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Milk protein genes are attractive models for studying tissue- and physi­
ological stage-specific gene regulation and they also have potential ap­
plications in biotechnology. The expression of milk protein genes changes in 

different physiological stages of a mammal — in pregnancy and lactation, 
and is regulated by hormones, growth factors and extracellular matrix.

The main milk proteins are caseins. In ruminants milk, four casein species 
have been identified — caseins aSl, aS2, J3 and k. Milk of other mammals 
contains caseins which are analogous to those of cow’s milk. However, con­
centrations of these caseins may differ substantially in different mammalian 
species. For example, only traces of a caseins have been found in human 
milk. Caseins exist in the milk in the form of colloidal structures — micelles. 
They may be precipitated from the milk either by lowering pH to 4.5 or by 
treatment with rennet - a proteolytic enzyme specificially digesting the K-ca- 
sein polypeptide. The soluble fraction of milk obtained after casein precipi­
tation — so called whey — also contains milk proteins. Alpha-lactalbumin 
the ubiquitous milk protein, is a component of the lactose synthase complex. 
In ruminants milk, another major whey protein is p-lactoglobulin, while ro­
dent and rabbit milk contains whey acidic protein (WAP) instead.

Casein genes of several mammalian species have been cloned and se­
quenced. The most offen studied p-casein gene has been cloned from seven 
species including man, ruminants and rodents (Tab. 1). The length of casein 
genes differs from almost 20 kb for goat aSl to less than 7000 bp for mouse 
P-casein. The coding sequences of bovine aSl and aS2 casein genes are 
distributed between 19 and 18 exons, respectively. Bovine K-casein gene con­
sists of 5 exons only, while all sequenced so far P-casein genes, except for 
the human gene, are composed of 9 exons (the human gene contains 8 
exons). All known casein genes are single copy genes; no pseudogenes have 
been found.
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Table 1
Cloned and sequenced casein genes

Gene Mammal species Sequence Length of 
the gene Reference

aSl-casein rat partial app. 15 000 bp (1)
aS 1 -casein cattle full 17 508 bp (2)

aS 1 -casein goat partial app. 19 500 bp (3)

aSl-casein rabbit full 15 975 bp (4)

aS2-casein cattle full 18 483 bp (5)

y-casein rat partial app. 15 000 bp (6)

P-casein cattle full 8498 bp (7)

P-casein rat full 7234 bp (8)

P-casein sheep almost full 8730 bp (9)

P-casein rabbit full 9875 bp (10)

P-casein goat partial 9000 (11)
P-casein mouse full 6794 bp (12)

P-casein man full 10 466 bp (13)

K-casein cattle partial 13 070 bp (14)

Genetic analysis has shown that the so called calcium-sensitive caseins 
aSl, aS2 and p (these caseins can be precipitated by calcium ions due to 
their high phosphate content) are linked together in the mammalian genome 
and they compose a small gene family. In the cattle genome, these casein 
genes form a gene cluster occupying approx. 200 kb on the chromosome no. 
6 (15). It is believed that all calcium-sensitive casein genes arised from one 
ancestral gene during evolution, by processes of mutation, exon shuffling 
and duplication. Although different in length and exon/intron structure, all 
casein genes contain fragments of homologous sequences. This includes 5’ 
upstream regulatory sequences as well as sequences coding for signal peptide 
and so called phosphorylation blocks.

Whey protein genes of several species have also been cloned and sequenced 
(Tab. 2). For example, the entire sequence of a-lactalbumin gene of six species 
has been published. Whey protein genes are shorter than casein genes and 
their length varies between 4723 bp for bovine p-lactoglobulin to approx. 
2000 bp for most a-lactalbumin genes. Besides of functional whey protein 
gens also pseudogenes have been found. Five a-lactalbumin pseudogenes 
have been identified in bovine and ovine genomes (18).
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Table 2

Cloned and sequenced whey protein genes

Gene Mammal
species Sequence Length of 

the gene Reference

a-lactalbumin rat full 2514 bp (16)
a-lactalbumin man full 2363 bp (17)

a-lactalbumin cattle full 2023 bp (18)
a-lactalbumin goat full 2039 bp (19)
a-lactalbumin mouse full 2300 bp (20)
a-lactalbumin guinea pig full 2035 bp (21)
P-lactoglobulin sheep full 4662 bp (22)
P-lactoglobulin cattle full 4723 bp GenBank Nr 14 710
WAP rabbit full 1724 bp (23)
WAP mouse partial 3200 bp (24)

WAP rat partial 2800 bp (24)

During the last several years, at the Institute of Genetics and Animal 
Breeding, we have studied regulation of expression of milk protein genes in 
the rabbit mammary gland. Rabbit genes encoding caseins aSl and p and 
WAP have been cloned and sequenced in INRA, Jouy-en-Josas by L-M. Hou- 
debine and his coworkers (Tab. 1 and 2; Fig. 1). The longest of these genes, 
the aSl casein gene, is almost 16 000 bp long and contains 19 exons, mostly 
very short. The p-casein gene contains 9875 bp and its coding sequences 
consist of 9 exons of the size ranging between 21 and 510 bp. WAP gene is 
only 1800-bp long and contains 4 exons of similar length.

Expression of milk protein genes in the rabbit mammary gland changes 
at various stages of pregnancy and in lactation. We showed that the expression 
of casein genes, as measured by accumulation of their mRNAs, begins at 
mid-pregnancy, increases approx. 10-times between days 15 and 25 of preg­
nancy and then increases again 3-fold at the beginning of lactation (day 5). 
The time frame of the expression of the WAP gene is slightly different than 
that of caseins. The expression of WAP begins later in pregnancy and its 
increase occurs mainly in lactation. This increase in the expression of milk 
protein genes is due, at least partially, to the increase in the gene transcrip­
tion rate. The in vitro transcription of casein and WAP genes in the nuclei 
isolated from the mammary glands of rabbits is hardly detectable on day 15 
of pregnancy but it increases manyfold during pregnancy and lactation (25). 
The transcription rates of the (l-casein gene increase more than 10-fold between 
day 15 and 25 of pregnancy and then increase more than twice between days 
25 of preganacy and day 5 of lactation. In pregnancy, transcription of the 
ocSl gene predominates, but in lactation transcription of (3-casein gene ex- 
ceedes that of aSl-casein.
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Stabilization of mRNAs might be another factor promoting increased ex­
pression of appropriate genes. We compared the stability of p-casein mRNA 
in the explant cultures of the rabbit mammary gland. Explants derived from 
mammary glands of late pregnant rabbits (day 28) were cultured up to 40 
hrs in the presence of actinomycin D (inhibitor of transcription) either with 
or without prolactin. It was shown that in the presence of prolactin the 
concentration of b-casein mRNA was still high after 40 hrs of culture, whe­
reas in the absence of the hormone the ammount of P-casein mRNA decre­
ased during the culture and the message completely disappeared after 32 
hrs.

Early experiments carried out mostly on mammary explants of mice or 
rabbits established the minimal combination of hormones able to induce and 
support expression of milk protein genes (26). In the rabbit mammary gland, 
explants expression of casein genes is maximally induced in the presence of 
insulin, hydrocortisone and prolactin (27).

Prolactin is a member of the hormone family that also includes growth 
hormone (GH) and placental lactogens. These hormones regulate many physi­
ological processes important for animal growth, differentiation and reproduc­
tion. It has been shown that some of placental lactogens demonstrate lac­
togenic activity similar to that prolactin and can be substitutes for prolactin 
in most in vivo and in vitro experiments with mammary gland. The in vivo 
lactogenic activity of growth hormone, another hormone of the family, has 
been recognized for a long time. It is well known that exogenous admin­
istration of bovine growth hormone, either natural or recombinant, increases 
milk production in lactating dairy cows. However, it is not clear whether this 
properly of growth hormone results from direct stimulation of mammary gland 
to synthesize milk constituents or from a general anabolic effect. In most in 
vitro experiments, growth hormones (except human growth hormone) failed 
to induce mammary cell differentiation and casein synthesis.

We studied the effect of different growth hormones on the expression of 
milk protein genes — caseins aS 1 and (3 and of WAP in the mammary gland 
explants derived from pregnant rabbits and found that growth hormones 
derived from bovine, ovine, porcine, rat and human pituitaries were able to 
induce expression of the milk protein genes in the mammary gland explants 
(28), At high hormone concentration the effect of some growth hormones was 
comparable to that of prolactin. However, the lowest effective concentration 
of bovine GH (bGH) was 0.1 pg/ml, and it exceeded 10-times that of prolactin 
which was effective at the concentration of 0.01 jug/ml. Preparations of recom­
binant bGH, obtained from three different sources — those produced by recom­
binant bacteria (gift of Monsanto or Lilly Research Company) and produced by 
transfected mammalian cells (gift of Dr. J. Kopchick of Ohio University) were 
also effective although their activity was lower than that of pituitary bGH. 
Different preparations of pituitary growth hormone were also active in inducing 
expression of casein polypeptides, thus indicating that both transcription and 
translation might be stimulated..



We assumed that the observed effect of GHs on the expression of milk 
protein genes is an intrinsic property of the GH molecule. This view was 
confirmed in several control experiments showing that GH preparation used 
in these experiments appear to be devoid of prolactin contamination as shown 
by SDS-polyacrylamide electrophoresis. Moreover, these GH preparations failed 
to stimulate proliferation of lymphoma Nb2 cells; the test detects prolactin at 
pg concentrations. The effect of bGH on the expression of milk protein genes 
was partially inhibited by bGH antagonist M8 — a product of mutated bGH 
gene (also a gift of Dr. J. Kopchick). And finally, small but reproducible effect 
of recombinant bGH was shown. Thus, we were able to show a direct effect 
of growth hormone on the expression of major milk protein genes in the rabbit 
mammary gland cultures. Similar results have also been reported recently at 
NIH by Barbara Vonderhaar and her colleagueas (29). They showed that bovine 
growth hormone induced both morphological differentiation and (3-casein gene 
expression in cultures of the whole mammary glands of young virgin mice 
primed by estrogen and progesterone.

However, these experiments do not explain the possible mechanism of GH 
action. Most somatogenic actions of GH are believed to be mediated by in­
sulin-like growth factors (IGFs). However, we were unable to show any effect 
of IGF-1 in this system. Human recombinant lGF-1, at concentrations ranging 
from 10 to 100 ng/ml, cannot substitute or modify the effect of GH on the 
expression of milk protein genes. Moreover, no specific GH receptors have 
been described in the mammary glands of mice or rabbits. We were also 
unable to detect binding sites for iodinated GH in the membranes isolated 
from mammary glands of pregnant or lactating rabbits. Receptors for pro­
lactin are abundant in the rabbit mammary gland. However, the action of
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Fig. 1. Schematic 
representation of the 
effects of hormones 
and growth factors 
on different stages of 
milk protein gene 
expression.
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GH through prolactin receptors is unlikely since bovine, ovine or rat GH are 
unable to displace prolactin from its mammary receptors.

Taking together these and other results, the following scheme representing 
the influence of hormones and growth factors on the different stages of casein 
gene expression has been proposed (Fig. 2). Prolactin seems to be the most 
universal lactogenic hormone — it promotes all stages of casein gene ex­
pression — transcription, mRNA stabilization, translation, and post-transla- 
tional modifications of casein polypeptides. In their actions on casein gene 
expression prolactin may be substituted by placental lactogens and, at least 
in some experiments, by growth hormone. Glucocorticoids (eg. cortisol) am­
plify while progesterone or EGF attenuates the lactogenic actions of prolactin. 
Insulin was shown to stimulate casein gene transcription only, while thyroid 
hormones were active in stimulating translation of some milk protein mRNAs, 
e.g. a-lactalbumin.

The molecular mechanism of action of any of the lactogenic hormones 
has not been fully elucidated. Steroid hormones, eg. glucocorticoids and pro­
gesterone, are believed to act through intracellular receptors that directly 
bind regulatory sequences in gene promoters. Specific regulatory sequences 

— GRE, PRE — have been identified in promoters of milk protein genes. 
Nevertheless, their functional significance has not been proved. Polypeptide 
hormones — insulin, prolactin, growth hormone — are known to bind cell 
surface receptors and their action on the gene expression assumes existence 
of intracellular mediator(s). Many experiments have been carried out in dif­
ferent laboratories, including my labotarory, to identify such mediators. Based 
on the results of these experiments, several intracellular transducers have 
been suggested to mediate hormone action on the expression of milk protein 
genes: inositol triphosphates, diacyloglycerol, calcium ions, protein kinases, 
polyamines and others. However, no definite conclusion can be drawn from 
these experiments. Indeed, tyrosine kinases, protein kinase C and Ca^+ seem 
to mediate or modulate the prolactin signal transmission from the membrane 
receptors to the genome. However, also other still unknown mediators are 
probably involved.

Transgenic animals may represent a convenient model for investigating the 
expression of milk protein genes in the mammary gland. The first transgenic 
mice expressing foreign protein in their mammary glands were produced by 
Simons end coworkers at AFRC Genetic Research Station, Edinburgh (30). 
These mice expressed ovine p-lactoglobulin, protein which is not normally ex­
pressed in rodents. After that, in many laboratories transgenic animals, mostly 
transgenic mice, were produced carrying heterologous milk protein genes or 
gene constructs (for references see 31). Transgenic mice carrying whole hetero­
logous |3-casein, WAP or a-lactalbumin genes have been generated. Moeover, 
transgenic pigs have been produced expressing mouse WAP, the protein which 
is not normally expressed in swine mammary gland. Several different promoters 
have been used to target heterologous gene to the mammary gland. The most 
used are mouse WAP promoter, bovine a-Sl casein promoter and ovine P-lac-
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toglobulin promoter. In some of these animals expression of a transgene oc- 
cured exclusively in the mammaiy gland, in others ectopic expression was also 
shown, eg. in salivary glands or in the brain. In spite of these difficulties, 
transgene technology enables to recognize both distal and proximal regulatory 
sequences in the milk protein genes. Moreover, such transgenic animals carrying 
structural genes of human proteins fused to mammary specific promoters are con­
sidered as living “bioreactors” designated to produce human protein of pharma­
ceutical use (32). A great progress has recently been done in this respect. 
Transgenic farm animals have been produced expressing human blood clotting 
factors, a-antitrypsin, plasminogen activator or lactoferrin. In some of these ani­
mals, expression of human proteins provides tens of mgs per ml of milk; enough 
to consider it a commercial use.

In order to investigate the targeted expression of a foreign gene in the 
mammary gland, we generated transgenic rabbits carrying the pCasLacZ gene 
constmct (33). Some 2096-bp upstream sequences of the rabbit (1-casein 
gene were fused to the 3.4-kb E. coli LacZ reporter gene and SV40 polyade- 
nylation site. The integration of the transgene was detected by Southem-blot 
and PCR analysis. Transgenic rabbits transmitted the transgene to their proge­
ny. However, our attempts to measure expression of the LacZ gene by north- 
em-blot hybridization showed only some ectopic expression of the transgene 
in liver and spleen of transgenic rabbits; surprisingly, no expression of the 
LacZ gene was detected in the mammary glands of transgenic lactating or 
pregnant rabbits. The lack of expression was often reported in transgenic 
animals including those earring milk protein genes or gene constructs. The 
reason might be e.g. incorporation of the injected gene in the reverse orien­
tation or its incorporation into inactive chromatin. Alternatively, it might have 
been due to transgene hypermethylation, Methylation plays an important role 
in the regulation of gene expression. In general, it is believed that high methyl­
ation attenuates gene expression while demethylation of variuos genes was 
shown to promote expression. We analysed methylation of LacZ gene in our 
transgenic rabbits using a pair of methylation-sensitive restriction nucleases 
— MspI and Hpall. This analysis showed heavy methylation of cytosine residues 
in the LacZ transgene in DNA isolated from different tissues including the 
mammary gland (33). Only cytosines at positions +1303 and +2638 seem to 
be unmethylated. These results suggest that methylation might inhibit the 
transgene expression in pCasLacZ transgenic rabbits. This view was further 
supported by in vitro experiments. Explants derived from pregnant transgenic 
rabbits were cultured in the presence of lactogenic hormones with or without 
5’-azacytidine, a demethylating agent. The LacZ trsmsgene expression, com­
parable to that of the endogenous (3-casein gene, was detected in the mam­
mary gland explants cultured for 2 days in the presence of insulin, hydro­
cortisone and prolactin with 5’-azacytidine at 10 or 25 pM concentration. 
Thus, our results show that the expression of a transgene bearing milk pro­
tein gene promoter might be regulated by its methylation and that in some 
experiments hypermethylation might block transgene expression.
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Control of gene expression at the transcriptional level requires the se­
quence-specific interactions of trans activators or repressors with regulatory 
elements in gene promoters. One possible way to identify such regulatory 
sequences is a computer analysis. Milk protein gene promoters were analysed 
in search of sequences characteristic for this gene family and for consensus 
sequences potentially binding various transcription factors. Based on such 
computer analysis, different authors described 11 consensus sequences which 
can be found in all or nearly all milk protein genes. These sequences are 
listed in Tab. 3. They are named by names of the authors who described 
these sequences for the first time.

Table 3
Homologous sequences identified in milk protein genes

Name Sequence Reference
milk box RGAAGRAAANTGGACAGAAANTCAACGTTTCTA (21)

Groenen structure G(N)5TNT(N)4TNNT(N)eANT(N) 15ANTNC(N)4TTCCTGGACAC 
ATTTCCTTT(N)9TNANTNNNT(N)5TNNNT(N)4A(N)4CNNNGA 
ATNT(N)4GGANANNANANT(N)4AGAANA(N)4TTTCNNAT(N)7 
ANTTCTrNGAATTNA(N) i2t(N) j lAAACCACANAATTAGCATNT 
NA(N)i3TATAWAT

(5)

Yu-Lee sequence 1. YYGTTKRAGA
2. MCYYAGAATYT
3. RGAASRAAWTVSAVAGAARHGAWTTTCYWAT
4. TTCTTAGAATT
5. RAAACCACARAATTAGCAT
6. RGTWTAWATAG

(1)

Oka box box A CCCTAGAATTTCTGG
box B TTCTTGAATTAA
box C AAACCACAAAATTAGCATTTTA

(12)

Symbols: A — adenine; C — cytosine: G — guanine; T — thymine; R — A or G (purine); 
Y — C or T (pyrimidine): S — G or C; W — A or T; K — G or T; M — A or C; B — C or 
T; D — A or C or T; V — A or C or G; N — A or C or G or T.

Using the HIBO DNASIS program and GenBank and EMBL databases we 
performed computer analysis of different milk protein gene promoters (34). 
The aims of this analysis were as follows:

1) to show which of the described milk-protein-gene-specific regulatory 
sequences are similar to others, and which are independent sequences,

2) to find out which of the known transcription factors can potentially 
bind the milk-protein-gene-specific regulatory sequences,

3) to identify the consensus sequences potentially binding the known tran­
scription factors in the rabbit p-casein gene promoter.

Comparison of different motifs described for milk protein gene promoters
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demonstrated that there exist 5 independent sequences which do not show 
significant homology to each other. These are: milk box, Groenen structure, 
Yu-Lee sequences 1 and 6, and Oka box A. Other motifs are either homol­
ogous to others or are included in longer sequences. Computer analysis of 
2096 bp 5’ upstream |3-casein gene transcription initiation site showed that 
in the rabbit P-casein promoter only 4 out of 5 independent motifs typical 
of milk protein gene promoters occurred — Groenen structure, Yu-Lee 1 
and 6 sequences and Oka box A. Surprisingly, no typical milk box was found. 
The absence of the typical milk-box motif may attenuate transcripion of the 
P-casein gene during pregnancy. In addition, our computer analysis revealed 
some one hundred and fifty putative binding motifs, representing 56 various 
consensus sequences. These sequences are located both inside and outside 
structures typical of milk protein gene promoters and include sequences ho­
mologous to mammary gland specific (MGF, MPBF, PMF and MAF), hormone 
specific (ARE, IRE, GRE/PRE) and ubiquitous transcription factors. Our ana­
lysis suggests that milk protein gene promoters can bind many transcription 
factors which assure their complex regulation during mammary gland dif­
ferentiation.

Of course such computer analysis of milk protein gene promoters does 
not prejudge the involvement of any sequence in gene regulation. To do this, 
functional analysis must be performed including deletions or mutations of a 
putative regulatory sequence in a milk protein gene promoter fused to one 
of the reporter genes, e.g. LacZ, CAT or luciferaze gene, followed by measuring 
expression of the reporter gene in transfected cells or in transgenic animals. 
However, possibilities of this model are restricted by extreme difficulties in 
developing mammary gland epithelial cell lines that are consistently capable 
of expressing transfected milk protein genes. So far, two lines of mouse mam­
mary cells have been used in transfection experiments — COMMAD and 
HCll, both expressing transfected rodent p-casein gene only. In addition, 
primary cultures of mammary epitelial cells have been used succesfully in 
some experimants. These experiments enabled identification of some mam­
mary-specific transcription factors (Tab. 4) as well as some cis-regulatory 
sequences in milk protein gene promoters (for references see 31).

Table 4
Transcription factors specific for mammary epithelial cells and their consensus sequences

Abbreviaton Transcription factor Consensus Reference
MGF Mammary Gland-specific

Nuclear Factor

a) ACTTCTTGGAATT

b) ANTTCTTGGNA

(35)

MAF Mammary-Cell Activating
Factor

GRRGSAAGK (36)

MPBF Milk Protein Binding Factor GGTTCCNGGAACC (37)
PMF Pregnancy-specific Mammary

Nuclear Factor

a) TGATATCA

b) TGAAT(N)47ATCA

(38)
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The most intensively studied mammary gland specifie faetor is MGF, which 
was purified from mammary glands of different species. This factor was shown 
to be identical to Stat components of 1SGF3 transcription factors which are 
signal transducers of interferons. As suggested by Groner and his colleagues 
(35), this factor is a mediator of prolactin action in mammary epithelial cells. 
Another mammary-specific transcripion factor — PMF — might be a mediator 
of the inhibitory action of progesterone on the expression of milk protein 
genes, as suggested by Lee and Oka (38).

The mammary-specific regulatory factors may also be characterized using 
DNA-protein binding experiments. Very few such experiments have been car­
ried out with milk protein gene promoters. They were initiated in 1988 by 
Luboń and Hennighausen (39) who analysed binding of nuclear proteins to 
rat WAP and a-lactalbumin genes. However, in these early experiments neither 
proteins nor their binding sites were characterized in detail.

We also performed DNA-protein binding experiments to analyze regulation 
of P-casein gene in the rabbit mammary gland. The 2000-bp rabbit P-casein 
gene promoter and then its shorter fragments were cloned to analyze DNA- 
binding activity of nuclear proteins and to localize their binding sites using 
gel-shift technique. Our experiments showed binding of nuclear proteins to 
204-bp fragment of p-casein gene promoter laying some 1200 bp upstream 
the transcription initiation site. According to our previous computer analysis, 
this promotor fragment contains putative MGF and PMF binding sites as well 
as several putative hormone-dependent binding sites. Gel-shift analysis showed 
binding of nuclear proteins to this fragment of p-casein promoter; extracts 
from cell nuclei isolated from mammary glands of late pregnant and lactating 
rabbits showed additional DNA-binding proteins as compared to day 15 of 
pregnancy. It may indicate that these proteins are functional in the regulation 
of P-casein gene expression in pregnancy and lactation. When a shorter DNA 
fragment (30 bp-long oligonucleotide), containing putative MGF binding site 
was used in gel-shift experiments, changes in binding activity during preg­
nancy and lactation were also shown. The MAF activity was only found in 
functionally differentiated mammary gland of late pregnant and early lactating 
rabbits. These results support the view of important regulatory function of 
MGF and MAF in milk protein gene regulation. On the other hand, only very 
small changes in PMF activity were shown in the rabbit mammary gland 
during pregnancy and lactation.

Engineering of milk protein genes is of great importance for biotechnology. 
Production of human therapeutic proteins in the mammary gland of trans­
genic animal has become a reality. Other great projects are in progress aiming 
to modify milk technological properties and the so called “humanization” of 
mminants milk (Tab. 5). Despite the great progress, dificulties still exist, one 
of which being usually low expression of introduced genes in transgenic ani­
mals. That is why basic research on the regulation of milk protein genes 
may also have some further practical importance and may pay back in faster 
progress in animal biotechnology.
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Table 5
Possibilities of genetic engineering of milk protein genes

Genetic manipulation Expected effect
Introduction of additional 
casein genes

Overproduction of different 
casein species in milk

Targeted mutagenesis of 
casein genes

Alternation of amino-acid 
composition of caseins

Inactivation of 
a-lactalbumin gene. 
Introduction of bacterial 
P-galactosidase gene fused 
to milk protein gene 
promoter

Lowering of lactose 
content in milk

Inactivation of
P-lactoglobulin gene

Production of 
p-lactoglobulin-free milk

Introduction of gene 
constructs containing milk 
protein gene promoters 
and human structural 
genes

Synthesis of heterologous 
proteins in the mammary 
gland of transgenic animals

Expected benefits
— Increasing milk stability 
in high temperatures (eg. 
during milk sterilization).
— Improvement of quality of 
milk products (eg. cheeses, 
ice creams).
— Improvement of nutritious 
value of milk and milk 
products.
— Humanization of 
ruminant milk.
— Rendering ruminant milk 
consumable for individuals 
suffering from lactose 
intolerance or allergic to
P- lactoglobulin

Production of human 
therapeutic proteins in the 
milk of transgenic farm 
animals — goat, sheep or 
cow
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Structure, expression and engineering of milk protein genes

Summary

Expression of milk protein genes is regulated by hormones, growth factors and extracellular 
matrix. Prolactin, the major lactogenic hormone, promotes all stages of casein gene expression. 
Besides prolactin, also growth hormone may directly induce expression of milk protein genes. 
Computer analysis, mutation experiments and DNA-protein binding experiments enabled iden­
tification of mammary-specific transcription factors and cis-regulatoiy sequences in milk protein 
gene promoters. Also, transgene technology enables recognition of regulatory sequences in milk 
protein genes. Moreover, transgenic animals carrying structural genes of human proteins fused 
to mammary specific promoters are considered as living “bioreactors” designated to produce 
human proteins for pharmaceutical use.
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