD, U.S.A.)
supplemented with 109, (v/v) fetal calf serum, 5 x#g/ml insulin
(Sigma, St. Louis, MO, U.S.A.) and 10 ng/ml epidermal growth
factor (EGF; Sigma). For the induction of XOR, cells were
plated at the density of 1.1 x 10° cells/cm?, grown to confluency
and left for a further 2 days in the absence of EGF. EGF-
depleted cells were subsequently treated in the presence of 107* M
dexamethasone alone or a combination of dexamethasone and
ovine prolactin (5 ug/ml luteotropic hormone; Sigma), unless
otherwise specified. Cultures were free from mycoplasma as
assessed using the Hoechst 33258 fluorescent dye system
(Farbwerke Hoechst AG, Frankfurt, Germany).

XOR enzymic assay

Tissues containing a pair of abdominal mammary glands (I cm
in diameter for a single mammary gland) were isolated from
virgin mice, pregnant mice at days 6, 12 and 18 of gestation,
lactating mice at days 1, 2, 3 and 7 following delivery, and mice
that had been separated from pups for 10 days following a 3-
week lactation period. Tissues were homogenized in 2-10 vol. of
enzyme-extraction buffer containing 50 mM Tris/HCI (pH 8.0),
0.1 mM PMSF, 2uM leupeptin and 0.15 M aprotinin.
HCI11 homogenates were obtained following three cycles of
freezing and thawing in the presence of the enzyme extraction
buffer. Tissue and HC11 cell homogenates were centrifuged at
105000 g for 30 min or at 10000 g for 30 s respectively, and the
corresponding supernatants were used for the XOR radiometric

assay, which was performed as previously described [2]. One unit
of XOR enzymic activity is defined as the amount of enzyme
capable of transforming 1 ymol of hypoxanthine into xanthine
and uric acid in 1 min at 37°C. Proteins were determined
according to the method of Bradford [24] using a commercially
available kit (Bio-Rad Laboratories, Richmond, CA, U.S.A.).

Western blot and Northern blot analysis

Tissue and cell homogenates prepared for the XOR assay were
pooled, and proteins (100 ug) were electrophoresed on an 8 9,
SDS-denatured polyacrylamide gel. Conditions for blotting and
detection of the specific XOR bands were as described previously
[2]. Immunoreactive protein bands were revealed by a
chemiluminescence-based procedure using an ECL detection kit
(Amersham, Little Chalfont, U. K.) according to the instructions
of the manufacturer.

Total RNA was prepared from mouse mammary glands, or
from HCI11 cells, according to standard procedures [25]. RNA
(20 pg for the mammary gland tissue and 30 ug for HCI11 cells)
was fractionated on a 19, agarose/69, formaldehyde gel and
blotted onto nylon membranes (GeneScreen Plus; New England
Nuclear, Boston, MA, U.S.A.). Membranes were sequentially
hybridized with the following *2P-radiolabelled probes: a 2 kb
fragment of the mouse XOR cDNA (Zap 64; [16]); a 525 bp
mouse f-casein cDNA fragment (nucleotides 9278-9802; [26]),
which was RT-PCR-amplified from HC11 RNA using synthetic
oligonucleotides designed from published sequences [26]; and a
synthetic oligonucleotide (5-ACGGTATCTGATCGTCTTCG
AACC-3) that recognizes 18 S ribosomal RNA [27].

XOR mRNA signals were normalized to 18 S values obtained
on the same blot to control for variation in loading and transfer
among samples. The conditions for probe labelling and mem-
brane hybridization were according to standard procedures [25].
Genistein and orthovanadate were purchased from Sigma, where-
as Ru486 was a gift from Roussel UCLAF (Vitry-sur-Seine,
France).

XOR protein and mRNA were quantified by densitometric
analysis using an RAS 3000 videoimaging system (Amersham).
Densitometry was performed at conditions of linearity for protein
or mRNA content versus exposure time.

Nuclear transcription run-on assay

Nuclei were prepared from HC11 cells that were harvested 30 h
after the appropriate treatment. The nuclear run-on reaction was
performed according to the method described previously [17].
The ¢cDNAs used for this experiment were those coding for
mouse liver XOR cDNA (zap64; [16]), glucose-6-phosphate
dehydrogenase (G6PDH; [28]), histone H2a [29] and glyceral-
dehyde-3-phosphate dehydrogenase (G3PDH; [30]).

In situ hybridization

The 2 kb mouse XOR ¢cDNA fragment, Zap 64 [16], and the
525 bp PCR-amplified mouse f-casein cDNA were subcloned in
the plasmid vector pBluescript (Stratagene, La Jolla, CA,
U.S.A.), and used as templates for the synthesis of sense and
antisense riboprobes, employing T3 and T7 RNA polymerases
(Stratagene), in the presence of [**S]thio-UTP (specific radio-
activity 1200 Ci/mmol; Amersham). Template DNAs were de-
graded by DNase I (Pharmacia, Uppsala, Sweden), and the
average length of the riboprobes was adjusted to approx. 150
nucleotides by alkaline treatment [31]. The mouse tissues con-
taining abdominal mammary glands and muscle were cut in
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circles (1 cm in diameter), fixed in 4 9, paraformaldehyde over-
night, embedded in paraffin, sectioned to 5 um thickness and
mounted on chromalum-containing gelatin-coated slides.

HCI1 cells were plated on tissue-culture chambers (Lab-Tek
Chamber Slides, Nunc Inc., Naperville, IL, U.S.A.) at a density
of 1.1 x 10° cells/cm?* and grown to confluency for 24 h. Following
depletion of EGF from the culture medium for 2 days, treatments
with the appropriate stimuli were performed. At the end of each
treatment, cells were fixed in 4 9%, paraformaldehyde at 4 °C for
3h.

The conditions for the pretreatment of slides, hybridization,
washing and detection by the nuclear track emulsion technique
have been described precisely in a previous report [2]. At the end
of the in situ hybridization, the mammary gland tissue sections
were stained with haematoxylin—eosin, whereas HC11 cells were
stained with Giemsa.

RESULTS

Modulation of XOR activity and protein levels in mammary gland
during pregnancy and lactation

XOR enzymic activity was measured in the mammary gland of
virgin, pregnant and lactating mice. As shown in Table 1 virgin
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Figure 1 Western and Northern blot analysis of XOR protein and mRNA in

mouse mammary glands during pregnancy and lactation

Mammary glands were isolated from virgin mice (C), pregnant mice at 6, 12 and 18 days of
gestation, lactating mice at 1, 2, 3 and 7 days after delivery, and post-lactating mice (post lact).
(R) Protein extracts (100 z«g/lane) were electrophoresed and subjected to Western blot analysis.
The XOR immunoreactive band (150 kDa) is indicated by an arrow and the position of the
molecular-mass markers is indicated on the right (myosin, 200 kDa; phosphorylase b, 97 kDa).
A representative blot of four independent experiments is shown. (B) Total RNA (20 xg/lane)
was electrophoresed and subjected to Northern blot analysis. The XOR mRNA is indicated by
an arrow on the right and the positions of 18 S and 28 S ribosomal RNAs are shown on the
left. The same blot was sequentially hybridized with a mouse XOR cDNA, a f-casein cDNA
fragment and an oligonucleotide-recognizing 18 S ribosomal RNA. A representative blot of four
independent experiments is shown.
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Figure 2 In situ hybridization of XOR mRNA in mammary glands during
lactation

Mammary gland tissue was obtained from lactating mice 2 days (A and B) or 7 days (C) after
delivery. Tissue sections were hybridized either with sense (A) or antisense (B and C) XOR
cRNA. The magnification of (R and B) is 1.25 x 6.3 x 40, whereas that of (C) is 1.25 x 10 x 100.

mice have very low but detectable amounts of XOR activity. A
slight, albeit statistically insignificant, increase in enzymic activity
is observed at late gestation, and the levels of XOR activity are
further and significantly augmented (6-8-fold relative to the
amounts observed in virgin mice) during lactation. Following a
3-week feeding period, if mothers are separated from pups,
within 10 days, the level of XOR activity goes back to that
observed in virgin animals. In the mammary gland, the pro-
portion of XOR present in the XO form is always constant
(50-60 9, of XD+ XO) irrespective of the experimental condi-
tions considered (results not shown). No significant variations in
the absolute amounts of XOR enzymic activity were observed in
liver during mammogenesis or lactogenesis relative to that
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Figure 3

In situ hybridization of XOR mRNA in mammary glands at different stages of mammogenesis and lactogenesis

Mammary gland tissue was obtained from pregnant mice at 12 days (R) and 18 days of gestation (B), and from mice that had been separated from pups for 10 days following a 3-week lactation
period (C). All the sections were probed with antisense XOR cRNA. The magnification of the photographs shown on the left side of each panel is 1.25 x 6.3 x 40, whereas that on the right side
is 1.25 x 10 x 100. The field shown on each photograph at higher magnification (right) is boxed on the respective photographs at lower magnification (left).

observed in virgin (4.2+ 1.8 m-units/mg protein; mean+S.D.,
n=23) and post-lactating (5.4+0.3 m-units/mg protein;
mean+S.D., n = 3) animals.

To investigate whether the increase in XOR activity observed
during lactation is concordant with an augmentation in the levels
of the correponding protein, we performed Western blot experi-
ments. A representative blot is shown in Figure 1(A), whereas
quantitative results from four independent experiments are
presented in Table 1. In virgin mice, a single band of approx.
150 kDa, corresponding to the XOR monomeric subunit, is
recognized by a specific polyclonal antibody raised against the
purified enzyme [2]. In pregnant mice, the amounts of XOR
immunoreactive protein are significantly increased at day 18 of
gestation, and these high levels of XOR protein are maintained
throughout lactation. Ten days after the end of the feeding
period, the amounts of the molybdoflavoprotein tend to decrease
to those observed in virgin animals. Thus, during the development
of the mammary gland and the secretory phase of lactation,
quantitative changes in the levels of XOR activity are parallelled
by similar quantitative alterations in the amounts of the relevant

immunoreactive protein. However, assembly of the holoenzyme
from the apoprotein may require some time, as suggested by
significant accumulation of the XOR immunoreactive protein by
day 18 of gestation, a time at which XOR enzymic activity starts
to increase but is not yet significantly higher than that observed
in virgin mice. This is not an unusual effect in vivo, and it was
observed in certain mouse tissues upon induction of XOR by
other stimuli like lipopolysaccharide and poly(I/C) [2,16]. Due
to the complexity of the XOR holoenzyme, it is possible that one
or more cofactors are present in the developing mammary gland
at concentrations that limit the conversion of the apo-protein
into the corresponding holoenzyme.

XOR gene expression in mammary glands during pregnancy and
lactation

To study the molecular mechanisms underlying the up-regulation
of XOR activity and protein levels, Northern blot analysis was
performed on RNA isolated from mammary glands of virgin,
pregnant and lactating mice. A representative blot is shown in
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Figure 1(B) and quantitative results obtained from four in-
dependent experiments are summarized in Table 1. In virgin
mice, very low levels of a single 4500 nucleotide-long XOR
transcript are observed. A dramatic increase in the accumulation
of this mRNA is observed in the mammary gland at day 18 of
gestation. The levels of the transcript are high until day 7 of the
lactation period, when expression of the mRNA tends to decrease.
Following post-lactation involution of the mammary gland, the
levels of the XOR transcript are significantly down-modulated.
As shown on the middle panel of Figure 1(B), the transcript
coding for one of the most abundant milk proteins, S-casein, is
not expressed in the mammary gland of virgin mice. A specific f-
casein mRNA band appears at day 12 of pregnancy, and the
levels of this transcript increase at day 18 and remain constant
throughout lactation. The transcript disappears in the post-
lactation period. Thus, regulation of the XOR mRNA during
mammogenesis and lactogenisis is consistent with that of the
corresponding protein, and similar to the regulation of the /-
casein gene.

To define cell type(s) responsible for the expression of the
XOR gene, in situ hybridization experiments were performed on
mammary gland sections obtained at different stages during the
processes of mammogenesis and lactogenesis, using appropriate
sense and antisense riboprobes synthesized from the XOR cDNA.
As shown in Figure 2, the silver grains detected on the tissue
sections are the result of specific hybridization of the anti-sense
riboprobe to the XOR mRNA. In fact, no grain accumulation is
observed on vicinal sections hybridized with an equally labelled
sense-strand riboprobe (compare panels A and B). As expected
from the results obtained from Northern blot experiments, XOR
mRNA is almost undetectable on sections derived from virgin
mice (results not shown) and from mice that discontinued breast
feeding (Figure 3C). The XOR gene starts to be expressed in
pregnant mice at day 6 of gestation, as demonstrated by the small
but significant number of silver grains found on the epithelium of
the growing and differentiating mammary gland (results not
shown). During pregnancy, at days 12 and 18, substantial
amounts of the XOR message are evident only in the epithelial
cells which will form the internal part of the alveoli following
completion of the cellular differentiation process (Figures 3A
and 3B). The number of silver grains associated with the alveolar
epithelial component of the mammary gland is increased dra-
matically during lactation, as shown in Figure 2(B) (2 days after
delivery) and Figure 2(C) (7 days after delivery).

Similar experiments, using f-casein riboprobes, were per-
formed on mammary gland sections adjacent to those used for
XOR in order to verify the possible co-localization of the
transcript coding for this prototypic milk protein and XOR
mRNA. Whereas no f-casein mRNA expression is observed in
virgin and post-lactating mice, during the late phases of preg-
nancy and during lactation, specific silver grains are strictly
localized on the epithelial cells forming the internal part of the
secretory alveoli (results not shown). Thus our data demonstrate
that the two transcripts are synthesized by the same type of cells.

Hormonal regulation of XOR enzymic activity and protein and
mRNA levels in HC11 cells

To investigate the stimuli responsible for the induction of XOR
in the mammary gland and to evaluate their mode of action, a
mouse cell line, HC11, derived from mammary gland epithelial
cells [32], was chosen for further experiments. The growth of
HCI11 cells is EGF-dependent, however, lactogenesis (as assessed
by the measuremenet of f- and y-caseins) is observed only in
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Figure 4 Prolactin (PRL) and dexamethasone (Dex) dose-dependent
induction of XOR activity in HC11 cells

Confluent and EGF-depleted HC11 cells (1 x 10%ells/2 ml) were incubated for 2 days in
medium containing the indicated amounts of Dex in the absence (—PRL) or in the presence
(+PRL) of PRL at a concentration of 5 #g/ml (A), or in medium containing the indicated
amounts of PRL in the absence (— Dex) or in the presence (+ Dex) of Dex at a concentration
of 1078 M (B). At the end of each treatment, cells were were processed for XOR assays. The
results are the means & S.D. of three separate cultures.

confluent cultures depleted of the growth factor and treated with
a mixture of dexamethasone and prolactin [32,33].

During the logarithmic phase of growth of HCI1 cells, no
significant XOR activity is measurable (results not shown),
whereas confluent and contact-inhibited cells express detectable
amounts of the enzymic activity. As shown in Figure 4(A), XOR
activity is inducible following treatment with dexamethasone for
2 days. The effect of dexamethasone is dose-dependent at
concentrations of the corticosteroid between 107 and 10~° M.
Whereas treatment with prolactin (5 #g/ml) alone is ineffective
in inducing XOR enzymic activity, contemporaneous treatment
of HC11 cells with the lactogenic glycoprotein in combination
with dexamethasone leads to enhanced expression of the enzyme
relative to treatment with the corticosteroid alone. Maximal
synergism between prolactin and dexamethasone is observed
when the steroid is present at a concentration of 107 M. As
shown in Figure 4(B), at this concentration of dexamethasone,
prolactin enhances XOR induction in a dose-dependent manner
which tends to plateau at around 5 ug/ml. This is the con-
centration of prolactin which is generally used to obtain optimal
induction of milk protein synthesis in HC11 cells [32]. Thus,
unless otherwise stated, all the subsequent experiments were
performed in medium containing 107®* M dexamethasone and
5 pg/ml prolactin. The following points are worth mentioning.
First, XOR induction by dexamethasone is not influenced by the
presence of EGF in the medium, whereas synergistic up-regu-
lation of the molybdoflavoprotein by the combination of dexame-
thasone and prolactin is inhibited by the growth factor (results
not shown). Secondly, the proportion of XOR present in the XO
form is between 35 and 40 %, under basal conditions and it is not
altered upon treatment with dexamethasone, prolactin or the
combination of the two compounds at any time point. Thirdly,
induction of XOR is observed, not only in the presence of the
synthetic corticosteroid dexamethasone, but also in the presence
of cortisol, a natural glucocorticoid. In fact, treatment of HC11
with 107® and 10~ M cortisol for 3 days increases the basal level
of XOR activity 2.0- and 3.5-fold respectively. Moreover, ad-
dition of prolactin (5 ug/ml) to medium containing 107 M
cortisol results in a 5-fold induction of XOR relative to control
conditions.
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Table 2 Time-dependent induction of XOR activity, protein and mRNA by
dexamethasone (Dex) and Dex + prolactin (PRL) in HC11 cells

Confluent and EGF-depleted HC11 cells were incubated in medium alone, or in medium
containing Dex (1078 M), PRL (5 pg/ml) or a combinatin of Dex and PRL for the indicated
amount of time. XOR enzymic activity data are the means+S.D. of three separate culture
dishes. XOR protein levels are expressed relative to the value observed in control cultures at
time zero, which is taken as 1. Each experimental value is the mean =+ S.D. of the densitometric
analysis of Western blots obtained from four independent experiments. XOR mRNA data
obtained from the densitometric analysis of Northern blots are normalized for the intensity of
the 18 S rRNA in each sample. Results are expressed relative to the value observed in control
cultures at time zero, which is taken as 1. Each experimental value is the mean =+ S.D. of four
independent experiments. Statistical analysis was performed according to the Tukey’s test
following analysis of variance. * Significantly higher (P < 0.01) relative to all the time points
of control cultures. 1 Significantly higher (P < 0.01) relative to medium containing PRL at
same time point. § Significantly higher (P < 0.01) relative to the medium containing Dex
at same time point. § Significantly higher (P < 0.05) relative to the medium containing
PRL at the same time point. *|| Significanatly higher (P < 0.05) relative to the medium
containing Dex at the same time point. N.D., not determined.

Treatment XOR activity XOR protein XOR mRNA
time (h) (m-units/mg protein)  (relative amount)  (relative amount)
Medium

0 20+04 1.0 1.0

8 N.D. N.D. 08402
24 21403 09+03 07+04

48 N.D. N.D. 10402
72 18+03 07401 13402
120 30407 16406 N.D.

PRL

8 N.D. N.D. 08+0.1

24 21403 0.6+01 07402

48 N.D. N.D. 11402

72 32+12 08+0.2 24403
120 39+07 16408 N.D.

Dex

8 N.D. N.D. 12403
24 28+0.2 20408 24407

48 N.D. N.D. 40408
72 35+07 22+16 49412§
120 8.6+0.5" 40+18 N.D.

Dex+ PRL

8 N.D. N.D. 15+05
24 34408 21409 29410

48 N.D. N.D. 6.6 1.5
72 524077 45434 754327
120 15.74+0.9*F% 524127 N.D.

Table 2 illustrates that the induction of XOR activity by
dexamethasone alone, or by the combination of dexamethasone
and prolactin, is a relatively slow process. Upon treatment of
HCI11 cells with dexamethasone or the combination of dexame-
thasone and prolactin, the levels of XOR activity increase in a
time-dependent manner and they reach a maximum at day 5.
Treatment with dexamethasone or the combination of the steroid
and prolactin augments XOR activity approx. 4- and 8-fold
respectively, over the basal level of the enzyme observed at time
zero. A similar time-dependent augmentation of XOR activity is
evident when HCI1 cells are treated with dexamethasone alone
at a concentration of 107® M, however, under these conditions,
strong stimulation by the corticosteroid alone tends to mask the
synergism with prolactin (results not shown). Treatment of cells
with prolactin alone does not significantly affect the basal level of
XOR expression at any time point. Notice that, at least until day
5 of culture in the absence of EGF, HC11 cultures contain more
than 909, of viable cells, and this level of cell viability is not
altered by treatment with dexamethasone, prolactin or the
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Figure 5 Time-dependent up-regulation of XOR activity, protein, mRNA
and gene transcription by dexamethasone (Dex) and prolactin (PRL) in HC11
cells

Confluent and EGF-depleted HC11 cells were incubated in medium alone (C), or in medium
containing Dex (1078 M), PRL (5 vg/ml) or the combination of Dex and PRL for the indicated
amount of time in days (d). (A) Protein extracts (100 xg/lane), derived from three dishes for
each experimental group, were subjected to Western blot analysis. The 150 kDa immunoreactive
XOR protein band is indicated by an arrow and the positions of molecular-mass markers are
indicated on the right (myosin, 200 kDa; phosphorylase b, 97 kDa). A representative blot of four
independent experiments is shown. (B) RNA (30 zg/lane) was electrophoresed and subjected
to Northern blot analysis. The same blot was sequentially hybridized to mouse XOR cDNA, f-
casein cDNA and an oligonucleotide recognizing 18 S ribosomal RNA. The positions of 18 S
and 28 S ribosomal RNAs are shown on the left. A representative blot of four independent
experiments is shown. (C) Run-on experiments were performed on nuclear preparations
incubated with [*?P]UTP. Radiolabelled transcripts were hybridized to the following probes:
Bluescript, mouse XOR cDNA, histone H2a cDNA, G6PDH cDNA and G3PDH cDNA.

combination of the two compounds. Thus increases in XOR
following treatment with dexamethasone or dexamethasone plus
prolactin are due to a bona fide induction process.

As demonstrated by the representative Western blot analysis
shown in Figure 5(A) and the quantitative data presented in
Table 2, the increases in XOR activity triggered by dexame-
thasone alone or the combination of dexamethasone and pro-
lactin are accompanied by a quantitatively similar augmentation
in the levels of the corresponding immunoreactive protein. The
time course for the increase in the XOR immunoreactive protein
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Figure 6

In situ hybridization of XOR and f-casein mRNAs in HC11 cells treated with dexamethasone (Dex) and prolactin (PRL)

Confluent and EGF-depleted HC11 cells grown on chamber slides were treated in medium containing Dex (A and B) or the combination of Dex and PRL (C and D) for 3 days. Following each
treatment, cells were fixed and processed for /n situ hybridization. The ribo-probes used were antisense XOR cRNA (A and C) and antisense /-casein cRNA (B and D). The magnification of the

photographs is 1.25 x 10 x 100.

level is similar to that of the rcorresponding enzymic activity.
This indicates that, in HC11 cells, assembly of the holoenzyme
from the apoprotein is almost immediate.

As shown in Figure 5(B) and Table 2, at confluency HC11 cells
contain detectable amounts of XOR mRNA of a size identical
with that observed in the epithelial cells of the mammmary gland
in vivo. Upon treatment with dexamethasone alone, the levels of
the XOR transcript increase and a further enhancement is
observed in the presence of the combination of the corticosteroid
and prolactin. In both experimental situations, a significant up-
regulation of the mRNA is observed between days 2 and 3 from
the beginning of the treatment. This demonstrates that increased
accumulation of the XOR transcript precedes induction of the
enzyme. The kinetics of XOR mRNA accumulation are similar
to those of the p-casein transcript. In fact, the latter message
becomes evident when the HCI11 cells are kept in contact with
both dexamethasone and prolactin for 2 days.

Accumulation of XOR mRNA is mainly a consequence of the
transcriptional activation of the corresponding gene, as demon-
strated by the nuclear run-on experiment represented in Figure
5(C). In HC11 cells, the basal level of XOR gene transcription is
very low and just above background. Prolactin treatment does
not affect the transcriptional activity of the gene. Upon challenge
of HCI11 cells with dexamethasone, an increase in the rate of
XOR gene transcription is observed. This increase is further
enhanced by addition of prolactin to the corticosteroid-con-
taining cell growth medium. The effects of prolactin, dexame-
thasone or the combination of dexamethasone plus prolactin on
the rate of transcription of the histone H2a, G6PDH and
G3PDH genes are minimal, and support the specificity of the
phenomena observed at the level of the XOR gene.

To examine whether the time-dependent increase in the XOR
transcript is simply due to a general response of all the cells to
dexamethasone and prolactin, or to the response of a particular
subpopulation, in situ hybridization was performed on HC11
cultures after appropriate treatments for 1 and 3 days. The
results obtained from 3-day treatments are illustrated in Figure
6. Under basal conditions, the whole population of HC11 cells
express low but detectable amounts of the XOR transcript. Upon
induction by dexamethasone alone, or by the combination of
dexamethasone and prolactin, the number of silver grains incr-
eases in a time-dependent manner (Figures 6A and 6C), as
expected from the results of the Northern blot analysis. The
silver grains are uniformely distributed on all the cells present in
the culture dishes. This is different from what is observed for the
p-casein transcript. The levels of the milk protein mRNA are
augmented upon induction with the combination of dexam-
ethasone and prolactin (but not with dexamethasone alone)
(Figures 6B and 6D) in a time-dependent manner, however, the
silver grains accumulate only in a small fraction of the cultured
cells, which probably represents the differentiated subpopulation
responsible for the production of milk (Figure 6D).

Effects of cycloheximide, actinomycin D, orthovanadate, genistein
and RU-486 on XOR mRNA in HC11 cells

To investigate in more detail the molecular mechanisms under-
lying the regulation of XOR gene transcription by dexamethasone
and the combination of dexamethasone plus prolactin, Northern
blot experiments were performed on RNA prepared from HC11
cells treated with a series of compounds affecting cell homoe-
ostasis. A representative RNA blot of four independent experi-
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Figure 7 Effects of actinomycin D (Act D), cycloheximide (CHX), ortho-
vanadate (Van), genistein (Gen), and RU486 on the induction of XOR mRNA
by dexamethasone (Dex) and prolactin (PRL)

Confluent and EGF-depleted HC11 cells were treated with Dex or the combination of Dex and
PRL for 30 h in the presence of Act D (2 xg/ml), CHX (10 zg/ml), Van (20 xM), Gen (10 zM)
or RU486 (0.1 «M). At the end of each treatment, RNA (30 zg/lane) extracted from the cells
was subjected to Northern blot analysis. The same blot was sequentially hybridized with XOR
and /3-casein cDNA fragments and the oligonucleotide that recognizes 18 S ribosomal RNA. The
position of each transcript is indicated by an arrow on the right, and that of 28 S and 18 S
ribosomal RNA is shown on the left. A representative blot of four independent experiments is
shown.

ments is shown in Figure 7 and the quantitative results are
summarized in Table 3. Actinomycin D, an RNA polymerase 11
inhibitor, completely inhibits the up-regulation of XOR mRNA
observed in the presence of dexamethasone or the combination
of dexamethasone plus prolactin. In addition, the (dexame-
thasone plus prolactin)-dependent up-regulation of the f-casein
mRNA is completely blocked by actinomycin D. Although these
effects are evident at a concentration of actinomycin D that does
not affect the viability of cells, decreases in the levels of the
transcripts coding for constitutively expressed genes such as
G6PDH and alpha-actin are also observed (results not shown).
Thus, in HC11 cells, the inhibitory effects of actinomycin D on
inducible and RNA polymerase II-dependent genes may not be
completely specific. Nevertheless, the data are in line with the
results obtained by nuclear run-on experiments, and they suggest
that increases in the levels of expression of the XOR gene are
mainly the result of transcriptional events. Complete inhibition
of protein synthesis by cycloheximide, at a concentration that
does not cause a decrease in cell viability, results in increased
accumulation of the XOR transcript over that observed in HC11
cells incubated in medium alone. When the protein synthesis
inhibitor is added to the medium containing dexamethasone or
dexamethasone plus prolactin, a similar enhancing effect on the
induction of the XOR transcript is observed. This suggests the
presence of short-lived protein(s), which control XOR gene
expression in a negative fashion. Inhibition of protein synthesis
blocks the up-regulation of f-casein mRNA afforded by treat-
ment of HC11 cells with dexamethasone plus prolactin. Figure 7
and Table 3 also document that orthovanadate, a general
inhibitor of intracellular phosphatases, disrupts the synergism
between the corticosteroid and prolactin. The same compound
does not affect f-casein gene expression. By contrast, an en-
hancement in the dexamethasone-induced expression of XOR is
observed when HC11 cells are treated with the relatively specific
tyrosine kinase inhibitor, genistein. Treatment of HCI11 cells

Table 3 Effects of actinomycin D (ActD), cycloheximide (CHX), ortho-
vanadate (Van), genistein (Gen) and Ru486 on XOR mRNA induction by
dexamethasone (Dex) and Dex + prolactin (PRL) in HC11 cells

Confluent and EGF-depleted HG11 cells were cultured for 30 h in the presence of the indicated
compounds. XOR mRNA quantification is as described in the legend to Table 2. Data are
expressed relative to the amount of XOR mRNA observed in HC11 cells cultured in medium
alone (taken as 1), and presented as mean relative amounts+S.D. of four independent
experiments. Statistical analysis was performed according to Tukey’s test following analysis of
variance. * Significantly higher (P < 0.01) relative to Dex. T Significantly higher (P < 0.05)
relative to Dex. I Significantly higher (P < 0.01) relative to Dex+ PRL. § Significantly lower
(P < 0.01) relative to Dex+ PRL.|| Significanatly lower (P < 0.05) relative to Dex.

XOR mRNA
Treatment (relative amounts)
Medium 1.0
Dex 34415
Dex+ PRL 79+420"
ActD <01
ActD + Dex <01
ActD + Dex + PRL <01
CHX 2454131
CHX + Dex 36.2+221F
CHX + Dex + PRL 53443411
Van 14409
Van + Dex 22+03
Van + Dex + PRL 14+11§
Gen 11405
Gen + Dex 71+17"
Gen + Dex + PRL 6.5+27
Ru486 13+06
Ru486 + Dex 15408
Ru486 + Dex + PRL 2.0+0.4§

with genistein does not have a significant effect on the level of
expression of the XOR gene under basal conditions. The com-
pound increases the accumulation of the XOR transcript obs-
erved in the presence of the corticosteroid 2-fold, however, it
inhibits the enhancement of XOR mRNA accumulation caused
by prolactin, when the lactogenic hormone is combined with
dexamethasone. Similar results were obtained when genistein
was substituted by erbstatin, another tyrosine kinase inhibitor
(results not shown). Under the same conditions, genistein reduces
the up-regulation of p-casein gene expression caused by the
combination of dexamethasone and prolactin. Finally, the steroid
receptor antagonist, Ru486, almost completely blocks the in-
duction of XOR and p-casein transcripts caused by dexa-
methasone or dexamethasone plus prolactin.

DISCUSSION

In this report, we demonstrate that XOR, the key enzyme in the
catabolism of purines, is induced and expressed at high levels in
the mouse mammary epithelium during the late stages of
pregnancy and throughout the lactation period. XOR is a very
complex enzyme and its intracellular accumulation is potentially
regulated at various levels [2,34]. In the mammary gland,
induction of the enzyme is the consequence of an increased
accumulation of the corresponding mRNA and not the conse-
quence of translational or post-translational events. In situ
hybridization experiments demonstrate that XOR-expressing
cells are localized in the epithelial lining of the mammary gland
alveoli, but not in the epithelial layer of cells that cover the
lactiferous ducts and their main branches. This indicates that the
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transcript coding for the enzyme is synthesized in the cells that
are responsible for the production and secretion of milk during
the post-partum lactation phase. The contention is further
supported by the fact that the same type of cell is also responsible
for the production of S-casein, a prototypic milk protein. In vivo,
XOR induction follows the surge of lactogenic hormones and the
progressive development of the mammary gland alveolar buds,
which is observed during the last days of pregnancy. From this
moment on, high levels of the enzyme are synthesized until
involution of the gland. It is possible that part of the observed
elevation in XOR gene expression is due, at least partially, to the
increase in the number of secretory epithelial cells, which, in
turn, is secondary to the growth and branching of the lactiferous
ducts. In fact, low but detectable levels of the XOR transcript are
present in the epithelial component of the growing mammary
gland well before completion of mammogenesis. However, the
dramatic increase in XOR gene expression between days 12 and
18 of gestation is associated with an increase in the amount of
XOR transcript present in each mammary epithelial cell. This
demonstrates that most of XOR induction is consequent to a
bona fide increase in the synthesis of the enzyme at the single-cell
level upon stimulation with lactogenic hormones. Taken together,
our in vivo results demonstrate that XOR represents a differen-
tiation marker for the mammary gland secretory alveolar epi-
thelium, and they suggest a potential role for the enzyme in the
processes of mammogenesis or lactogenesis.

To study the possible functional significance of XOR ex-
pression in the mammary gland and the determinants of the
enzyme induction, we turned to the in vitro model of mammary
epithelial cell differentiation represented by the HCI11 cell line.
This is an immortalized cell line which has a relatively normal
phenotype and responds to a variety of differentiating and
lactogenic stimuli with an up-regulation of the genes coding for
milk proteins [32]. To respond to lactogenic stimuli, HCI1 cells
must reach confluency, arrest their growth and start to produce
extracellular matrix proteins [34]. Although the mechanisms
underlying the phenomenon are obscure, it is known that
extracellular matrix proteins are important for the process of
mammary epithelial cell differentiation and for the priming of
cells to the action of lactogenic hormones [35,36]. In HC11 cells,
we observed that XOR is not expressed at detectable levels
during the logarithmic phase of growth. As the cells reach
confluency, they arrest growth by contact inhibition and start to
deposit components of the extracellular matrix and the enzyme
is slightly induced. This may just be the result of a reorientation
of the nucleotide metabolism towards catabolic pathways, which
may be consequent on the proliferation arrest. However, growth-
related events do not explain the much more significant induction
of XOR when HC11 cells are cultured for a number of days with
dexamethasone and prolactin. In this cell line, the hormonal
stimuli inducing XOR are similar to those necessary for the
expression of milk proteins, such as f-casein [32]. However, a
notable difference between the expression of XOR and f-casein
(or other milk proteins) is evident. In HC11 cells cultured in 10 %,
(v/v) fetal calf serum + insulin, dexamethasone induces XOR
whereas it does not upregulate the expression of S-casein, which
strictly requires prolactin in addition to glucocorticoids. Another
notable difference between XOR and f-casein expression in
HCI1 cells is discernible by in situ hybridization experiments.
While XOR mRNA expression is observed in the whole popu-
lation of cells in a rather synchronous fashion, f-casein mRNA
is evident only in a limited number of cells which increases
progressively with time. It is tempting to speculate that the /-
casein-positive sub-population may represent the fraction of
HCI1 cells that underwent complete differentiation towards a

secretory phenotype. This suggests that XOR gene expression
may precede the expression of f-casein (as well as other milk
proteins) and may be associated with an intermediate state of
differentiation of the mammary epithelial cell.

The data obtained in HC11 cells strongly suggest that glucocor-
ticoids and prolactin play an important role in regulating the
levels of intracellular XOR, and they indicate a role for the two
types of hormones in the induction of the enzyme during the late
phases of pregnancy and during lactation. As to the molecular
mechanisms responsible for the up-regulation of XOR in HC11
cells, this is mainly the result of an elevation in the transcriptional
activity of the relevant gene. The transcriptional mechanism is
supported by nuclear run-on experiments as well as by the
complete inhibition of mRNA induction observed in the presence
of dexamethasone or the combination of dexamethasone plus
prolactin, when HCI11 cells are contemporaneously treated with
non-toxic concentrations of the RNA-polymerase II inhibitor,
actinomycin D. Further evidence in favour of this mode of action
is given by the fact that neither dexamethasone nor dexame-
thasone plus prolactin significantly alter the half-life of the XOR
transcript (M. Kurosaki, S. Zanotta, M. Li Calzi, E. Garattini
and M. Terao, unpublished work). At present it is impossible to
establish whether the transcriptional activation of the XOR gene
is directly modulated by dexamethasone or dexamethasone plus
prolactin, or whether it requires the mediation of other de novo
synthesized proteins, since inhibition of protein synthesis by
cycloheximide causes a massive accumulation of the transcript
coding for the molybdoflavoprotein. This phenomenon is
observed not only following treatment of HC11 cells with the
two hormones and the protein synthesis inhibitor, but also in the
presence of cycloheximide alone. Accumulation of the XOR
transcript following the inhibition of protein synthesis is not
specific to mammary epithelial cells, since it is observed also in
mouse [.929 fibroblastic cells [17], and in the whole animal, at the
level of the liver [16]. This suggests that one or more short-lived
protein(s) inhibit the transcription of the XOR gene or cause
degradation of the corresponding mRNA.

The experiment conducted in the presence of the steroid
receptor  antagonist RU486  strongly suggests that
dexamethasone-dependent induction of XOR is a receptor-
mediated process. RU486 inhibition is likely to be the conse-
quence of interaction between the antagonist and the gluco-
corticoid receptor. In fact, progesterone (10~* M) does not affect
the basal level of XOR expression. In addition, the progestative
does not alter the induction of XOR by dexamethasone or
dexamethasone plus prolactin (M. Kurosaki, S. Zanotta, M. Li
Calzi, E. Garattini and M. Terao, unpublished work). However,
the long lag-time for the accumulation of the XOR transcript, as
well as the lack of corticosteroid responsive element sequences in
the promoter region of the gene [1], suggest an indirect regulation
by corticosteroids.

Treatment of HCI11 cells with the corticosteroid and genistein
or erbstatin results in an increase in the XOR transcript which is
higher than that observed in the presence of dexamethasone
alone. Although the two agents have other biochemical effects
besides inhibition of tyrosine kinases, the results are consistent
with the fact that one or more members of this class of kinases
may negatively regulate the glucocorticoid-dependent regulation
of XOR in HCI11 cells. The contention is further supported by
the fact that inhibition of intracellular phosphatases leads to a
block in the up-regulation of the XOR gene caused by dexame-
thasone and prolactin. Thus, a balance between phosphorylating
and dephosphorylating events may control the induced ex-
pression of the XOR gene. When HC11 cells are treated with
genistein and erbstatin at a concentration that reduces f-casein
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expression (Figure 7, and M. Kurosaki, S. Zanotta, M. Li Calzi,
E. Garattini and M. Terao, unpublished work), complete in-
hibition of the synergistic induction of XOR by prolactin and
dexamethasone is observed. This is in line with the fact that the
prolactin receptor is coupled to the JAK-Stat intracellular
pathways [37-41] which involve a cascade of tyrosine phos-
phorylation events. Stat5 responsive sequences located in the 5'-
flanking region of f-casein and other prolactin-regulated genes
are similar to the GAS sites which are responsible for the binding
of the Statl-p91 transcription factor activated by type II and
type I IFNs [42]. Considering that the XOR gene is responsive to
both IFNs and prolactin, it is possible that the gene itself
contains a GAS or a GAS-like sequence in its regulatory regions,
although a similar structural element is not found in the 5'-
flanking region, where the basic promoter elements are located
[1].

In conclusion, the data contained in this report demonstrate
that the XOR gene product is a biologically significant marker
for the differentiation of mammary epithelium and they suggest
that it may represent a good experimental model to study the
differentiation of the mammary epithelium at the single-gene
level.

This work was supported in part by grants from the Consiglio Nazionale delle
Ricerche, Progetto Finalizzato ‘Ingegneria Genetica’, and the Associazione per la
Ricerca contro il Cancro (AIRC). We are grateful to Professor Silvio Garattini and Dr.
Mario Salmona for critical reading of the manuscript. We would like to thank Dr.
Bernd Groner (Institute for Experimental Cancer Research, Freiburg, Germany) and
Dr. Nancy Hynes (Friedrich Miescher Institute, Basel, Switzerland) for the kind gift
of HC11 cells, Dr. Eugenio Scanziani (Istituto di Patologia Aviare, Universita di
Milano) and Dr. Guido Chichino (IRCCS, San Matteo Hospital, Universita di Pavia)
for helping us in obtaining micro-photographs, and Ms. Daniela Cavalotti (Istituto
‘Mario Negri’, Bergamo) for the preparation of tissue sections. M.L.C. is the
recipient of a postdoctoral fellowship from the ‘La via di Natale'.

REFERENCES

1 Cazzaniga, G., Seldin, M. F., Terao, M., Lo Schiavo, P., Galbiati, F., Segalla, F. and
Garattini, E. (1994) Genomics 23, 390—402

2 Kurosaki, M., Li Calzi, M., Scanziani, E., Garattini, E. and Terao, M. (1995) Biochem.
J. 306, 225-234

3 Carpani, G., Racchi, M., Ghezzi, P., Terao, M. and Garattini, E. (1990) Arch. Biochem.
Biophys. 279, 237241

4 Garrett, R. M. and Rajagopalan, K. V. (1994) J. Biol. Chem. 269, 272-276

5 Kramer, S. P., Johnson, J. L., Ribeiro, A. A, Millington, D. S. and Rajagopalan, K. V.
(1987) J. Biol. Chem. 262, 16357—16363

6 Beedham, C. (1985) Drug Metab. Rev. 16, 119—156

7 Della Corte, F. and Stirpe, F. (1972) Biochem. J. 126, 739-745

8 Amaya, Y., Yamazaki, K., Sato, M., Noda, K., Nishino, T. and Nishino, T. (1990)
J. Biol. Chem. 265, 14170-14175

Received 6 November 1995/9 July 1996; accepted 10 July 1996

10
1
12

18
19
20

21
22

23

24
25

26

27
28

29

31

32

33

34

35

36
37

38

39

40
4
42

Nishino, T. (1994) J. Biochem. (Tokyo) 116, 1-6

Parks, D. A. and Granger, D. N. (1983) Am. J. Physiol. 245, G285-G289

Suzuki, M., Grisham M. B. and Granger N. (1991) J. Leukocyte Biol. 50, 488—490
Akaike, T., Ando, M., Oda, T., Doi, T., ljiri, S., Araki, S. and Maeda, H. (1990)

J. Clin. Invest. 85, 739745

Peden, D. B., Hohman, R., Brown, M. E., Mason, R. T., Berkebile, C., Fales, H. M.
and Kaliner, M. A. (1990) Proc. Natl. Acad. Sci. U.S.A. 87, 7638—7642

Jarasch, E. D., Grund, C., Bruder, G., Heid, H. W., Keenan, T. W. and Franke, W. W.
(1981) Cell 25, 6782

Dupont, G. P., Huecksteadt, T. P., Marshall, B. C., Ryan, U. S., Michael, J. R. and
Hoidal, J. R. (1992) J. Clin. Invest. 89, 197—202

Terao, M., Cazzaniga, G., Ghezzi, P., Bianchi, M., Falciani, F., Perani, P. and Garattini,
E. (1992) Biochem. J. 283, 863870

Falciani, F., Ghezzi, P., Terao, M., Cazzaniga, G. and Garattini, E. (1992) Biochem. J.
285, 1001-1008

Massey, V., Brumby, P. E. and Komai, H. (1969) J. Biol. Chem. 244, 1682—1691
Ventom, A. M., Deistung, J. and Bray, R. C. (1988) Biochem. J. 2565 949-956
Abadeh, S., Killacky, J., Benboubetra, M. and Harrison, R. (1992) Biochim. Biophys.
Acta 1117, 25-32

Hunt, J. and Massey, V. (1992) J. Biol. Chem. 267, 21479-21485

Kooij, A., Frederiks, W. M., Gossrau, R. and Van Noorden, C. J. F. (1991)

J. Histochem. Cytochem. 39, 87—93

Hayden, T. J., Brennan, D., Quirke, C. and Murphy P. (1991) J. Dairy Res. 58,
401-409

Bradford, M. (1976) Anal. Biochem. 72, 248—254

Shambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY
Yoshimura, M. and Oka, T. (1989) Gene 78, 267-275

Guyton, K. Z., Xu, Q. and Holbrook, N. J. (1996) Biochem. J. 314, 547-554
Persico, M. G., Viglietto, G., Martini, G., Toniolo, D., Paonessa, G., Moscatelli, C.,
Dono, R., Vulliamy, T., Luzzatto, L. and D'Urso, M. (1986) Nucleic Acids Res. 14,
2511-2520

Seiler-Tuyns, P. and Birnstiel, M. L. (1981) J. Mol. Biol. 157, 607-625

Tso, J. Y, Sun, X. H., Kao, T. H., Reece, K. S. and Wu, R. (1985) Nucleic Acids Res.
13, 2485-2502

Angerer, L. M. and Angerer, R. C. (1992) in /n Situ Hybridization: A Practical
Approach (Wilkinson, D. G., ed.), IRL Press, London, pp. 15-32

Ball, R. K., Friis, R. R., Schoenenberg, C. A., Doppler, W. and Groner, B. (1988)
EMBO J. 7, 2089-2095

Doppler, W., Groner, B. and Ball, R. K. (1989) Proc. Natl. Acad. Sci. U.S.A. 86,
104-108

Falciani, F., Terao, M., Goldwurm, S., Ronchi, A., Gatti, A., Minoia, C., Li Calzi, M.,
Salmona, M., Cazzaniga, G. and Garattini, E. (1994) Biochem. J. 298, 69—77

Li, M. L., Aggeler, J., Farson, D. A., Hatier, C., Hassell, J. and Bissell, M. J. (1987)
Proc. Natl. Acad. Sci. U.S.A. 84, 136—140

Lin, C. Q. and Bissell, M. J. (1993) FASEB J. 7, 737—743

David, M., Petricoin, Ill, E. F., lgarashi, K-I., Feldman, G. M., Finbloom, D. S. and
Larner, A. C. (1994) Proc. Natl. Acad. Sci. U.S.A. 91, 7174—7178

Fourt-Dusanter, 1., Muller, 0., Ziemiecki, A., Mayeux, P., Drucker, B., Djiane, J.,
Wilks, A., Harpur, A. G., Fischer, S. and Gisselbrecht, S. (1994) EMBO J. 13,
2583-2591

DaSilva, L., Howard, 0. M. Z,, Rui, H., Kirken, R. A. and Farrar, W. L. (1994) J. Biol.
Chem. 269, 18267—18270

Wakao, H., Gouilleux, F. and Groner, B. (1994) EMBO J. 13, 2182—-2191

Gouilleux, F., Wakao, H., Mundt, M. and Groner, B. (1994) EMBO J. 13, 4361—4369
Darnell, Jr., J. E, Kerr, I. M. and Stark, G. R. (1994) Science 264, 14151421



