
Proc. Natl Acad. Sc. USA
Vol. 78, No. 9, pp. 5682-5684, September 1981
Cell Biology

Insulin is essential for accumulation of casein mRNA
in mouse mammary epithelial cells

(epidermal growth.factor/somatomedin C)

FRANKLYN F. BOLANDER, JR.*t, KEVIN R. NICHOLAS*, JUDSON J. VAN WYKO, AND YALE J. TOPPER*
*Laboratory of Biochemistry and Metabolism, National Institute of Arthritis, Diabetes, Digestive and Kidney Diseases, National Institutes of Health, Bethesda,
Maryland 20205; and tDepartment of Pediatrics, University of North Carolina School of Medicine, Chapel Hill, North Carolina 27514

Communicated by G. Gilbert Ashwell, May 28, 1981

ABSTRACT In the presence of cortisol and prolactin, insulin
at concentrations as low as 1 ng/ml significantly stimulates casein
synthesis in mammary explants from midpregnant mice; maximal
synthesis occurs at 10 ng/ml. However, in the absence of insulin,
no detectable immunoprecipitable casein is produced. Insulin also
supports enhanced accumulation of casein mRNA in the presence
of cortisol and prolactin; neither epidermal growth factor nor so-
matomedin C has this effect. These inductive actions ofinsulin are
not secondary to a general maintenance effect on the mammary
epithelial cell; insulin, epidermal growth factor, and somatomedin
C can support the accumulation ofRNA in rough endoplasmic re-
ticulum equally well. In addition, these effects do not reflect a
specific insulin requirement for prolactin sensitivity; epidermal
growth factor can support prolactin-induced total RNA synthesis
as well as insulin can. The results demonstrate that, although in-
sulin, epidermal growth factor, and somatomedin C can all func-
tion as cell maintenance agents, only insulin, together with cortisol
and prolactin, can induce casein mRNA accumulation.

Casein can be induced in mouse mammary explants in the pres-
ence of insulin, cortisol, and prolactin. Placental lactogen (1)
and, in some instances, growth hormone (2, 3), can substitute
for prolactin in this regard. Other glucocorticoids (4) can sub-
stitute for cortisol in this induction. On the other hand, other
agents tested as possible substitutes for insulin have been found
ineffective. Neither serum (5) nor epidermal growth factor (6)
supports the induction of casein synthesis when used in the
presence of cortisol and prolactin, although both are active
mitogenic agents for mammary epithelial cells. Despite these
findings, insulin has not been regarded as essential physiolog-
ically for phenotypic expression of casein genes in mammary
epithelial cells (for review, see ref. 7). Rather, it has been con-
sidered to function in cell maintenance in vitro. In more recent
studies, it has been reported that prolactin (8) and cortisol (9,
10) are required for accumulation of casein mRNA (mRNAsn)
in rodent mammary explants. Although insulin was routinely
added to these cultures, its possible contribution was ignored.
The intent of the present study is to determine whether or not
insulin has a unique function in the accumulation of mouse
mammary mRNAsn, besides its role in cell maintenance.

MATERIALS AND METHODS
Materials. Ovine prolactin (NIH-P-S-14) was kindly pro-

vided by the Hormone Distribution Program, National Institute
ofArthritis, Diabetes, and Digestive and Kidney Diseases, and
crystalline porcine insulin (lot 615-08E-220) was donated by Eli
Lilly. Epidermal growth factor (lot 1076 28) was purchased from
Collaborative Research (Waltham, MA), and cortisol was ob-
tained from Calbiochem. The somatomedin C used was derived

from the final high-pressure liquid chromatography purification
step described previously (11) and was free of both insulin and
insulin-like growth factor II. This material was 33% pure, as
determined by radioimmunoassay; the amounts given below
take this factor into account. Medium 199/Hanks' salts was
purchased from GIBCO, Hepes was obtained from Sigma, and
rabbit anti-sheep IgG antiserum was from Miles-Yeda. aip1, car-
rier-free, and [5_3H]uridine (30 Ci/mmol; 1 Ci = 3.7 X 1010
becquerels) were purchased from New England Nuclear.

Organ Culture. The abdominal mammary glands from C3H/
HeN mice, 10-12 days into their first pregnancy, were removed
under sterile conditions and explants were prepared as de-
scribed (12). The culture medium (medium 199/Hanks' salts/
20 mM Hepes, pH 7.6) contained cortisol (1 jug/ml), prolactin
(1 ug/ml), and insulin, epidermal growth factor, or somato-
medin C at 50 ng/ml, unless otherwise stated. The explants
were incubated in 35-mm Coming culture dishes at 37°C under
air, and the medium was changed daily.

Assays. Casein was determined by immunoprecipitation (13)
with sheep anti-mouse antiserum except that a 4-hr pulse with
33Pj (10 ,uCi/ml) was used instead of with [3H]amino acids.
mRNAcsn was measured by RNA excess hybridization with a
[3H]cDNA probe complementary to purified 15S mRNAcsn (14);
using this probe, the Rot1/2 [initial concentration ofRNA (moles
of nucleotide/liter) x time (sec) for 50% hybridization] of pu-
rified mRNAcsn was 2.8 x 10-3 mol-sec/liter. Total RNA iso-
lated from each experimental group except the cortisol/pro-
lactin system did not vary significantly and averaged 0.58 ± 0.06
,ug/mg; total RNA isolated from the cortisoVprolactin system
was 0.38 ± 0.03 ,ug/mg. The amount ofRNA in the rough en-
doplasmic reticulum (RER) was determined in a mammary-ep-
ithelial cell-enriched fraction as described (15). The assays were
performed after 48 hr of incubation.

Total RNA synthesis was measured in explants cultured first
with insulin or epidermal growth factor for 96 hr and then for
12 hr with insulin and prolactin or epidermal growth factor and
prolactin, respectively. During the final 4 hr, the explants were
labeled with [ H]uridine (0.5 pACi/ml); the amount ofRNA syn-
thesized was determined by the method of Green and Topper
(16). Results are expressed as percent stimulation over the re-
spective control values; the baseline in the two systems did not
vary significantly. These values reflect RNA synthesis in epi-
thelial cells; cleared fat pads do not respond to prolactin in re-
gard to RNA synthesis (16).

RESULTS
The studies shown in Fig. 1 were designed to determine
whether or not physiological levels of insulin, like the phar-

Abbreviations: mRNA,,., casein mRNA; RER, rough endoplasmic
reticulum.
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FIG. 1. Insulin dos-eresponse relationship for
mammary gland explants from midpregnant mice
tured for 44 hr in medium 199 containing cortisol
(1 ,gg/ml), and insulin and then pulsed for 4 hr wi
Casein was determined by immunoprecipitation; r

per mg of tissue) are mean + SEM of three pools

macological doses (5 Ag/ml) used previousl
the insulin requirement for induction of ca

mouse mammary explants. It is clear that, i]
cortisol and prolactin, no detectable induct
absence of insulin; a significant response occ
tions.as low as 1 ng/ml, and a maximal resp
insulin at 10 ng/ml.
The experiments presented in Table 1 con

ofinsulin, epidermal growth factor, and somat
port the accumulation of mRNA,=n in the pro
and prolactin and the formation ofRNA in RE]
of cortisol. Serum somatomedin C levels in
mouse are -100 ng/ml by radioimmunoassa
due to limited supplies of somatomedin C, a

50 ng/ml was used in these experiments. E
growth factor levels in the pregnant mouse ar

basal levels are 1.5 ng/ml (18). As serum levy
crease at least 10-fold. during gestation (19
growth factor concentration of 50 ng/ml was:
levels in the pregnant mouse reasonably. Insu
at 50 ng/ml.

Table 1. Effect of growth factors on mRNA., a
RER formation

Addition mRNAm,%
None (to) 0.099 ± 0.011
None (cultured) 0.020 ± 0.004
Insulin 1.39 ± 0.16
Epidermal growth factor 0.093 ± 0.008
Somatomedin C 0.103 ± 0.011

Mammary gland explants from midpregnant miu
sayed immediately (to) or cultured for 48hr in medit
growth factor (50 ng/ml) and cortisol (1 /g/ml). WI
to be assayed, prolactin (1 pg/ml) was alsopresent.
termined by RNA excess hybridization (10) and RNA
sured in an epithelial cell-enriched fraction (15). Re
SEM of three pools of tissue; except for somatomedin
of limited supplies, was assayed twice and is averap

Table 1 shows that the concentration of mRNAB, in fresh
mammary glands from midpregnant.mice is almost 0. 1% of total
RNA. In the presence of only cortisol and prolactin, this level
decreases to 0.02% in 48 hr. When insulin is also present, a 14-
fold increase in mRNA,,. accumulation occurs. Both epidermal
growth factor and somatomedin C maintain the initial concen-
tration, but they do not support enhanced accumulation of
mRNAc,,. By contrast, all three factors support a 4- to 5-fold
increase in RER-associated RNA in the presence of cortisol.
Insulin is not a specific requirement for other functions of pro-
lactin; epidermal growth factor is as effective as insulin in sup-
porting prolactin-induced total RNA synthesis (26 ± 3% and 24
± 3%, respectively).

DISCUSSION
l Prolactin (8) and glucocorticoid (9, 10) are required for the ac-

100 1000 cumulation of mRNAsn in rodent mammary gland explants.
Although insulin has also been added to these systems consist-
ently, its role has been considered only in terms of cell main-

casein synthesis in tenance, despite the fact that serum can support. epithelial cell,
Explants were cul- replication in these explants (5) but cannot substitute for insulin

ith m, (10 Ainl/m) in regard to casein synthesis. Perhaps the exclusive emphasis
esults (radioactivity on cell maintenance is due to the use of insulin at high concen-
of tissue. trations in the mammary system and to the fact that, in general,

insulin has rarely been considered to be intimately associated
with gene expression: To determine whether ornot insulin has

.y(12), can satisfy a fundamental role in mouse casein gene expression, other than1sein synthesis by as a cell maintenance factor in vitro, two questions have been
n the presence of asked: (i) Can physiological, concentrations of insulin operate*
ion occurs in the effectively in the system and (ii) can other agents, if shown.to
ours at concentra- support vital cell functions, substitute for insulin in regard to
Dnse is evoked by mRNAz accumulation?

Physiological concentrations of insulin (1-10 ng/ml) can in-
ipare the abilities deed stimulate casein synthesis in mouse mammary gland ex-
tomedin C to sup- plants (Fig. 1). This effect is not related to stimulation ofglucose
esence of cortisol transport, as insulin can support casein synthesis when fructose
R in the presence replaces glucose in the medium (unpublished observations).
the midpregnant Nor is this effect-related merely to cell maintenance as reflected
Ly (17). However, by fabrication of RER. When cortisol alone is added to the ex-
concentration of plant system, no increase in RER occurs (Table 1). Insulin, in
serum epidermal addition to cortisol, promotes a 4-fold increase, -and both epi-
e not known, but dermal growth factor and somatomedin C are as effective as in-els in humans in- sulin. Furthermore, both epidermal growth factor (5) and so-
)), an epidermal matomedin C (20) can stimulate proliferation of mouse mammary
felt to mimic the epithelial cells in vitro although neither can substitute for in-
lin was also used sulin in regard to mRNAcsn accumulation. Insulin makes pos-

sible a 14-fold increase in messenger concentration over the
original level, while epidermal growth factor and somatomedin
C do not promote an increment in mRNA,~s although they can

Lccumulation and maintain the initial level. However, as the somatomedins have
a low affinity for insulin receptors (21), it is possible that so-

RNA in RER matomedin C at a higher concentration than that used in this
pg/100 mg study couldinduce mRNAan accumulation via activation of theinsulin receptor.
2.2 ± 0.2 Evaluation of the mechanism of action of insulin should also
9.9 ± 0.4 include examination of pretranscriptional events. For example,9.9 ± 0.5 as diabetic rats have reduced lactogenic receptors in both the
98. ± 0.3 liver (22) and mammary tumors (23), it was conceivable that in-

sulin may only be required to maintain prolactin receptors or
ce were either as- some postreceptor apparatus related to prolactin. This seems
im 199 containing unlikely as epidermal growth factor can support prolactin-in-
hen mRNAY was duced total RNA synthesis as well as insulin.
mRNA

E
was de- It appears, then, that insulin plays a vital role in the expres-in RER was mea- sion of mouse casein genes independentof its cell maintenancemults are meaqn ±+

kC which, because functions. Although insulin, cortisol, and prolactin are all re-
ge + range. quired for the induction of mRNABn accumulation in mouse
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mammary explants, this combination may not be needed in
mammary tissue from some other species. Ithas been reported
that prolaetin can induce mRNAmn accumulation in rabbit ex-
plants (24) and casein synthesis in human explants (25) in the
absence of exogenous insulin or cortisol.

Insulin has been shown to be important in gene expression
in at least two other systems. By itself, it can induce 8-crystallin
mRNA in cultures of chicken lens epithelial cells (26), and the
administration of insulin to adrenalectomized rats induces the
mRNA for tyrosine aminotransferase in the liver (27). However,
in the latter case, insulin is not unique; glucocorticoids can in-
duce this enzyme in rat hepatoma cells cultured in the absence
of insulin (28). It is not clear whether insulin is an absolute re-
quirement for 8-crystallin mRNA induction in lens epithelial
cells; although serum can substitute for insulin in this regard
(26), the active component in the serum remains to be identi-
fied. Furthermore, there may be an as yet untested factor ca-
pable ofsubstituting for insulin, in the mouse mammary system.
However, the previous.studies, together with the present-re-
port, suggest that insulin may be indispensable for the expres-
sion of certain genes related to cell differentiation, in addition
to serving as a metabolic and growth factor.
Note Added in Proof. While this manuscript was in press, it was re-
ported (29) that the estrogen-mediated induction of ovalbumin gene
transcription requires a somatomedin-like peptide hormone. Insulin,
proinsulin, or- multiplication-stimulating activity can satisfy this re-
quirement. It was also reported that insulin exerts a selective effect on
pancreatic amylase gene expression (30).
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