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We have utilized primary cultures of rat mammary 
epithelial cells to study mechanisms by which laminin 
regulates the prolactin-dependent accumulation of OL- 
casein mRNA. Mammary cells accumulate approxi- 
mately fivefold more ar-casein mRNA when cultured on 
laminin than when cultured on tissue plastic and the 
accumulation of a-casein mRNA is prolactin dependent. 
On the basis of transcription assays there is approxi- 
mately a twofold increase in the cr-casein mRNA tran- 
scription rate in cells cultured on laminin over that of 
tissue culture plastic. Measurements on the turnover of 
a-casein mRNA show that this mRNA is stabilized four- 
fold more on laminin than on tissue culture plastic, 
while there was no significant difference in the turn- 
over of poly(A) RNA on either substratum. These data 
indicate that laminin regulates the cytoplasmic levels of 
a-casein mRNA accumulation primarily at the post- 
transcriptional level by increasing the stabilization of 
this mRNA. 8 1~82 Academic POW, 1~. 

INTRODUCI’ION 

The development of the mammary gland into a spe- 
cialized tissue capable of synthesis and secretion of milk 
proteins represents a complex interaction of pathways 
that both induce and maintain the differentiated pheno- 
type. There is now considerable evidence that mam- 
mary cell differentiation is dependent upon steroid and 
peptide hormones, the extracellular matrix (ECM), 
and the organization of the cytoskeleton. 

In Go, mammary epithelial cells associate directly 
with a basement membrane, which in turn rests upon a 
stromal matrix of interstitial collagen (types I and III). 
Major constituents of the basement membrane include 
laminin, type IV collagen, sulfated proteoglycans, and 
entactin [l, 21. Mammary epithelial cells also demon- 
strate structural organization of the cytoskeleton 
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* Abbreviations: ECM, extracellular matrix; TCP, tissue culture 
plastic; LMN, laminin; NC, nitrocellulose. 

which, if disrupted, modifies milk protein gene expres- 
sion [3]. In order to understand how the ECM functions 
in the presence of lactogenic hormones to regulate 
mammary cell differentiation, hormone- and ECM-re- 
sponsive cell culture systems in serum-free media which 
permit the study of these pathways and their mecha- 
nisms of regulation have been developed [4-91. Studies 
using primary murine mammary cell cultures have 
shown that stromal collagen and basement membrane 
components regulate the accumulation of casein mRNA 
and protein in a manner dependent upon the presence 
of prolactin, hydrocortisone, and insulin [3, 10, 111. 

Earlier studies, using rat mammary organ explant 
cultures, showed that casein mRNA accumulation re- 
quires the presence of prolactin to selectively regulate 
casein gene expression at the transcriptional and post- 
transcriptional levels [12]. Usingprimary mammary epi- 
thelial cell culture systems it is now possible to investi- 
gate the mechanisms by which the ECM and in particu- 
lar individual components of the basement membrane 
regulate prolactin-dependent accumulation of casein 
mRNA. While substantial evidence demonstrates the 
positive effects of stromal collagen on mammary cell 
differentiation, studies have also suggested that this ef- 
fect may be indirect and due to collagen-stimulated de- 
position of basement membrane components by mam- 
mary epithelial cells [50-541. In view of these findings 
our studies have been directed toward understanding 
the mechanisms by which the basement membrane and 
in particular laminin, a major noncollagenous glycopro- 
tein of the basement membrane, regulate milk protein 
gene expression [3, lo]. 

In this study we have investigated the mechanisms by 
which laminin induces and maintains prolactin-depen- 
dent accumulation of cr-casein mRNA in rat mammary 
epithelial cells. We present evidence that laminin regu- 
lates cy-casein mRNA accumulation primarily by stabi- 
lization of this mRNA. 

MATERIALS AND METHODS 

Cell cultures. Primary cultures of rat mammary epithelium were 
prepared from perphenazine-stimulated virgin female Sprague-Daw- 
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ley rats and cultured on either laminin (LMN) or tissue culture plas- 
tic (TCP) at a density of 1.2 X 10s tells/35-mm dish. Laminin was 
isolated from EHS tumor extracts according to the method of Timpl 
et al. [55] and its purity assessed by SDS-PAGE and silver staining. 

Culture dishes were coated with laminin in PBS at 5 fig/cm’, allowed 
to dry overnight, and then rinsed in culture medium prior to plating 
mammary cells. Cells were plated initially in the presence of 5% fetal 
bovine serum and peptide and steroid hormones for 24 h and then 
subsequently cultured under serum-free conditions in the presence of 
these same hormones (0.3 pg/ml prolactin, 5 fig/ml insulin, and 72 
rig/ml hydrocortisone) as previously described [lo]. For prolactin in- 
duction and pulse-chase experiments cells were cultured as follows. 
After 4 days in serum-free prolactin-containing medium, mammary 
cells plated on TCP or LMN were cultured for 48 h in prolactin-free 
media. Prolactin was added to these cell cultures and induction of 
a-casein mRNA measured over 72 h by Northern hybridization. The 
effect of prolactin withdrawal on a-casein mRNA levels was mea- 
sured by Northern hybridization. Cells were cultured for 4 days in 
serum-free media containing prolactin on LMN or TCP. Prolactin 
was then withdrawn from half of the cells cultured on either substra- 
tum and total cytoplasmic RNA was isolated 80 h later, bound to NC 
filters, and hybridized with a 32P-labeled a-casein-specific cDNA 
fragment as described below. Pulse-chase procedures were per- 
formed as follows. After 4 days in prolactin-containing medium mam- 
mary cells were cultured for 48 h in prolactin-free medium followed 
by induction in prolactin-containing media for 24 h. Mammary cells 
were then pulsed for 1.5 h with 120 &i/ml of [3H]uridine and subse- 
quently chased for 24 h in the presence of 2 mM cytidine and uridine. 

as previously reported [21]. 3H-labeled poly(A) RNA was measured 
by counting the eluate in ACS (Amersham). At 3 h following labeled 
pool equilibration, 3H-labeled poly(A) RNA represented 2-6% of 3H- 
labeled 28-S rRNA. 3H-labeled rRNA was measured as follows. After 
precipitation in 0.3 M sodium acetate, 3H-labeled total cytoplasmic 
RNA was fractionated on nondenaturing 0.7% agarose gels and 3H- 
labeled rRNA was measured directly by excising the 28-S rRNA 
bands visualized by ethidium bromide staining, dissolving the agarose 
in NCS (Amersham) at 50°C for 1 h and counting in OCS (Amer- 
sham). 

Calculations of a-casein mRNA, cytoplasmic poly(A) RNA, and 28-S 
rRNA turnouer. The prolactin induction profile of a-casein mRNA 
depicted in Fig. 2A was obtained by calculating the cpm of a-casein 
mRNAlpg of total cytoplasmic RNA (y-axis) obtained from Northern 
blot analysis and plotting these values as a function of time after 
prolactin addition (r-axis) and the curve of best fit derived by regres- 
sion analysis. As previously described [22,23] hormone-induced accu- 
mulation of mRNA may be represented by the equation 

C, = T/D - (T/D - C,,)e-DL, (1) 

in which C, is the concentration of mRNA at time t, C, is the initial 
concentration of mRNA, T is the transcription rate, and D is the 
mRNA degradation rate constant. The accumulation curves depicted 
in Fig. 2A closely approximates the curve described by Eq. (1). The 
derivative of Eq. (1) is given by the equation 

Isolation and detection of unlabeled and 3H-labeled a-casein 

mRNA. Total cytoplasmic RNA was isolated from 7-day primary 
rat mammary cell cultures by detergent lysis in 1% NP-40 as de- 
scribed [lo]. Total RNA was isolated from lo-day lactating rat mam- 
mary glands using the guanidinium isothiocyanate/CsCl method [13]. 
Northern blots were performed on 1.4% formaldehyde agarose gels as 
described by Maniatis et al. [14] and a-casein mRNA was detected by 
hybridization to a l.O-kb a-casein-specific cDNA restriction fragment 
excised from a previously described pBr322 plasmid cDNA clone gen- 
erously provided by J. M. Rosen [15] and then isolated by gel electro- 
phoresis and electroelution. Glyceraldehyde 3-phosphate dehydroge- 
nase (GAPDH) mRNA was detected using a 32P-labeled 1.0skb 
GAPDH-specific cDNA fragment isolated from plasmid pGAD 28 
[16]. &Actin (ACT) mRNA was detected using a 32P-labeled 1.2-kb 
fl-actin cDNA fragment isolated from pHF 5 [17]. Human histocom- 
patibility antigen (HLA-B7) was detected using a 32P-labeled 1.4-kb 
HLA-B-specific cDNA fragment isolated from pHLA-B7 [18]. These 
cDNA fragments were labeled by nick translation with 32P to a spe- 
cific activity of approximately 3-5 X 10’ cpm/pg. The amount of a-ca- 
sein was quantified by scintillation counting of NC filters as described 
below. 3H-labeled total cytoplasmic RNA was isolated as described 
[lo] and 3H-labeled a-casein mRNA was detected by hybridization 
under conditions of cDNA excess to 1 pg of denatured NC filter- 
bound a-casein-specific cDNA fragment (1.0 kb) according to the 
methods previously described [19]. Prehybridization and hybridiza- 
tion were performed in 50% formamide, 5~ SSPE, 2~ Denhardt’s, 1 
mM EDTA, 0.1% SDS, 0.1 rglml SS DNA, 0.1 I.cg/ml tRNA, and 0.05 
Fg/ml poly(A) RNA at 45°C. Following hybridization filters were 
washed extensively in 0.1% SDS, and 2X SSPE at 45°C and then 
treated with RNAase A and RNAase Tl for 1 h, rinsed extensively, 
and quantitated by scintillation counting in ACS (Amersham) subse- 
quent to treatment with tetrahydrofuran to solubilize NC filters [20]. 
Background cpm bound to pBr322 DNA was subtracted before the 
cpm specifically bound to a-casein cDNA was quantitated and was 10 
to 18% of total cpm bound. 

dCldt = T - DC,. (2) 

Estimates of half-life and transcription rate were derived as previ- 
ously described [12,24, 291 based upon obtaining values for parame- 
ters described in Eq. (2). The methodology used is described as fol- 
lows. Based on Fig. 2A the slope of the curve between adjacent time 
intervals, AC/At, was used to approximate the value dCldt, i.e., the 
rate of change in the concentration of a-casein mRNA/pg of total 
cytoplasmic RNA as previously described (17,401. These values were 
plotted as a function of C,, the concentration of a-casein mRNA/pg 
total cytoplasmic RNA, i.e., the mid-C value over this same time in- 
terval. The curves in Fig. 6 were obtained by linear regression analy- 
sis and, judging by the fit of the curve to the data, can be represented 
by the equation dCldt = T - DC,. Thus the rate of change in the 
concentration of a-casein mRNA is represented by dCldt, where C, is 
the concentration of a-casein mRNA at any given time, t, and the 
slope of these curves is given by D, the degradation rate constant, and 
is used to calculate the t,,, by the expression In 2 = D& as previously 
described [23]. The transcription rate, T, is estimated by extrapola- 
tion to the y-axis. 

The turnover of a-casein mRNA by pulse-chain analysis was de- 
termined by measuring the cpm specifically hybridized to filter- 
bound a-casein cDNA and dividing by the mass of total cytoplasmic 
RNA applied to the filter at 0 h and at 3,6,12,18, and 24 h during the 
chase. The cpm specifically bound to a-casein mRNA was measured 
after subtraction of background cpm hybridized to filter-bound 
pBR322 and was approximately 10 to 18% of total cpm bound. Mea- 
surement of 3H-labeled cytoplasmic poly(A) RNA turnover was per- 
formed by determining the cpm specifically bound and subsequently 
eluted from oligo(dT)-cellulose relative to the mass of total cytoplas- 
mic RNA applied to the oligo(dT)-cellulose. 3H-labeled 28-S rRNA 
turnover was quantified as described above. The cpm in the 28-S 
rRNA band was measured by scintillation counting and then this 
value was divided by the mass of total cytoplasmic RNA applied to 
the agarose gel. 

Isolation and detection of 3H-lnbeled poly(A) RNA and rRNA. At 0 Actinomycin D treatment of rat mammary cell cultures. Rat mam- 

h and at indicated times during the chase, 3H-labeled poly(A) RNA mary cells cultured on either LMN or TCP as described for pulse- 

was purified from 3H-labeled total cytoplasmic RNA by twice batch chase assays were treated with actinomycin D (5 rg/ml) at Day 7 in 

binding and eluting on oligo(dT)-cellulose (Collaborative Research) culture. Total cytoplasmic RNA was isolated at Time 0, 1,3, and 5 h 
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following the addition of actinomycin D as described above. cy-Casein 
mRNA was detected by Northern blot analysis and quantified by 

scintillation counting of NC filters. 

Run-on trarmripttin assays. Rat mammary cells were cultured on 
either LMN or TCP substratum as described for the prolactin induc- 
tion assay and pulse-chase experiments. Nuclei were isolated from 
these cells 24 h after prolactin induction during the time when linear 
accumulation of ru-casein mRNA occurs (Fig. 2). Procedures for isola- 
tion and labeling of nuclei were performed essentially as described 
[62]. Briefly, nuclei (30-40 X 10’) were incubated in the presence of 
500 PCi of [32P]UTP (3000 Ci/mmol). Equal amounts of s2P-labeled 
RNA (6 x 10s cpm/ml in a volume of 2 ml) isolated from cells cultured 
on either LMN or TCP were hybridized to 800 ng denatured, filter- 
bound cu-casein-specific cDNA as described elsewhere [25]. In some 
cases, nuclei isolated from these cells cultured on LMN substratum 
were incubated with 2.5 rglml of ol-amanitin in the presence of [3*P]- 
UTP and equal amounts of 32P-labeled RNA (2 X lo6 cpm/ml in a 
volume of 2 ml) were hybridized to filter-bound a-casein cDNA as 
described above. or-Casein transcripts specifically bound to Lu-casein 
cDNA were detected by autoradiography and quantified by liquid 
scintillation counting. Transcription rate was expressed as cpm 
bound to cY-casein cDNA - cpm bound to pBr322 X [l + input cpm in 
(10s cpm)] X [l + insert in (kb)] = ppm/kb. The actin-specific tran- 
scription rate was measured by the same method. 

RESULTS 

To determine the mechanisms by which laminin regu- 
lates a-casein gene expression we first measured by 
Northern blot analysis the steady-state accumulation of 
a-casein mRNA in primary rat mammary cells cultured 
on LMN or TCP in the presence of lactogenic hor- 
mones. As shown in Fig. 1 nearly fivefold more Ly-casein 
mRNA accumulates in cells cultured on LMN than on 
cells cultured on TCP. In order to ascertain the effect of 
laminin on the accumulation of nonmilk protein genes 
we also measured mRNA levels of GAPDH, ACT, and 
HLA-B7. As shown in Fig. 1 the steady-state levels of 
these mRNAs are regulated differently by laminin, in 
which virtually no difference is seen in the levels of 
HLA-B7 mRNA on either substratum. In contrast there 
is a measurable decrease in mRNA levels of GAPDH 
and a lesser decrease in the mRNA levels of actin on 
LMN from those in TCP, indicating that there is a 
range of substratum responsiveness of individual non- 
milk protein mRNAs in the total cytoplasmic pool of 
mRNAs in mammary epithelial cells. Recent studies 
have also demonstrated that a complex basement mem- 
brane substrata differentially regulates tissue-specific 
hepatic gene expression and cytoskeletal gene expres- 
sion in which cytoskeletal mRNA levels are inversely 
regulated relative to tissue-specific hepatic gene expres- 
sion [61]. 

It has been shown that mammary cell differentiation 
is marked by prolactin-dependent induction of casein 
synthesis [12,26-281. To demonstrate that our cell cul- 
ture system could serve as a model of this hormonal 
response and to ascertain the effect of laminin substra- 
tum on prolactin-induced a-casein gene expression, we 

FIG. 1. Steady-state accumulation of a-casein mRNA in cells 

cultured on LMN substrata and TCP. Total cytoplasmic RNA was 
isolated from cell cultured on either LMN or TCP. Equal amounts of 
RNA were size fractionated on denaturing agarose gel. Lanes 1, TCP 
(20 pg) and 2, LMN (20 rg). cY-Casein (wCAS), HLA-B7 (HLA), actin 
(ACT), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
mRNA were detected by Northern hybridization using 32P-labeled 
cu-casein-, HLA-, ACT-, and GAPDH-specific cDNA fragments as 
indicated and variously exposed to autoradiographic film for 1.5, 24, 
2, and 24 h, respectively. The relative amount of cw-casein accumu- 
lated on TCP and LMN substrata was calculated as a percentage of 
lactating RNA (not shown) and the ratio of cu-casein mRNA for LMN 
vs TCP is 4.7 f 1.5 SD for four experiments. 

measured the accumulation of a-casein mRNA on LMN 
or TCP following prolactin addition. Over a period of 48 
h cw-casein mRNA accumulates more rapidly on LMN 
than on TCP (Fig. 2A) whereas accumulation of 28-S 
rRNA as measured by ethidium bromide staining or hy- 
bridization to 28-S rRNA cDNA remained unchanged 
after prolactin addition (data not shown). However, 
when prolactin is withdrawn from cells previously cul- 
tured on either substratum for 4 days in the presence of 
prolactin, cY-casein mRNA levels decrease after 80 h to a 
level approximately 30% of the level in cells cultured on 
these substrata in the presence of prolactin (Fig. 2B). 
These results would suggest that the while laminin has a 
potentiating effect on a-casein mRNA accumulation, 
this effect is clearly prolactin dependent. 

The increase in the steady-state accumulation of cy- 
toplasmic pools of a-casein mRNA on LMN vs TCP 
might be accounted for by an increase in transcription 
rate and/or stabilization of cu-casein mRNA. To mea- 
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FIG. 2. Prolactin induction and deinduction of cY-casein mRNA 
in cells cultured on LMN and TCP. Northern hybridization was per- 
formed on total cytoplasmic RNA isolated from cells cultured on ei- 
ther LMN or TCP and quantified as described under Materials and 
Methods. (A) Induction profile of cu-casein mRNA on LMN (m) and 
TCP (0) is depicted with the values on the y-axis designated as cpm 
of cY-casein mRNA/pg of total cytoplasmic RNA and values on the 
z-axis designated as indications of times after prolactin addition. (B) 
Northern hybridization using 32P-labeled a-casein-specific cDNA 
probe was performed on total cytoplasmic RNA isolated from cells 

cultured on TCP (lane 1) or LMN (lane 2) in the presence or absence 
of prolactin as shown. The level of a-casein mRNA was measured by 
densitometry scans. 

sure the effects of laminin on transcription rate we per- 
formed run-on transcription assays using equal num- 
bers of nuclei isolated from cells cultured on LMN or 
TCP under the same conditions as those described for 
pulse-chase analysis. Nuclei were isolated from cells 
cultured on either substratum 24 h after prolactin in- 
duction during the period of linear accumulation of cy- 
toplasmic a-casein mRNA. A sample dot blot is depicted 
in Fig. 3. As indicated in Table 2 there is an approxi- 
mately 1.5fold increase in a-casein transcription rate 
on LMN over that of TCP. The transcription rate of 
cytoplasmic actin was also measured and virtually no 
difference is seen in the in transcript levels on either 
substratum although there is approximately 3-fold 
more actin specific transcripts than cr-casein specific 
transcripts. Nearly 90% of cu-casein transcription was 
inhibited by 2.5 pg/ml of cw-amanitin, showing that tran- 
scription was specific for RNA polymerase II activity. 
The data summarized in Table 2A indicate that the 1.5- 

TCP 

+ 

FIG. 3. In vitro transcription assay of cu-casein mRNA. Equiva- 
lent amounts of 32P-labeled RNA isolated from cells cultured on 
LMN or TCP were hybridized to denatured filter-bound cu-casein- 
specific and actin-specific cDNA fragment as well as pBr322-specific 
DNA, LMN, and TCP: Lanes 1, Lu-casein; 2, actin, and 3, pBr322. 
Nuclei isolated from cells cultured on LMN were also incubated in 
the presence or absence of 2.5 nglml of a-amanitin and equal 
amounts of 32P-labeled RNA isolated from cells cultured under these 
conditions were hybridized to filter-bound a-casein cDNA as de- 
scribed above. a-M: lane 1, (-)a-amanitin, Lane 2, (+)a-amanitin. 
The relative amount of 32P-labeled RNA specifically bound to a-ca- 
sein cDNA was quantified by scintillation counting. 

fold increase in transcription rate can account for only 
2530% of the fold increase in a-casein mRNA accumu- 
lation on LMN over that on TCP. On the basis of these 
results we proceeded to measure the effect of mRNA 
stabilization on the accumulation of a-casein mRNA. 

Measurements of mRNA half-life may be obtained 
either by inhibiting transcription and assaying the de- 
cay of unlabeled mRNA or by pulse-chase assays which 
follow the decay of 3H-labeled mRNA. When we used 
actinomycin D to inhibit transcription and assayed for 
the decay of unlabeled o-casein mRNA cytoplasmic 
pools we found virtually no detectable change in the 
level of a-casein mRNA during 5 h following the addi- 
tion of actinomycin D (Fig. 4). These data suggested 
that the half-life of a-casein mRNA in cells cultured on 
LMN or TCP was longer than 5 h. However, measure- 
ment of cu-casein mRNA turnover in the presence of 

12345678 LR 

FIG. 4. Affect of actinomycin D on cu-casein mRNA degradation. 
Rat mammary cells cultured on LMN and TCP were treated with 
actinomycin D (5 pg/ml) and at 0, 1,3, and 5 h total cytoplasmic RNA 
was isolated from these cells and then hybridized by Northern blot 
with “P-labeled cY-casein cDNA. Lanes l-4, RNA isolated from cells 
cultured on TCP at 0, 1, 3, and 5 h, respectively. Lanes 5-8, RNA 
isolated from cells cultured on LMN at 0, 1, 3, and 5 h, respectively. 
Twenty micrograms of total cytoplasmic RNA was applied to each 
lane. LR, 3 pg total RNA from lactating rat mammary gland. 
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TABLE 1 

Turnover of 3H-Labeled RNA Species in Rat Mammary Cells 

28-S rRNA o-Casein mRNA Poly-(A) RNA 

cpm (Xlo6)l~g total RNA cpm/rg total RNA cpm (xlO”)/wg total RNA 

Duration of chase hours TCP LMN TCP LMN TCP LMN 

0 0.43 f 0.10 0.74 + 0.12 1.10 + 0.32 1.77 2 0.36 0.82 k 0.14 1.04 f 0.22 
3 2.30 + 0.23 3.15 + 0.50 2.08 + 0.31 (100) 3.54 t 0.50 (100) 1.52 + 0.05 (100) 1.56 + 0.12 (100) 
6 2.46 5 0.40 3.32 + 0.15 1.45 + 0.16 (70) 3.30 f 0.17 (93) 1.13 f 0.03 (74) 1.20 + 0.06 (77) 

12 2.50 f 0.40 3.50 + 0.08 0.91 * 0.18 (43) 3.04 * 0.20 (86) 0.68 f 0.02 (45) 0.89 k 0.10 (57) 

18 2.40 3.46 0.76 (36) 2.83 (80) 0.61 (40) 0.78 (50) 
24 2.35 + 0.41 3.37 zk 0.20 0.64 + 0.14 (31) 2.37 f 0.18 (67) 0.44 f 0.03 (29) 0.62 + 0.01 (39) 

Note. The turnover of 3H-laheled RNA species is expressed as the total cpm specifically incorporated into 28-S rRNA, cu-casein mRNA, and 
poly(A) RNA divided by the input mass of total cytoplasmic RNA. The input mass of RNA per time point on either TCP or LMN ranged 
between 60 and 90 pg. All values except the 18-h time point are reported *SE and represent the results of two or three experiments. Values in 
parentheses represent the percentage mRNA relative to To taken as the value at 3 h. 

actinomycin D beyond 5 h was precluded due to changes 
in cell morphology and cell detachment from the sub- 
strata. 

To measure more directly the half-life of cw-casein 
mRNA we performed pulse-chase analysis in which 3H- 
labeled cY-casein mRNA was measured by hybridization 
to filter-bound a-casein cDNA. As noted in Table 1 ap- 
preciable accumulation of label in ribosomal RNA con- 
tinued over the first 3 h of the chase, indicating that 
depletion of the radioactive precursor pool did not occur 
until after this interval. This profile of incorporation 
was also evident in ar-casein mRNA and poly(A) RNA. 
As the data indicate, an effective chase begins 3 h after 
transfer to the chase media and therefore the incorpora- 
tion of label into RNA at 3 h is taken as I!‘,,. The turn- 
over of cytoplasmic a-casein mRNA and poly(A) RNA 
is calculated by measuring the amount of 3H label incor- 
porated into these species per microgram of total cyto- 
plasmic RNA and then normalizing to the value of T, at 
3 h (Table 1). The exponential decay curve of a-casein 
mRNA derived from these data is shown in Fig. 5A. The 
half-life of ar-casein mRNA obtained by this method is 
approximately 41 h in cells cultured on LMN and 10 h in 
cells cultured on TCP. These results indicate that a-ca- 
sein mRNA is stabilized approximately fourfold more 
on LMN than on TCP. Given these data, approximately 
80% of the nearly fivefold increase in accumulation of 
cytoplasmic pools of a-casein mRNA on laminin could 
be accounted for by stabilization of this mRNA. 

As previously demonstrated in Fig. 1 laminin substra- 
tum variably affects the accumulation of mRNA of sev- 
eral nonmilk protein genes. These results suggested 
that no specific mRNA species could serve as a represen- 
tative of total cytoplasmic poly(A) RNA pools in order 
to assess the change in cu-casein stabilization relative to 
this total pool. For this reason we measured the turn- 
over of total cytoplasmic poly(A) RNA by pulse-chase 
analysis. The results depicted in Fig. 5B show that on 

LMN substratum as compared to TCP the half-life of 
poly(A) RNA is 17 h and 14 h, respectively. This small 
difference in turnover of the total cytoplasmic poly(A) 
levels may reflect in part differences in a-casein mRNA 
turnover since this mRNA may constitute an apprecia- 
ble portion of the total cytoplasmic mRNA pool in cells 
cultured on laminin, which is positively modulated by 
this substratum. This minimal difference in total 
poly(A) turnover on either substratum suggests that la- 
minin exerts a more selective effect on the stabilization 
of a-casein mRNA than on that of total cytoplasmic 
mRNA. 

DISCUSSION 

The use of mammary cell culture systems has made it 
possible to investigate the mechanisms by which steroid 
and peptide hormones and the ECM function in the in- 
duction of mammary cell differentiation as measured by 
the regulated expression of milk protein genes. Studies, 
including our own, have demonstrated that in the pres- 
ence of lactogenic hormones the accumulation of casein 
mRNA and protein is increased in mammary cells cul- 
tured on basement membrane substrata over that of 
cells cultured on tissue culture plastic [3, 10, 111. 

Given the inherent difficulties in using complex base- 
ment membrane gel matrices to measure mechanisms 
regulating rates of synthesis and turnover of casein 
mRNA and proteins, we chose to investigate the effect 
of laminin, a principal component of the basement 
membrane, on the regulation of a-casein mRNA accu- 
mulation. Recent studies have shown that laminin regu- 
lates several cellular processes including growth [30, 
311, adhesion [32,33], and migration [34]. Furthermore, 
it has been demonstrated that laminin can promote cel- 
lular differentiation involving the formation of endothe- 
lial cells into capillary-like structures [35] and the in- 
duction of myogenesis in skeletal muscle cell cultures 
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FIG. 5. Turnover ofa-casein mRNA andpoly(A) RNA. (A) Turn- 
over of a-casein mRNA was measured by pulse-chase experiments of 
3H-labeled cytoplasmic RNA isolated after a 1.5-h pulse in [3H]- 
uridine designated 0 h and at 3,6,12,18, and 24 h following the chase 
in 2 mM uridine and &dine. Values for each time point are given as 
cpm specifically hybridized to filter-bound a-casein cDNA/rg total 
cytoplasmic RNA and subsequently expressed as a percentage of the 
value at 3 h, which is designated as T,, (see Table 1). Except for the 
18-h time point all other time points represent the mean values of two 
or three experiments: LMN (m) and TCP (0). (B) Turnover of 
poly(A) RNA was measured by pulse-chase experiments as described 
in (A). 3H-labeled poly(A) RNA was isolated as described under Mate- 
rials and Methods from 3H-labeled total cytoplasmic RNA at 0 h and 
at 3,6,12,18, and 24 h following the chase. Values for each time point 
represent cpm specifically bound and eluted from oligo(dT)-cellulose 
per microgram of total cytoplasmic RNA and subsequently expressed 
as a percentage of the value at 3 h designated as TO. The values at 
each time point represent the mean of two experiments: LMN (B) and 
TCP (0). 

[36]. In our recent studies we have demonstrated that 
laminin used as a substratum in the culture of rat pri- 
mary epithelial cells can regulate mammary cell differ- 
entiation as measured by the accumulation of cY-casein 
mRNA and protein in the presence of lactogenic hor- 
mones [3, lo]. However, the mechanisms by which la- 
minin substratum regulates the levels of a-casein 
mRNA have not been defined. 

In this study we have attempted to assess the role of 
transcriptional and posttranscriptional control in the 
regulation of prolactin-dependent cytoplasmic accumu- 
lation of a-casein mRNA. We used primary rat mam- 

mary cells cultured on laminin or tissue culture sub- 
strata in hormonally defined, serum-free media con- 
taining insulin, hydrocortisone, and prolactin. Under 
these conditions cell growth is negligible and thus not a 
factor in the measurements determining differences in 
accumulation or turnover of cu-casein mRNA in cells 
cultured on laminin or tissue culture plastic. 

A number of studies have demonstrated the essential 
role of prolactin in regulating the synthesis of cu-casein 
mRNA and protein [ l&26-28]. For this reason we mea- 
sured the inductive effect of prolactin in the presence of 
insulin and hydrocortisone on a-casein mRNA accumu- 
lation and demonstrated that the cell culture system is 
hormonally responsive, meeting an essential criterion 
as a model system for the study of mammary cell differ- 
entiation. 

The induction assay showed that laminin can poten- 
tiate the inductive effect of prolactin, resulting in an 
accumulation of cytoplasmic a-casein mRNA on la- 
minin nearly fivefold greater than that on tissue culture 
plastic (Fig. 2A). However, when prolactin is with- 
drawn, cy-casein mRNA accumulation decreases even in 
the presence of laminin, suggesting that the effect of 
laminin on milk protein gene expression is essentially 
prolactin dependent (Fig. 2B). 

The net accumulation of mRNA at any given time is a 
function of both its rate of synthesis and its rate of deg- 
radation. In the case of casein mRNA accumulation it 
was shown that prolactin regulated casein mRNA accu- 
mulation by increasing both its rate of synthesis and its 
stability. The fold accumulation, however, was shown to 
be due primarily to stabilization of casein mRNA [12, 
261. These studies were conducted using intact mam- 
mary gland or organ cultures and therefore precluded 
an investigation of the role of basement membrane sub- 
strata in prolactin-induced casein mRNA accumula- 
tion. We had previously demonstrated that laminin as 
well as complex basement membrane substrata could 
increase the steady-state levels of a-casein mRNA but 
we did not define the mechanisms regulating this pro- 
cess. In this study we sought to measure the relative 
contribution of stabilization in the accumulation of cy- 
toplasmic pools of a-casein mRNA by laminin. 

We have shown that the fold induction in the accu- 
mulation of cw-casein mRNA on laminin substratum is 
accounted for primarily by posttranscriptional stabili- 
zation of a-casein mRNA cytoplasmic pools. Based on 
the pulse-chase assays which measured the turnover in 
the cytoplasmic mRNA pools, cu-casein mRNA decayed 
exponentially and followed first-order kinetics as 
judged by the fit of the data to the curve using regression 
analysis (Fig. 5A). However, since pulse-chase assays 
may lead to an overestimate of half-life due to the inabil- 
ity to effect rapid equilibration of labeled precursor 
pools we can also make use of an indirect approach 
based on the hormone-dependent accumulation of 
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FIG. 6. Estimation of cY-casein mRNA half-life and transcription 
rates. The curves for LMN (m) and TCP (6) were derived as described 
under Materials and Methods. Estimates of half-life are obtained 
from the slope of the curve, D, using the equation In 2/D = t,,z. Esti- 
mates of transcription rates are obtained from the y-axis intercept, 
which denotes cpm of a-casein mRNA/rg of total cytoplasmic RNA/ 
h. Values on the x-axis denote cpm of ol-casein mRNA/rg of total 
cytoplasmic RNA. 

mRNA as previously described [ 12,22, 23,291 to obtain 
an estimate of the turnover and transcription rate of 
cY-casein mRNA in cells cultured in laminin and TCP. 
The equations used in these studies were based on as- 
sumptions that mRNA decay is exponential and follows 
first-order decay kinetics. Since the turnover of a-ca- 
sein mRNA meets these criteria as demonstrated by the 
pulse-chase assay, the hormone-dependent accumula- 
tion of a-casein mRNA was judged a reasonable ap- 
proach in obtaining estimates of half-life and transcrip- 
tion rate of this mRNA. The estimates of half-life and 
transcription rate of cu-casein mRNA in mammary cells 
cultured on LMN an TCP are obtained from the curves 
depicted in Fig. 6. The derivation of these curves is de- 
scribed under Materials and Methods and is based on 
the a-casein mRNA accumulation curves shown in Fig. 
2A. The curves shown in Fig. 6 indicate the rate of 
change in the accumulation of o-casein mRNA (dCldt) 
as a function of the concentration of a-casein mRNA 
(C,) at time t and can be described by the equation dCldt 
= T - DC,. The estimates of transcription rate, T, are 
obtained by the values at the y-axis intercept and are 4.4 
and 9.5 cpm of cy-casein mRNA/pg of total cytoplasmic 
RNA/h in cells cultured on TCP and LMN, respec- 
tively. The half-life of a-casein mRNA is estimated 
from D, the slope of the curve which is related to & (the 
half-life) by the expression t,,, = In 2/D [23]. The esti- 
mates of half-life based on this equation are approxi- 
mately 37 and 10 h in cells cultured on LMN and TCP, 
respectively. Thus while there is approximately a 2-fold 
increase in transcription rate in cells cultured on LMN 
over that of cells cultured on TCP, there is a nearly 
4-fold increase in a-casein mRNA half-life on laminin 
substratum. As indicated in Table 2B the estimates in 

the turnover and transcription rates of cY-casein mRNA 
on LMN versus TCP compare favorably with those val- 
ues obtained by pulse-chase analysis. Since cr-casein 
mRNA accumulates nearly 5-fold more on LMN than 
on TCP and cw-casein mRNA is stabilized 4.1-fold more 
in mammary cells cultured on LMN than in those cul- 
tured on TCP, stabilization of ar-casein mRNA by LMN 
accounts for 70-80% of the accumulation of this mRNA 
(Table 2). These data suggest that cu-casein mRNA lev- 
els are regulated primarily at the posttranscriptional 
level. 

These findings are consistent with previous reports 
indicating that both hormonal and collagenous substra- 
tum regulation of P-casein mRNA accumulation in a 
murine mammary epithelial cell line could not be ac- 
counted for solely by the changes in the transcription 
rate of this mRNA. While /I-casein mRNA stability was 
not measured in these studies it was concluded that 
posttranscriptional stabilization of @-casein mRNA was 
most probably the primary mechanism contributing to 
the steady-state accumulation of this mRNA [37, 381. 

While these reports, including our own, clearly indi- 
cate the significant contribution of posttranscriptional 
mechanisms in regulating casein gene expression it is 
important to note that casein gene expression repre- 
sents a complex interaction of both hormonal and sub- 
stratum pathways involving both transcriptional and 
posttranscriptional mechanisms. Several studies have 
begun to identify DNA sequences involved in the hor- 
monal- and substratum-dependent regulation of P-ca- 
sein gene transcription using fl-casein gene promoter 
constructs [56-591. In a recent report lactogenic hor- 

TABLE 2 

Values for the Half-life and Transcription Rate of a-Casein 
mRNA Based on Pulse-Chase Analysis, Run-on Transcrip- 

tion Assays, and Prolactin-Induced Accumulation Data 

Half-life (h) Transcription rate (ppm/kb) 

A. Pulse-chase and run-on transcription assay 

LMN 41 (4.1) 22.5 + 1.5 (1.5) 
TCP 10 15.3 + 0.5 

B. Accumulation data 

LMN 37 (3.7) 9.5 (2.2) 
TCP 10 4.4 

Note. (A) These values represent the turnover of cY-casein mRNA 
as measured by pulse-chase assays depicted in Fig. 4A. The transcrip- 

tion rate was measured by run-on assays performed with isolated 
nuclei as described under Materials and Methods. (B) These values 
represent the turnover of cY-casein mRNA derived from the accumu- 
lation data as depicted in Fig. 2B. The transcription rate derived from 
the accumulation data, Fig. 2B, represents the cpm of cw-casein 
mRNAlrg of total cytoplasmic RNA/h. The values in parentheses 
denote the fold increase on LMN relative to TCP. 



488 ZEIGLER AND WICHA 

mone-dependent nuclear factors and their binding sites 
in the @-casein gene promoter region have been identi- 
fied [60]. 

We believe that our study provides a basis for identi- 
fying laminin-responsive elements in mammary epithe- 
lial cells which contribute to the hormonal dependent 
stabilization of cu-casein mRNA. These elements may 
compose a signal transduction mechanism linking the 
ECM, its cell surface receptors, and the cytoskeleton in 
optimizing the expression of hormonally regulated milk 
protein gene expression. Recent studies have demon- 
strated that maintenance of cytoplasmic levels of 
mRNA and subsequent protein synthesis are dependent 
upon whether these RNAs are associated with the cyto- 
skeleton [39-421. Other studies have shown that la- 
minin interacts with a variety of cells via cell surface 
laminin binding proteins, some of which are function- 
ally linked to the cytoskeleton [43-481. It has been dem- 
onstrated that laminin binding to cell surface laminin- 
binding proteins induces both redistribution of these 
proteins in the plasma membrane and functional link- 
age to the cytoskeleton [44,47]. Recently other cell sur- 
face ECM receptors, including those belonging to the 
integrin family, which interact with the cytoskeleton 
have been described [49, 631. It remains to be deter- 
mined whether similar receptor/cytoskeleton interac- 
tions are present in mammary epithelial cells and are 
utilized in similar signal transduction pathways for the 
regulation of milk protein gene expression. The use of 
primary mammary cell cultures responsive both to pep- 
tide and to steroid hormones and ECM components can 
serve as a model system to elucidate the molecular basis 
by which these pathways function in regulating the pro- 
cess of mammary cell differentiation. 

We thank George Lowrie for excellent technical assistance. This 
work was supported by Grants GM-37091 from the NIH and BC-357 
from the American Cancer Society. 
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