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ABSTRACT
Studies using both transgenic mice and transfected mammary epithelial cells have
established that composite response elements containing multiple binding sites
for several transcription factors mediate the hormonal and developmental regula-
tion of milk protein gene expression. Activation of signal transduction pathways
by lactogenic hormones and cell-substratum interactions activate transcription
factors and change chromatin structure and milk protein gene expression. The
casein promoters have binding sites for signal transducers and activators of tran-
scription 5, Yin Yang 1, CCAAT/enhancer binding protein, and the glucocorticoid
receptor. The whey protein gene promoters have binding sites for nuclear factor
I, as well as the glucocorticoid receptor and the signal transducers and activators
of transcription 5. The functional importance of some of these factors in mam-
mary gland development and milk protein gene expression has been elucidated
by studying mice in which some of these factors have been deleted.
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INTRODUCTION

In addition to their importance in nutrition, the caseins and whey proteins
provide molecular markers for functional differentiation in the mammary gland
(150). The genes encoding these proteins are regulated by the complex interplay
of peptide and steroid hormones, predominantly the lactogenic hormones—
prolactin (PRL), insulin, and hydrocortisone—and cell-cell and cell-substratum
interactions (34, 146). In addition, these genes display both tissue-specific and
developmental patterns of expression (49). Our interest in the regulation of
milk protein gene expression began as a result of the pioneering studies of Yale
Topper and his colleagues more than three decades ago (59). At that time, few
model systems were available for studying the mechanisms by which peptide
hormones regulate gene expression. These investigators demonstrated that it
was possible to study the regulation of milk protein gene expressionin mammary
explant cultures in a serum-free, chemically defined medium. Explant cultures
retained the necessary cellular organization and cell-substratum interactions re-
quired for lactogenic hormone action and were useful for defining the hormonal
regulation of endogenous milk protein gene expression (49). However, because
of the inefficiency of gene transfer into these cultures, explant cultures were not
optimal models for defining the sequences critical for hormonal, cell-specific,
or developmental regulation.

The advent of recombinant DNA technology led to the cloning of various
casein and whey protein genes from a number of different mammalian species
(reviewed in 10). The principal whey proteins in rodents, ruminants, and man
are whey acidic protein (WAP)-lactoglobulin, andx-lactalbumin, respec-
tively. Each is encoded by a relatively small, single-copy gene. In contrast, the
predominant milk proteins, the caseins, are encoded by a cluster of single-copy
genes. In bovine, thesl-, 8-, as2-, andc-casein genes are clustered in this
order in a 250-kb region on chromosome 6 (121). The mouse locus is compa-
rable in size, approximately 260 kb, and is located on chromosome 5. An extra
«as2-like casein gené-casein, has been identified in the mouse locus, which
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is closely related and linked to the-casein gene (124). The human casein
locus is approximately 350—370 kb, about 100 kb larger than that of bovine and
mice (123). In all three mammalian casein loci analyzedy8ie ands-casein
genes are closely linked and arranged’in-5 3 and 3 — 5’ transcriptional
orientations respectively. The three genes encoding the calcium-sensitive ca-
seins &s1-,8-, andas2-) have evolved from a common ancestral gene (11, 44)
and share common regulatory motifs in the proximal and distibking re-

gions (43,168, 177). The-casein gene is, however, not evolutionarily related

to these genes, although its expression pattern is similar and its protein product
is essential for micelle formation and stability (4).

Two general approaches have been employed to identify functional pro-
moter and enhancer elements required for the hormonal, developmental, and
cell-specific regulation of milk protein gene expression. In the first, identifica-
tion of regions of DNase | hypersensitivity to determine sites of protein-DNA
interaction was followed by DNA footprinting and electrophoretic gel mobility
shift assays. The functional importance of these sites was then (72) determined
by the analysis of wild-type and mutant constructs in transgenic mouse models
(13,68,74,114,122,143,153). This strategy has allowed the evaluation of spe-
cific mutations in relationship to gene copy number in transgenics expressing
whey protein gene constructs. This analysis was, however, problematic for the
casein genes. With these genes, a more conventional approach was useful.

In contrastto the whey protein gengscasein gene regulatory elements were
defined primarily by analyzing constructs in stably transfected mammary ep-
ithelial cells (138, 139). The clonal HC11 mammary epithelial cell line (7) and
CID9 cells (138) were both derived from the COMMA-D cells originally iso-
lated from the mammary glands of mice in midpregnancy (26). In both cases,
endogenoug-casein gene expression was regulated appropriately by lacto-
genic hormones. However, although HC11 cells deposited their own laminin
matrix after being cultured for several days at confluence (18), the CID9 cells
needed to be grown on a laminin-rich extracellular matrix (138). These stable
transfectants provided useful models in which to define the factors involved
in the hormonal (139) and cell-substratum (138) regulatiog-chsein gene
expression.

More recently, nonmammary cells, such as the CHOK1 hamster ovary cell
line, into which the PRL receptor has been transfected, have been used to define
regulatory regions in several milk protein genes (58, 156). Once several of the
components of the lactogenic hormone—regulated signal transduction pathways
such as the signal transducers and activators of transcription (STAT) proteins
were cloned, it was also possible to overexpress these factors along with the
PRL receptor in other nonmammary cells, such as COS, African green monkey
kidney cells, in order to study milk protein gene regulation (156). However,
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because milk protein gene expression is influenced by the complex interplay of
both positive and negative transcription factors and hormone-regulated signal-
ing pathways, none ofthese cell systemsisideal. Infact, the precise contribution
of specific transcription factors and their binding sites can be determined only
in vivo using transgenic and knockout mice. The effects of the deletion of
some of these transcription factors, specifically STAT5 and CAAT/enhancer
binding protein (C/EBPjJ, on milk protein gene expression can be studied in
the mammary gland and in primary mammary epithelial cultures derived from
these knockout mice (81, 127,140). This approach has confirmed the impor-
tance of these factors in the regulation of milk protein gene expression and
has provided new insight into their role in mammary gland development and
differentiation.

Our laboratory has studied the gacasein and WAP genes as representative
molecular markers of mammary epithelial cell differentiation. Studies using
transgenic mice and transfected mammary epithelial cells have established that
hormonal and developmental regulation of these genes requires a complex DNA
element referred to as a composite response element (CoRE). In the following
sections, a more detailed description of the protein-protein and protein-DNA
interactions regulating milk protein gene expression, the influence of hormone-
induced signaling pathways, and the effects of these pathways on mammary
gland development are presented.

COMPOSITE RESPONSE ELEMENTS

Milk protein gene expression is controlled by promoter regions containing
CoREs (Figure 1). CoREs are clusters of transcription factor binding sites
containing both positive and negative regulatory elements that integrate signal
transduction pathways through protein:DNA and protein:protein interactions.
They confer unique temporal and spatial patterns of gene expression (56). In
most cases, the level of transcriptional activation from a CoRE is much higher
than the combined activation from each transcription factor alone, and fre-
guently, CoREs recruit transcription factors from different families to the same
promoter region (61 and references therein). The CoREs in the milk protein
gene promoters exemplify these principles. None of the transcription factors
used in the milk protein CoREs are mammary-specific or even restricted in the
mammary gland to lactation. For WAP, nuclear factor (NF)-I, glucocorticoid
receptor (GR), and STATS5 are crucial (73, 74). Becasein, STAT5, GR, and
C/EBP3 all participate in transcriptional activation, and Yin Yang (YY)-1isin-
volved in repression (33,67, 86,118,119, 139, 140, 156). The unique combina-
tion of these particular transcription factors results in mammary gland—specific,
lactation-dependent expression of the milk protein genes.
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STATS

STATS is the primary transcription factor responsible for signaling by PRL
in the mammary gland. STAT5 was originally identified as a binding activ-
ity in the lactating mammary gland, known as mammary gland factor (MGF)
(139, 157, 165) or milk protein binding factor (MPBF) (163). MGF was cloned
originally from sheep mammary gland and was found to be a new STAT protein
family member and designated STAT5 (156). Subsequently, STAT5 has been
cloned from rats, mice, and humans (51, 60, 77,79). Molecular cloning from
mice revealed the existence of two STAT5 genes that are extremely similar and
probably the result of a gene duplication event (79). These were designated
STAT5a and STAT5hb. These display 93% identity at the amino acid level, with
most of the differences occurring in the carboxy-terminus, which encodes the
transactivation domain of the protein.

The cloning of STAT5 resulted in several unexpected findings. First, STAT5
is not mammary specific; it is expressed in many different tissues (60, 79, 156).
Second, expression of STAT5 in the mammary gland is not limited to lactation.
Finally, in additionto PRL, a variety of hormones, growth factors, and cytokines
can activate STAT5 (5, 8, 37,40,51,57,77,107, 133, 170).

Both STAT5a and STAT5b encode different isoforms, some of which may
arise by alternative splicing. Carboxy-truncated STAT5 isoforms have been
identified for both gene products and designated STAT5a2 and STBH
(60, 125). Both are generated by insertions, which introduce premature stop
codons. These naturally occurring isoforms cannot activate transcription in-
dependently and may act as dominant negative inhibitors of STAT5-dependent
transcription (90, 158).

The genomic structure of the STAT genes (173) suggests that there may be
additional alternatively spliced forms of STAT5. Accordingly, three novel iso-
forms of STAT6 have been identified recently (108). Carboxy-truncated STATS
isoforms, thought to be generated by proteolytic processing, that are slightly
smaller than STAT5a2 and STATBOC have also been identified (6).

All milk protein genes identified to date contain at least one STAT5 binding
site. In tissue culture, STATS binding is necessary for hormonal induction of
B-casein (139) andsl-casein (58, 113) gene expression. One or more STAT5
binding sites are necessary for efficient expression of WAP (74)3aladto-
globulin (13) in transgenic mice.

C/EBPs

C/EBPs are a family of transcription factors containing highly conserved, ba-
sic leucine zipper (bZIP) motifs at their carboxy-termini. These motifs me-
diate dimerization and DNA binding. The amino-terminal transactivation do-
mains differ between family members (15, 167). Of the known C/EBP family
members, C/EBP and § appear to play important roles in mammary gland
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development and milk protein gene expression. Bheasein proximal pro-
moter contains four C/EBP binding sites (between nucleotid®¥) and—-82).

Three of these are within the minimal promoter region needed for hormonal
responsiveness. Mutational analysis revealed that these sites are important for
transcriptional activation of thg-casein promoter. In HC11 cells, C/EBP

and C/EBB bind to these sites (33).

Although they lack introns, like most C/EBP genes, the C/&BRd C/EBIB
MRNAs encode multiple protein isoforms. This is accomplished through the
use of alternative translational start sites. In addition to a full-length (42 kDa)
form, C/EBRx encodes a 30-kDa form that lacks some of the activities of
the full-length form (76, 105). Three C/EBPisoforms are generated by a
leaky ribosome-scanning mechanism. Two of these are known as LAPs (liver-
enriched activating proteins) and seem to function identically. The third C4EBP
is a 20-kDa isoform known as LIP (liver-enriched inhibitory protein) (28). LIP
acts as a dominant negative transcription factor. It lacks the amino-terminal
transactivation domain but can bind to target sequences with higher affinity
than can LAP. LIP can also heterodimerize with LAP and other C/EBPs.
For these reasons, LIP is inhibitory at substoichiometric amounts, and the
LAP-to-LIP ratio is likely more important in controlling gene expression than
is the absolute level of C/EBR(28). LIP is capable of inhibiting-casein gene
expression in transient cotransfection assays (SL Wyszomierski & JM Rosen,
unpublished observations).

NFI

NFI (nuclear factor 1) was originally identified as a host-encoded protein re-
quired for efficient adenovirus DNA replication in vitro (92). The NFI gene
family consists of four highly related genes in vertebrates that are differentially
expressed during mouse development (20). Although the amino-terminal DNA
binding and dimerization domain is well conserved between all NFl proteins, the
carboxy-terminal sequences diverge substantially. Alternative splicing leads to
alterations in the carboxy-terminal domain affecting the regulatory properties of
different NFI isoforms. More than a dozen NFI isoforms have been identified,
and further diversity exists because of the possibility of heterodimerization.
These isoforms function in one of three ways: by altering chromatin topology,
direct activation, or repression (23, 103, 104).

There are several known examples of tissue-specific NFI isoforms. Cooper-
ative interaction between these isoforms and nuclear hormone receptors occurs
in CoREs found within the vitamin D response element éds(14, 78) and
the mouse mammary tumor virus long terminal repeat (21). In these exam-
ples, NFI may tether nuclear receptors via a combination of protein:protein and
protein:DNA interactions.
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Mammary-specific NF-1 isoforms are important components of a CoRE that
regulates WAP gene expression (72, 73). DNase | mapping studies of trans-
genic mice identified a region 830 to 720 bptd the transcription start site,
which was critical for transgene expression. DNAse | footprinting identified
several NFI binding sites. To determine the functional importance of these
sites, point mutations were introduced into the NFI binding sites, and several
independent lines of transgenic mice were analyzed (74). Transgene expres-
sion was totally abrogated when the palindromic NFI site or both NFI binding
sites were mutated. These results indicate that NFI plays a critical role in the
regulation of WAP gene expression. NFI also plays important roles in the reg-
ulation of several other whey protein genes (75, 117, 163) (G Bjursell, personal
communication). There are several NFI isoforms, ranging in size from 46 to
114 kDa in the mammary gland. During lactation, two isoforms of 46 and
68 kDa are present. With mammary involution, these smaller isoforms are lost
and a 74-kDaisoform appears (38). The precise nature of these developmentally
regulated NFI isoforms has not yet been determined.

GR

Despite the importance of glucocorticoids to milk protein gene expression,
most of these genes do not contain consensus glucocorticoid response elements
(GREs). The WAP promoter contains a cluster of half-palindromic GREs (half-
GRES) in both its distal regulatory (nucleotide853 to—729) and proximal
regulatory (nucleotides-160 to —70) regions. The half-GREs in the distal
element have been mapped by in vitro footprinting (73). Bheasein prox-

imal promoter also contains several half-GREs that have been mapped by in
vitro footprinting (166). Mutation of the three downstream half-GREs in the
minimal hormone response region (between nucleotiglE& and—70) com-
pletely abolishes the cooperative effects of hydrocortisone (HC) and PRL at
the 8-casein promoter in HC11 mammary epithelial cells (67). Mutation of the
upstream GRESs (between nucleotid282 and—177) severely diminishes the
cooperative effects of HC and PRL (67), and deletion of this region abolishes
them entirely (66). Based solely on sequence similarity, half-GREs may also
exist in other casein promoters (119).

YY1 and the Milk Box Region

The B-casein promoter contains a negative regulatory region between nu-
cleotides—150 and—-110 (139). This bipartite element represses transcription
in the absence of lactogenic hormones. Simultaneous mutation of both tran-
scription factor binding sites leads to extremely high basal transcription. Hor-
monal induction is still possible with this negative regulatory region mutated
(139). The downstream site in this region of {heasein promoter interacts
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with YY1 (86,118). The proximal promoters of rat and y-casein genes
contain putative YY1 binding sites as well (118, 177).

YY1 is a multifunctional protein that can either activate or repress transcrip-
tion. It is expressed ubiquitously. YY1 contains an activation domain at its
amino terminus and two repression domains—one with a high glycine content
in the middle of the protein and one with C2H2 Zn-fingers in the carboxy-
terminal region. These two repression domains may interact with each other.
Interactions with other proteins may be crucial in modulating the activity of
YY1 (141). YY1 acts as a repressor gfcasein gene expression.

YY1 interaction with theg-casein promoter was demonstrated in an anal-
ysis of YY1 binding to a large promoter fragment using the electrophoretic
gel mobility shift assay. Mutation of the YY1 site led to a stronger lactation-
associated activation complex in extracts from the lactating mammary gland
(118). These effects of YY1 were counteracted by STAT5. Similarly, mutation
of the STATS binding site, which is crucial for the formation of the lactation-
associated activation complex, caused an increase in YY1 DNA binding (118).
YY1 represseg-casein gene expression in the absence of lactogenic hormones,
but it exhibits little or no effect following hormonal induction (86). The YY1
site in theg-casein promoter is a low-affinity site and may be markedly influ-
enced by protein-protein interactions (118). In mammary epithelial cells, the
level of YY1 is not changed by lactogenic hormones (86, 118).

The identities of factors binding to the upstream repressor site are not clear.
Analysis of the nucleotide sequence reveals two potential overlapping binding
sites: a C/EBP site and a STAT site that binds STAT5 weakly and STAT6
more strongly (89). C/EBPs bind to this site (33,119). An oligonucleotide
corresponding to this site bound C/EBPs in extracts from mammary epithelial
cells but did not recognize other nuclear factors (33). C/EBReracts with
YY1 (9). Therefore, we propose that the protein:protein interaction between
C/EBPS and YY1 bound to the milk box region of the promoter caysessein
gene repression.

Protein:Protein Interactions

As mentioned, the transcriptional activation from a CoRE is generally greater
than the sum of its parts (61). The transcription factors act cooperatively, and
protein:protein interactions between them are probably as important as is the
interaction of each transcription factor with its response element. STAT5 and
GR exhibit a high degree of transcriptional synergy atgheasein promoter
(144), as is discussed more extensively later. C/EBRd GR are also capa-

ble of protein:protein interaction (98) and exhibit transcriptional synergy at a
promoter unrelated to the milk protein genes, that oftkeacid glycoprotein
gene (3, 98). An interaction among these proteins may stabilize the binding of
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each individual transcription factor to its response element and, thereby, create
a stable activation complex. Finally, the transcription factors at the CoREs may
act cooperatively to recruit coactivators and corepressors.

HORMONAL AND DEVELOPMENTAL REGULATION

Hormonal and Developmental Regulation of STAT5

STATS is expressed at all stages of mammary gland development, with only
slight changes in gene expression observed between virgin, pregnant, lactating,
and postweaning mice (60, 79). STAT5 is activated by tyrosine phosphorylation
(see section on JAK/STAT) following stimulation by PRL. Tyrosine phosphory-
lation of STATS5 also changes dramatically during mammary gland development
(80). The kinetics of STAT5 tyrosine phosphorylation parallel the develop-
mental profile of milk protein gene expression in the mammary gland (80).
When STAT5a and STAT5b are tyrosine phosphorylated in the normal mam-
mary gland, heterodimers of the two proteins are observed (80). STAT1 and
STAT3 also are expressed during all stages of mammary gland development,
but they are phosphorylated in a pattern reciprocal to that of STAT5. STATS3, in
particular, is highly phosphorylated during involution, which suggests it may
play a role in this process (80,112). The roles of STAT1 and STAT3, as well
as the identity of their target genes during mammary gland development, are
interesting, unanswered questions.

Analysis of STAT5a-deficient, STAT5b-deficient, and STAT5a/STAT5b dou-
ble knockout mice has demonstrated the importance of STATs to mammary
gland development and revealed some surprises concerning the role of STATs
in lactation. STAT5a knockout mice are unable to lactate, and they exhibit de-
creased lobulo-alveolar development. In the STAT5a knockout mice, STAT5b
tyrosine phosphorylation was dramatically reduced, and the level of STAT5b
protein was somewhat reduced (81). STAT5b null mice also have decreased
lobulo-alveolar development, although the phenotype is not as severe as that
of STAT5a null mice (149, 151). STAT5a/STAT5b-deficient mice have been
generated. The phenotype in the mature virgin gland appears similar to the
phenotype seen with a single STAT5 knockout; fewer terminal end buds are
present.

Surprisingly, the absence of either STAT5a or STAT5b does not dramatically
alter 8-casein expression in the mammary gland. WAP expression is reduced
in each case, however (81, 149). This suggests that both STAT5a and STAT5b
can induces-casein expression in the mammary gland and that the low level of
activated STAT5b in the STAT5a-null mammary gland is sufficienpf@asein
expression.
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Hormonal and Developmental Regulation of C/EBPs

C/EBPs play important functional roles in mammary development and lacta-
tion. In mice, C/EBB mRNA levels are low in the mammary gland from
nulliparous mice and increase during pregnancy (127). They decrease slightly
during lactation and are elevated again after 24 and 48 h of involution (39).
Because the C/EBPmMRNA encodes multiple protein isoforms, analysis of
protein levels is essential. In rats and mice, C/BBFAP levels are threefold
higher in the pregnant than the virgin and pregnant gland, whereas @G/EBP
LIP levels are over 100-fold higher. This results in a high LIP-to-LAP ratio
during pregnancy. When lactation begins, LIP levels drop dramatically, and
LAP levels are decreased by a lesser magnitude. Therefore, during pregnancy,
the activities of LAP as well as other C/EBPs are likely to be inhibited by LIP.
This is probably one mechanism of inhibiting casein gene expression early in
pregnancy. Down-regulation of LIP with the onset of lactation likely results in
the relief of transcriptional inhibition and allows C/EBRnd LAP to activate
the milk protein gene promoters (119, 140).

C/EBR is expressed in the mammary gland during pregnancy and lactationin
a pattern similar to that of LAP. Itincreases slightly in pregnancy and decreases
slightly during early lactation. A small increase in C/EBProtein is seen
during late lactation (119). C/EBRMRNA is dramatically increased during
the earliest stages of involution. It is detectable 12 h after forced involution by
pup removal, peaks at 18 h, and then decreases steadily after 24, 48, and 72 h.
This surge of C/EBPexpression precedes other markers of involution, which
suggests that C/EBPmay be responsible for the transcriptional regulation
of genes needed for apoptosis during involution (39). Additionally, CEEBP
has been implicated in cell cycle arrest in mammary cells. In the COMMA-1D
mammary epithelial cell line, C/EBRMRNA and nuclear C/EBFprotein were
elevated in cells that were growth arrested jpBase of the cell cycle by serum
withdrawal. The level of C/EBPdecreased when the cell cycle was reinitiated
by the addition of serum. When C/EBxpression was decreased using anti-
sense mMRNA expression, the cells were delayed in enterjfigilGwing serum
withdrawal (102).

C/EBRx mRNA is present in mouse mammary glands during all stages of
mammary gland development (140). C/EBPRNA levels decrease by 50%
in mammary glands during the transition from mature virgin to pregnancy, but
the level of C/EBle mRNA did not change during pregnancy, lactation, or
involution (39, 140).

In many tissues, C/EBPs exhibit a sequential cascade of expression. Gener-
ally, C/EBPB and C/EBB are expressed first and correlate with proliferation,
whereas C/EB® is expressed later and correlates with differentiation events
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(15,176). As demonstrated above, this is clearly not the case in the mammary
gland. C/EBR and C/EBIB are both expressed during pregnancy (a prolifer-
ative stage) and lactation (a differentiated stage) and CSEBid 8 are both
expressed during involution (a remodeling stage characterized by extensive
apoptosis). As with STAT5, creation of C/EBRnd C/EBIB knockout mice

has greatly enhanced our understanding of their role in milk protein gene expres-
sion and mammary gland development. Homozygous deletion of the G/EBP
gene resulted in mice that died shortly after birth as a result of metabolic defects.
Transplantation of the mammary anlage from newborn mice into the cleared fat
pad of syngeneic hosts was necessary to examine the effect of the absence of
C/EBRx on mammary glands. Comparison of grafts from knockout mice with
those from wild-type mice indicated that C/EB®vas unnecessary for mam-
mary gland development affldcasein expression (140). These results, coupled
with conflicting reports (119, 136) concerning mammary gland expression of
C/EBRy, call into question the importance of C/EBMn milk protein gene
expression and mammary gland development.

In contrast, deletion of C/EB#Presulted in a dramatic mammary phenotype
(127,140). In virgin animals, the absence of C/BBilayed the outgrowth
of the virgin mammary gland. At maturity, the virgin C/EBRnockout mam-
mary tissue consists of abnormally large primary ducts with few secondary
branches. This defect was intrinsic to the mammary epithelium, as transplan-
tation into wild-type stroma did not rescue the phenotype. Furthermore, wild-
type mammary epithelium develops normally in C/EB&eficient stroma. Be-
cause the knockout animals are sterile as a result of ovarian defects, pregnancy
was either simulated by treatment with estrogen and progesterone or rescued
by ovarian transplants. Similar results were seen following each procedure.
Lobular-alveolar development was impaired in the C/BB&ockout mice.
During pregnancy or following treatment with estrogen and progesterone, nor-
mal mice develop a full, branched, ductal tree with alveoli distributed evenly
along the ducts. The C/EBFknockout mice, in contrast, developed only large
ducts with severely reduced side branching, resulting in sparse alveoli. In
the alveoli formed, the cells lacked secretory vesicles and fat globules (127,
140).

The role of C/EBIB in expression of milk protein genes also was examined.
The absence of C/EBPreduceds-casein gene expression by 85% to 100%,
and WAP expression was undetectable (127, 140). Foftbasein promoter,
this effect is consistent with the presence of C/EBP binding sites. The WAP
promoter, however, does not contain a known, functionally important C/EBP
binding site. The effect on WAP expression, therefore, may be indirect, re-
sulting from the cells not being able to reach a fully differentiated state in the
absence of C/EBP.
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The Role of Chromatin Structure
The acetylation state of histones is correlated with transcriptional activation.
Acetylated histones modulate an open chromatin configuration and promote
transcription. Deacetylated histones are associated with a closed chromatin
conformation and repression of transcription. Many proteins initially identified
as coactivators contain histone acetyltransferase activity. Transcription factors
target the histone acetyltransferases to specific genes, creating an open chro-
matin conformation at the promoter that facilitates transcriptional activation
(reviewed in 55, 169).

Using this information as a framework, we propose the following model
for the regulation of3-casein gene expression (Figum)2STATS5, GR, and

A. Activated State

[CBRIp300 |

2

Figure 2 Model for protein:protein interactions mediating the chromatin structure ¢f-tteesein
promoter. A) In the activated state, protein:protein interactions between STAT5 (signal transducers
and activators of transcription 5), CCAAT/enhancer binding protein (C/EEBRihd glucocorticoid
receptor (GR) may create a stable activation complex. The three proteins together may effectively
recruit p300/CBP tg@-casein promoter, causing histone acetylation and a high level of transcrip-
tional activation. B) In the repressed state, LIP (liver-enriched inhibitory protein) may tether Yin
Yang (YY)1 to the weak YY1 binding site in th&casein promoter. YY1 may then recruit histone
deacetylases (HDACs), resulting in histone deacetylation and repression of transcription.
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C/EBP8 all interact with p300/CBP (17,88,111). We theorize that the
protein:protein interactions between STAT5, GR, and C/EBRe needed to
form a stable activation complex on tlgecasein promoter. The interaction of
each transcription factor with p300/CBP is then needed to recruit and effec-
tively retain CBP/p300 at thg-casein promoter. Nuclear receptor coactivators
also may play a role in this complex. The coactivator TRgas found in a
complex interacting with both GR and C/EBR®nN thex-1 acid glycoprotein
promoter (19).

Just as histone acetylases are involved with local chromatin remodeling to ac-
tivate genes, histone deacetylases (HDACs) modulate local chromatin structure
and repress transcription (reviewed in 109). YY1, which represse¢stasein
promoter, interacts with all the human HDACs identified to date (174, 175). The
following working model, therefore, has been proposed for the regulation of
B-casein gene expression (Figu) 2Y Y1 represses thg-casein promoter by
bringing to the promoter HDACs which create a repressive chromatin config-
uration. Because YY1 is capable of interacting with C/iBBihd because the
YY1 binding site in theg-casein promoter is a weak binding site, a LIP:YY1
complex may be responsible for tethering both YY1 and the HDAC to the pro-
moter. When LIP levels decrease at the end of preghancy, the complex may
then dissociate. The importance of histone acetyltransferases and HDACs in
modulating the activity of th@-casein promoter has been demonstrated for the
bovine -casein element 1 (see below).

Hormonally Regulated Signal Transduction
Pathways: JAK/STAT

The importance of PRL for milk protein gene expression is underscored by the
fact that milk protein gene expression and mammary gland development are
severely affected in the heterozygotes of both PRL and PRL receptor (PRL-R)
knockout mice (50, 101). PRL binds to the extracellular portion of the PRL-R
and initiates events in the JAK/STAT signal transduction cascade (reviewed
in 27). Specifically, following PRL treatment, JAK2, which is associated with
the PRL-R in the absence of ligand, is activated by transphosphorylation when
two JAK2 molecules are brought together by ligand-induced dimerization of the
receptor (134). Activated JAK2 tyrosine phosphorylates PRL-R, creating dock-
ing sites for proteins containing SH2 domains, including STAT5 (110), which
subsequently are tyrosine phosphorylated, dimerize, and translocate to the nu-
cleus. Tyrosine phosphorylation of a specific residue (Y700 in rats/Y694 in
sheep) of STATSis essential for dimerization and transactivation (41). Activated
STAT5 binds to gamma interferon activation sequence (GAS) sites and mod-
ulates the activity of target genes such as the milk protein genes (41, 156).
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It appears that STATs are inactivated by a nuclear tyrosine phosphatase and
recycled back to the cytoplasm (47, 90, 100, 142).

Synergistic Actions of PRL and HC

Although glucocorticoids are essential lactogenic hormones, the mechanisms
by which they regulate milk protein gene expression synergistically with PRL
and insulin have not been defined completely. In mammary epithelial cells,
WAP andg-casein respond differently to stimulation by HC. When HC11 cells
are treated with only insulin and HC, little induction gfcasein gene expres-
sion is observed; addition of PRL leads to a marked induction. In contrast,
WAP expression is induced when the cells are treated with only insulin and
HC. Addition of PRL enhances WAP expression an additional two- to three-
fold (32, 49). The effects of HC on WAP gene transcription seem to be direct.
The interaction of GR with the distal regulatory region of the WAP promoter
changes the chromatin structure and makes the NF-1 binding sites accessi-
ble (73). STAT5 then enhances WAP transcription following PRL treatment
(73).

Both direct and indirect mechanisms appear to be responsible for HC reg-
ulation of g-casein gene expression. PRL and HC act by kinetically distinct
mechanisms in mammary epithelial cells (31). Pretreatment with glucocorti-
coids is essential for PRL induction of tifecasein gene transcription. This
effectis gradually increased with longer glucocorticoid pretreatments, is rapidly
reversed when glucocorticoids are withdrawn, and requires ongoing protein syn-
thesis (31, 115). Pretreatment of HC11 mammary epithelial cells with HC leads
to a marked increase in the LAP/LIP ratio (119) and may, therefore, facilitate
the lactogenic hormone-mediated relief of repressiofi-ofsein transcription
(139). Thus, glucocorticoids may modul@teasein gene transcription through
alterations in the levels of different C/EBRsoforms in a manner that is indi-
rect and requires new protein synthesis. Whether other pathways also mediate
the indirect effects of HC o-casein expression is unknown. In contrast to
the indirect effects of HC, STAT5 and GR rapidly, directly, and synergistically
regulate transcription of thé-casein gene.

STAT5 and GR interact in transiently transfected COS cells (144), mam-
mary epithelial cells (16), and tissue extracts from mammary gland at all
stages of development (16). STAT5 and GR activate transcription from the
B-casein promoter in a synergistic fashion in transiently transfected COS cells
(144). GR binding to the half-GREs in thgzcasein promoter appears to en-
hance but is not absolutely required for the STAT5/GR transcriptional synergy
(67,145). The protein:protein interactions of STAT5 and GR may be neces-
sary, however, for GR to bind to the half-GREs. The protein:protein interaction
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between STAT5 and GR protects STAT5 from inactivation by dephosphoryla-
tion. This allows STAT5 to stay bound to the DNA for an increased amount
of time, which increases transcriptional activation by STAT5 (171). There-
fore, the transcriptional synergy exhibited by STAT5 and GR aigtftasein
promoter is probably conferred by multiple mechanisms. Cooperation of the
transactivation domains of STAT5 and GR is one mechanism. The strong
transactivation domain in GR may supplement the relatively weak transacti-
vation domain in STAT5 (144, 145). Enhancement of STAT5 DNA binding
is a second mechanism. Recruitment of p300/CBP, coactivators with histone
acetylase activity (55), to the promoter is likely to be a third mechanism by
which STAT5 and GR synergistically regulate transcription. This direct effect of
STAT5 and GR may play a role in transcriptional activation of the WAP gene as
well.

Insulin and IGF in Mammary Gland Development

The role of insulin in regulating the mammary gland has been extensively
studied for many years. Studies published almost 40 years ago (36, 126) first
showed that high concentrations of insuling&/ml) in conjunction with HC
could maintain the alveolar structure of mammary tissue explants. These stud-
ies were later extended to show that these high concentrations of insulin could
also stimulate DNA polymerase activity (82). In vivo experiments conducted
at approximately the same time established the requirement of growth hor-
mone, PRL, and ovarian steroids (93) for mammary gland development in
rodents and suggested that insulin (2) was capable of cooperating with ovarian
steroids to promote mammary ductal development. More recent in vivo studies
(62,63, 131, 132) support the conclusion that insulin-like growth factor (IGF)-I

is capable of cooperating with ovarian steroids to stimulate mammary ductal
development. This cooperation appears to involve a mechanism similar to that
of the original somatomedin hypothesis (137), which described the effects of
growth hormone on bone growth. Growth hormone released from the pituitary,
or administered exogenously, stimulates expression of IGF-1 within the mam-
mary gland (62,131). Locally produced IGF-I in turn stimulates mammary
ductal development in the presence of estrogen. In transgenic mice (46, 95)
that overexpress IGF-I during pregnancy and lactation, IGFs appear to main-
tain the mammary epithelial cell population. In organ cultures in vitro (120),
IGF-1 stimulates mammary ductal development and can act as a survival fac-
tor. In addition, in situ hybridization studies (120) have demonstrated uniform
expression of the IGF-1 receptor in the developing mammary epithelium and lo-
calized expression of IGF-I and -1l in the terminal end bud. From these results,
it is clear that during early mammary gland development, IGF-1 and/or insulin
is capable of stimulating the growth of the mammary epithelium by increasing
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progression through the cell cycle and/or decreasing apoptosis. Nevertheless,
the effects of insulin and IGF on the lactating mammary gland appear to differ
significantly from those that occur during early development.

Insulin and IGFs and Lactation

Inintact animals, insulin is required for successful lactation; treatment of lactat-
ing mice with diabetogenic agents inhibits milk secretion (65) and causes a loss
of mammary tissue DNA (64). Early in vitro studies showed that in addition to

a role in maintaining mammary tissue in culture, insulin stimulated mammary
phosphoprotein synthesis (154). Later studies demonstrated specific stimulation
of a-lactalbumin ang-casein mMRNAs and demonstrated that the effect of in-
sulin on casein was mediated at the level of gene transcription (96, 116). These
studies also showed that IGF-I and IGF-I1, although capable of stimulating milk
protein gene expression, were no more than one-tenth as potent as insulin. In
HC11 mammary epithelial cells stimulation gfcasein gene expression by
insulin and IGF-1 also is associated with inhibition of apoptosis (87). In this
system, both ligands inhibited apoptosis equally, despite the fact that insulin
was more potent than IGF-I at inducing endogengtsasein gene expres-
sion. In proliferating HC11 cells, both ligands also stimulated DNA synthesis
equally, and both were capable of stimulating transient activation df{§42

This effect on the mitogen activated protein (MAP) kinase pathway, however, is
unnecessary for activation of a minimcasein promoter in these cells (162).
Beyond these observations, the molecular mechanism by which insulin and/or
IGF-1 cooperates with glucocorticoids and PRL to induce transcription of the
milk protein genes is ill defined.

Insulin-Induced Transcription

Transcriptional activation by insulin seems to involve multiple mechanisms.
Insulin-dependent transcription of the C/EBBnd C/EBIB genes has been
described in 3T3-L1 adipocytes (83). The identity of the specific transcription
factors that mediate this effect is unknown. Furthermore, the insulin effect is
apparently independent of the MAP kinase cascade (48). Forftieg42) and

PRL (52, 106) genes, insulin appears to regulate transcription through activa-
tion of the ETS-related transcription factors ELK-1, SAP1a, GAB&nd/or
GABPB1. With the PRL gene, induction depends orat-activity, but it is
independent of p2as, phosphatidylinositol-3 kinase, or ribosomal S6 kinase
(53). On the other hand, fostranscription depends on MAP kinase activation.
For the regulation of collagenase gene expression, insulin stimulates transcrip-
tion through AP-1 (135). This effect probably depends on the initial induction
of cfos transcription. In contrast, insulin induces transcription of GAPDH
and fatty acid synthase (FAS) through an ETS-independent mechanism. For
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GAPDH, a sequence termed IRE-A interacts with an SRY-related high mobil-
ity group (HMG) box protein that is likely mouse a4/SOX4 (94). For FAS, the
insulin effect is mediated through interaction of a basic-helix-loop-helix/zipper
protein, upstream stimulatory factor (USF), with an E box present within the
proximal promoter (159, 160). Recently, the insulin-dependent induction of
FAS has been demonstrated to require phosphatidylinositol 3-kinase (161). Un-
fortunately, the link between insulin-dependent phosphatidylinositol 3-kinase
activation and USF-dependent FAS expression is unclear. Likewise, the path-
ways that link insulin stimulation to the other transcriptional events described
above are only beginning to be delineated. Hence, the role of these factors and
signaling pathways in insulin/IGF—dependent milk protein gene transcription
is untested.

Of all the transcription factors identified above as insulin responsive, only
three—C/EBR, C/EBPS, and USF—have been examined for a potential
function in the regulation of milk protein gene expression. As described ear-
lier, C/EBPS is required forg-casein and WAP gene expression (127, 140).
The effect ornB-casein occurs through direct interactions with specific binding
sites within the proximal promoter (33, 119). Unfortunately, the potential for
C/EBPS to mediate the insulin effects on the milk protein gene expression is
untested. An essential role for C/EBPhowever, appears unlikely, as this
factor appears not to be required ficasein gene expression (140). In prelim-
inary studies (G Abdel-Fattah & DL Hadsell, unpublished observations) both
USF-1 and -2 appear to bind to DNA in a manner that is dependent on lactation
and more specifically on the presence of insulin and PRL. However, binding
sites for USF were not detected by EMSA in tBecasein orx-lactalbumin
promoters. Thus, if USF is involved with milk protein gene expression, its role
is probably indirect.

In addition to the pathways just described, at least two other mechanisms may
explain the insulin-dependent component of milk protein gene transcripipn: (
direct modulation of the JAK/STAT pathway, arg) &n indirect effect mediated
through insulin-dependent changes in nutrient availability and/or metabolism.
These are addressed below.

Insulin-Dependent JAK/STAT Activation

Insulin-dependent stimulation of transcription of milk protein genes may in-
volve modulation of PRL signaling and the JAK/STAT pathway. This hypoth-
esis has not been tested in mammary epithelial cells. However, growth factors,
such as colony-stimulating factor-1 (8), platelet-derived growth factor (172),
and epidermal growth factor (133), activate the JAK/STAT pathway in a cy-
tokine receptor-independent fashion. Analysis of insulin signaling in nonmam-
mary cells has revealed that insulin receptor interacts directly with and tyrosine
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phosphorylates STAT5B (22). IR and IGF-IR can stimulate tyrosine phospho-
rylation, activation of JAK-1 and JAK-2 (45) and STAT 5 (99).

Glucose-Dependent Gene Transcription

Another indirect mechanism by which insulin could stimulate milk protein gene
transcription is through modulation of nutrient uptake and/or metabolism. This
mechanism mediates the effect of insulin on expression affhguvate kinase
(30)and S14 (54) genesinliver. Inthe case-pf/ruvate kinase, insulin directly
stimulates glucokinase, which in turn converts glucose into a metabolically ac-
tive form through phosphorylation. Metabolism of this active glucose through
the pentose-phosphate shuntis believed (29) to then produce a metabolite, which
acts directly on USF to activate transcription (152). Other glucose-responsive
genesinclude those forinsulin (97, 164), GLUT 2 (155), and acetyl-coenzyme A
carboxylase (12). Mechanisms that mediate regulation of these genes, however,
appear to involve factors other than USF. Glucose-dependent transcription of
acetyl-coenzyme A carboxylase requires the interaction of the transcription
factor SP1 with GC-boxes found within the acetyl-coenzyme A carboxylase
promoter (24). This effect also involves glucose-dependent dephosphorylation
of SP1 by a type 1 phosphatase (25). The insulin and GLUT 2 genes, on the
other hand, require the homeobox protein Ipf1/Pdx1 (1, 85). As for the regula-
tion of milk protein gene expression, little is known concerning the possibility

of glucose-dependent transcription. In preliminary studies (DL Hadsell & KF
Trivers, unpublished observations) on primary cultures of mouse mammary ep-
ithelial cells, expression af-lactalbumin and probablg-casein appear to be
dependent on glucose. This glucose effect in mammary cells is relatively spe-
cific for milk protein genes and occurs over the normal range of blood glucose
concentrations found in mice (DL Hadk& T Alexeenko, unpublished data).
However, the mechanism for this dependence and the relationship between glu-
cose dependence and insulin dependence are subjects that require further study.
The mechanisms described above are illustrated diagramatically in Figure 3.

Cell:Substratum Interactions

An extracellular matrix (ECM) performs many essential functions during all
stages of mammary gland development. It is needed for end bud development,
epithelial proliferation, and ductal branching in virgin glands. During preg-
nancy and lactation, it is needed for development and maintenance of the dif-
ferentiated phenotype. The ECM is degraded during involution, resulting in
massive levels of programmed cell death (reviewed in 130). One role of ECM
during lactation is the regulation of milk protein gene expression. In primary
mammary epithelial cells and many mammary epithelial cell lines, ECM and
lactogenic hormones are required for a high level of expression of milk protein
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Figure 3 Proposed mechanisms forinsulin-dependentinduction of milk protein gene transcription.
The insulin response is proposed to involve any or all of four hypothetical mechani&nhssilin-
dependent activation of transcription fackgwhich binds to and directly activates the milk protein
genes. B) Indirect effect of insulin through transcriptional activation of the gene that encodes for
transcription factoX. This effect would be mediated independently through the direct effect of
transcription factoA on geneX. (C) Modulation of prolactin-dependent JAK/STAT activation by
insulin. D) Insulin-dependent expression of a gene for a transcription faXtarhich is directly
activated by nutrients such as glucose. Once activated, this nutrient-dependent factor would then
directly activate milk protein gene expression.



Annu. Rev. Nutr. 1999.19:407-436. Downloaded from www.annualreviews.org
by Fordham University on 01/04/12. For personal use only,

MILK PROTEIN GENE EXPRESSION 427

genes (71,147). ECM stimulates expression of most milk protein genes, and
this effect has been extensively studiedfecasein ang-lactoglobulin. ECM

has two separable functions needed for milk protein gene expression. First,
ECM induces in the cells a morphological change that is necessary but not
sufficient for 8-casein gene expression. Many types of extracellular matrices
are capable of performing this function (129). Then, the ECM induces a signal
that in the presence of lactogenic hormones induces milk protein gene expres-
sion. Laminin is the extracellular matrix protein that generates this signal (148).
Functionalg1-integrins on the mammary epithelial cells also are necessary for
this signaling (147). Integrin clustering, which would suggest signaling, was
observed in mammary epithelial cells in the presence of ECM (129). A 160-bp
element was identified in the bovigecasein reporter (between nucleotides
1677 and 1517) that mediates the response ofstisasein gene to ECM in
mammary epithelial cells. It was namgdcasein element 1 (BCE), and is a
mammary specific, ECM-dependent enhancer (138). The proximal promoter
of the bovineg-casein gene exhibits only minimal responsiveness both to lac-
togenic hormones and to ECM. When this enhancer element is placed upstream
of even a minimal promoter, the response of the promoter to lactogenic hor-
mones in the presence of ECM is dramatically enhanced, and the response of the
promoter to lactogenic hormones in the absence of ECM is increased slightly
(138). Two transcription factor binding sites have been identified in the BCE,
one for C/EBPs and one for STAT5. In the two mammary epithelial cell lines
used for analysis, however, ECM did not change the binding of either STAT5
or any of the C/EBP isoforms to this element.

The first 406 bp of th@g-lactoglobulin promoter also were identified as ECM
responsive in primary mammary epithelial cells from transgenic mice with
sheepg-lactoglobulin transgenes. The minimal transcription observed when
the cells were cultured on plastic and treated with lactogenic hormones was
dramatically increased when the cells were cultured on ECM. This promoter
region contains STAT5 and NFI binding sites. NFI DNA binding was increased
by ECM. Mutation of the STATS5 binding sites in the promoter reduced the level
of transcriptional activation from the promoter in general and eliminated tran-
scriptional enhancement by ECM. After two days of treatment with lactogenic
hormone, STAT5 DNA binding was present only in cells cultured on ECM (148).

In primary mammary epithelial cells, PRL-R phosphorylation, JAK2 phos-
phorylation/activation, and STAT5 phosphorylation and DNA binding caused
by PRL were all dependent on ECM. In primary mammary epithelial cells cul-
tured in the absence of ECM, PRL-R signaling was not initiated (35). This
effect has been observed only in primary mammary epithelial cell cultures and
in the intact mammary gland. Because ECM did not change STAT5 DNA bind-
ing in CID-9 cells but ECM enhancement gfcasein transcription was still
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seen, modulation of the JAK/STAT pathway appears to be only one mecha-
nism by which ECM regulates milk protein gene expression. ECM modulation
of chromatin may provide an additional mechanism. For example, if histone
deacetylase inhibitors are present, lactogenic hormones can induce transcrip-
tion from the BCE in the absence of ECM. Histone deacetylase inhibitors also
exerted only a small effect on transcriptional activation from the BCE in the
presence of ECM. A role for modulation of chromatin structure was also in-
dicated by the observation that the BCE only responds to ECM when stably
integrated into the genome (91).

CONCLUSIONS

Enormous progress has been made in the past few years in our understand-
ing of the basic mechanisms involved in the hormonal, tissue-specific, and
developmental regulation of milk protein gene expression. Studies in cell cul-
ture systems have been complemented nicely by the use of transgenic and
knockout mice. This has led to the elucidation of the importance of both the
specific signal transduction pathways regulated by peptide and steroid hor-
mones and the composite response elements that integrate these signals. Both
are required for the appropriate regulation of milk protein gene expression, and
no single factor or signaling component is sufficient to determine the precise
temporal and spatial patterns of milk protein gene expression. The mammary
gland has also provided a wealth of information about the cross talk between
peptide and steroid hormones in regulating gene expression. Although details
are still missing and most likely a few errors exist in the model, an overall
picture has emerged that provides a framework for future studies.

Finally, these studies of milk protein gene regulation have led to several
important developments in the fields of biotechnology, nutrition, and cancer
biology. First, the application of transgenic technology has led to the devel-
opment of a new field of biotechnology in which pharmaceuticals can now be
produced in the milk of transgenic livestock (reviewed in 128). Second, as
an offshoot of these studies, it is now possible to manipulate the composition
of milk for nutritional reasons and to improve food processing (84). Finally,
improved preclinical mouse models of breast cancer have been developed that
more closely mimic the human disease (69, 70). The availability of these mod-
els should help in the design and evaluation of new targeted therapies for breast
cancer.
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