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Cyclic AMP regulates formation of mammary 
epithelial acini in vitro
Pavel I. Nedvetskya, Sang-Ho Kwona, Jayanta Debnathb, and Keith E. Mostova,c

aDepartment of Anatomy, bDepartment of Pathology, and cDepartment of Biochemistry and Biophysics, University of 
California, San Francisco, San Francisco, CA 94143-2140

ABSTRACT  Epithelial cells form tubular and acinar structures notable for a hollow lumen. In 
three-dimensional culture utilizing MCF10A mammary epithelial cells, acini form due to inte-
grin-dependent polarization and survival of cells contacting extracellular matrix (ECM), and 
the apoptosis of inner cells of acini lacking contact with the ECM. In this paper, we report that 
cyclic AMP (cAMP)-dependent protein kinase A (PKA) promotes acinus formation via two 
mechanisms. First, cAMP accelerates redistribution of α6-integrin to the periphery of the 
acinus and thus facilitates the polarization of outer acinar cells. Blocking of α6-integrin func-
tion by inhibitory antibody prevents cAMP-dependent polarization. Second, cAMP promotes 
the death of inner cells occupying the lumen. In the absence of cAMP, apoptosis is delayed, 
resulting in perturbed luminal clearance. cAMP-dependent apoptosis is accompanied by a 
posttranscriptional PKA-dependent increase in the proapoptotic protein Bcl-2 interacting 
mediator of cell death. These data demonstrate that cAMP regulates lumen formation in 
mammary epithelial cells in vitro, both through acceleration of polarization of outer cells and 
apoptosis of inner cells of the acinus.

INTRODUCTION
Epithelial organ morphogenesis requires the formation of tubular or 
acinar structures composed of a sheet of epithelial cells surrounding 
a hollow lumen. While these epithelial structures usually have a sim-
ple architecture, a single layer of cells enclosing a luminal space, 
they are formed by a variety of mechanisms in different organs and 
species (Hogan and Kolodziej, 2002; Lubarsky and Krasnow, 2003). 
Three-dimensional culture of MCF10A mammary epithelial cells has 
contributed significantly to our understanding of such architecture 

(Debnath et al., 2003; Debnath and Brugge, 2005). When cultured 
on a reconstituted extracellular matrix (ECM), MCF10A cells form 
acini via a stereotypical sequence of events (Debnath and Brugge, 
2005). Initially, a single cell proliferates to form a solid spheroid with 
an outer layer of polarized cells contacting the ECM, and an inner 
core of cells lacking ECM contact. The lack of ECM engagement 
with integrin receptors, and the consequent down-regulation of epi-
dermal growth factor receptor (EGFR) and extracellular signal–regu-
lated kinase (ERK) signaling (Reginato et al., 2003) predispose the 
cells to detachment-induced apoptosis, commonly termed anoikis 
(Frisch and Screaton, 2001; Reginato et al., 2003). The resulting im-
balance between prosurvival and proapoptotic signals induces 
proapoptotic BH3-only family proteins Bcl-2 interacting mediator of 
cell death (BIM) and Bcl-2 modifying factor (Bmf), causing inner cell 
death and formation of hollow lumen-containing acini (Reginato 
et al., 2005, 2003; Schmelzle et al., 2007).

The MCF10A system has also been particularly important in 
studies on several aspects of carcinogenesis, such as lumen filling 
(Muthuswamy et  al., 2001; Debnath et  al., 2002; Zhan et  al., 
2008). Remarkably, in this model, cells are routinely cultured in 
the presence of cholera toxin, which raises intracellular cyclical 
AMP (cAMP) concentrations; however, the role of cAMP during 
acinar morphogenesis remains unclear. In this study, we exam-
ined the role of cAMP in MCF10A acini formation. Initially, cAMP 
accelerated polarization of outer cells in developing acini and 
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subsequently lumen clearance by BIM-
dependent apoptosis of inner cells.

RESULTS
cAMP is required for MCF10A 
morphogenesis
Although integrin-dependent and growth 
factor–dependent signaling are proposed 
to be the principal regulators of MCF10A 
acinus formation, we observed that upon 
removal of cholera toxin, a standard compo-
nent of the culture medium, MCF10A cells 
failed to form acini with hollow lumens. 
Rather, these structures exhibited a signifi-
cant number of viable cells occupying the 
luminal space (Figure 1A). At day 17, ∼90% 
of structures growing in the absence of chol-
era toxin exhibited complete, or near-com-
plete, luminal filling (Figure 1B, right graph). 
It has been previously demonstrated that 
the majority of acini have hollow lumens at 
day 17 if cultured in the presence of cholera 
toxin (Debnath et al., 2002).

Cholera toxin activates adenylyl cyclase 
and thus elevates cAMP. To more specifically 
assess the role of cAMP in acini formation, 
we tested the effects of a cell-permeable 
cAMP analogue, 8-(4-chlorophenylthio)-
cAMP (CPT-cAMP), on MCF10A morpho-
genesis. Acini cultured in the presence of 
CPT-cAMP formed hollow lumens (Figure 1, 
A and B) with kinetics that closely resembled 
that of traditional culture in the presence of 
cholera toxin (Debnath et al., 2002). Similar 
results were obtained with a second 
cAMP analogue, dibutyryl-cAMP (unpub-
lished data), and the adenylyl cyclase activa-
tor, forskolin (Figure 1C). On the other hand, 
8-(4-chlorophenylthio)-2′-O-methyl-cAMP 
(CPT-2′-O-Me-cAMP), a cAMP analogue that 
specifically activates the cAMP-activated 
guanine nucleotide exchange factor Epac, 
but not protein kinase A (PKA; Enserink 
et al., 2002), did not induce lumen formation 
(Figure 1C; see Supplemental Figure S1A for 
quantitative results). These data indicate 
that cholera toxin, forskolin, and cAMP ana-
logues regulate MCF10A morphogenesis in 
a PKA-dependent and Epac-independent 
manner.

Increased proliferation does not 
substitute for cAMP during MCF10A 
morphogenesis
In MCF10A three-dimensional culture, cell 
proliferation and formation of solid spheri-
cal structures precedes lumen formation. 
cAMP is known to affect proliferation of 
mammary epithelial cells (Stampfer, 1982; 
Ethier et  al., 1987; Soule et  al., 1990). In 
MCF10A cells, proliferation can be both 

FIGURE 1:  cAMP is required for MCF10A acinus formation. (A) MCF10A cells were grown in 
three-dimensional culture in the absence or the presence of 500 μM CPT-cAMP for different 
periods of time, and fixed and stained for β-catenin (red), GM130 (green), and nuclei (blue). 
Scale bars: 20 μm. (B) Top, representative images of acini with filled, mostly filled, mostly clear, 
and clear lumens. Nuclei were detected by DAPI (blue) and apoptotic cells by cleaved caspase 
3 staining (red). Bottom, quantification of acini with varying degrees of luminal filling (as 
depicted above) when grown in the absence (DMSO, left) or presence of 500 μM CPT-cAMP 
(right). Data are means of three independent experiments with at least 100 acini counted for 
each time point. (C) MCF10A cells were grown in three-dimensional culture for 17 d in the 
presence of 100 ng/ml cholera toxin (ChTx), 10 μM forskolin (FSK), or 500 μM CPT-2′-O-Me-
cAMP (2′-Me-cAMP), and fixed and stained as in (A). Scale bars: 20 μm. (D) MCF10A cells were 
grown in the absence (DMSO) and presence (cAMP) of 500 μM CPT-cAMP, and the areas of 
equatorial cross-sections were measured. Data are mean ± SEM for three independent 
experiments with more than 100 acini counted for each condition. ***, p < 0.01. (E) HPV 
E7-expressing MCF10A cells were grown in three-dimensional culture for 17 d in the presence 
or absence of 500 μM CPT-cAMP (cAMP), and fixed and stained to detect nuclei (blue) and 
F-actin (red). Scale bars: 50 μm.
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increased and decreased by cAMP elevation, depending on the cell 
passage (Soule et al., 1990). Though proliferation was not specifi-
cally analyzed, we observed that cAMP-treated acini were slightly, 
but significantly, larger than control acini at day 17 (Figure 1D). To 
test whether decreased proliferation may be the reason for affected 
lumen formation in the absence of cAMP, we examined whether 
enforced proliferation could substitute for cAMP. For these experi-
ments, MCF10A cells ectopically expressing human papilloma virus 
(HPV) E7 oncoprotein were used. HPV E7–expressing MCF10A cells 
proliferated at a much higher rate than control cells (Spancake et al., 
1999; Debnath et al., 2002) and failed to undergo proliferative sup-
pression, even after extended periods in three-dimensional culture 
(Debnath et al., 2002), while control cells became growth-arrested 
both in the presence and in the absence of cAMP (Figure S1B). 
Nonetheless, HPV E7-MCF10A acini maintain a hollow polarized 
structure due to a concomitant increase in luminal apoptosis if cul-
tured in the presence of cholera toxin (Debnath et al., 2002). How-
ever, similar to control acini, the formation of a hollow lumen in HPV 
E7 acini was perturbed in cells cultured in the absence of cholera 
toxin and restored in the presence of a cAMP analogue (Figure 1E). 
These results demonstrate that defective MCF10A morphogenesis 
in the absence of cAMP is not due to affected proliferation, since 
accelerated proliferation does not substitute for cAMP.

cAMP accelerates luminal apoptosis within MCF10A acini
Lumen formation in MCF10A three-dimensional culture requires 
death of inner acinar cells. Previous work suggested that the lack of 
integrin-dependent signaling induces this apoptotic death (Debnath 
et al., 2002; Reginato et al., 2005). In the presence of cAMP, the frac-
tion of acini containing dead cells in the lumen as monitored by ethid-
ium bromide (EtBr) staining was significantly increased compared 
with the absence of cAMP elevation (Figure 2A). Next we asked 
whether this cell death occurs via apoptosis. To assay luminal apopto-
sis, we performed cleaved caspase 3 and terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining. Both the num-
ber of cleaved caspase 3- (Figure S1B) and TUNEL-positive acini in-
creased over time (Figure 2A). At earlier time points, the presence of 
cAMP significantly increased the fraction of cleaved caspase 3– and 
TUNEL-positive acini. At later time points, when all acini contained 
apoptotic cells, the number of these cells were higher in the presence 
than in the absence of cAMP (at day 10, control and cAMP-treated 
acini contained 3.5 ± 0.3 [n = 36] and 7.7 ± 1.0 [n = 30] TUNEL-positive 
cells per acinus, respectively; Figure 2B). This indicates that cAMP 
accelerates apoptosis of inner cells in MCF10A acini.

cAMP up-regulates the proapoptotic BH3 protein BIM 
in three-dimensional culture
Both apoptosis and lumen formation in MCF10A acini are regu-
lated by two proapoptotic BH3-only proteins, BIM (Reginato et al., 
2005) and Bmf (Schmelzle et al., 2007). These proteins are both 
induced upon detachment of MCF10A cells from ECM; further-
more, RNA interference (RNAi)-mediated knockdown of either pro-
tein results in protection from anoikis and delayed morphogenesis 

FIGURE 2:  cAMP induces luminal apoptosis and increases BIM in 
MCF10A acini. (A and B) MCF10A cells were grown in three-
dimensional culture in the presence or absence of 500 μM CPT-cAMP 
for indicated times. Dead cells were visualized by EtBr staining (A, 
left); apoptotic cells were visualized by TUNEL-staining (A, right). 
Note: positive acini were considered to have at least one EtBr- or 
TUNEL-positive cell. Quantitative data are means ± SEM of three 
independent experiments with more than 100 total structures 
analyzed for each condition. (B) Representative images of 10-d-old 
TUNEL-stained (red) acini are shown. The numbers on the images are 
means ± SEM of TUNEL-positive cells per acinus (three independent 
experiments with 36 and 30 randomly selected acini analyzed for 

DMSO and cAMP treatment, respectively). Statistically significant 
differences vs. DMSO-treated cells are indicated: ***, p < 0.001. Scale 
bar: 20 μm. (C) MCF10A cells were grown as in (A). BIM, pERK, and 
GAPDH were detected by Western blotting. Representative blots are 
shown. BIMEL (*), BIML (º), and BIMS (†) splice variants are marked. 
(D) MCF10A cells were grown in three-dimensional culture for 7 d and 
treated thereafter with 500 μM CPT-cAMP or 0.5% DMSO for another 
24 h. BIM, pERK, ERK, and GAPDH were detected by Western blotting.
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Next we assessed whether cAMP in-
creases BIM protein level by up-regulating 
BIM mRNA level or by a posttranslational 
mechanism. Starting at days 7–8, three-
dimensional MCF10A cell cultures were 
treated with CPT-cAMP for 24 h. This acute 
treatment was sufficient to increase the pro-
tein level of BIM (Figure 2D). However, quan-
titative PCR (qPCR) analysis showed that 
cAMP did not significantly change BIM 
mRNA levels under the same conditions 
(78.7 ± 8.9% of that in dimethyl sulfoxide 
(DMSO)-treated cells; p > 0.05), indicating 
that the effect of cAMP was posttranscrip-
tional, in contrast to lymphoma cells, in 
which it has been shown to increase BIM 
mRNA levels (Zhang and Insel, 2004). While 
we were unable to detect Bmf at the protein 
level, cAMP treatment decreased Bmf mRNA 
levels to 10.1 ± 6.1% of DMSO-treated cells, 
suggesting that BIM, and not Bmf, mediates 
cAMP-induced apoptosis in MCF10A acini.

Distinct and separable effects 
of cAMP and ECM detachment 
on BIM induction
Because ECM detachment is a strong in-
ducer of BIM (Reginato et al., 2003), we next 
asked how cAMP impacted these protein 
levels in ECM-detached cells. MCF10A cells 
were cultured in suspension with or without 
cAMP for 24 h; as a control, 2% Matrigel was 
added to suspension cultures to provide an 
excess of ECM proteins, ligate integrins 
and, to some extent, mimic the attachment 
of the cells to ECM (Reginato et al., 2003). 
As expected, ECM deprivation resulted in 
an increase of BIM mRNA (Figure 3A) and 
protein levels (Figure 3B). In the presence of 
ECM, addition of β1-integrin–blocking anti-
body AIIB2 had an effect similar to the ab-
sence of ECM (Figure 3B), suggesting an 
integrin-mediated effect of ECM. Although 
cAMP did not affect BIM mRNA levels 
(Figure 3A), it increased the level of BIM 
protein in the presence or absence of ECM, 
as well as in the presence of AIIB2 antibody 
(Figure 3B). Thus ECM detachment and 
cAMP each have distinct and separable ef-
fects on BIM, with ECM detachment increas-
ing BIM expression, and cAMP further in-
creasing BIM protein, but not mRNA levels. 
As seen in the results obtained in three-di-
mensional culture, cAMP decreased Bmf 

mRNA levels both in the presence and in the absence of ECM 
(Figure 3A), a further indication that Bmf does not have a role in 
cAMP-dependent apoptosis.

We then studied whether cAMP elevates BIM levels in epithelial 
cells other than MCF10A. Treatment of suspension cultures of 
normal murine mammary gland (NMuMG; Figure 3C) cells, primary 
human mammary epithelial cells (HMEC; Figure 3D), or Madin-
Darby canine kidney cells (MDCK; unpublished data) increased BIM 

(Reginato et al., 2005; Schmelzle et al., 2007). Because cAMP regu-
lates intraluminal apoptosis and is required for lumen formation, 
we studied the effects of cAMP on levels of BIM and Bmf.

We observed that BIM protein levels in MCF10A three-dimen-
sional culture increased over time (Figure 2C), corroborating previous 
studies (Reginato et al., 2005). At all time points analyzed, the protein 
levels of BIM, which has three splice isoforms, were significantly 
higher in the presence than in the absence of cAMP (Figure 2C).

FIGURE 3:  cAMP and ECM detachment have distinct and separable effects on BIM and pERK 
levels in mammary epithelial cells. (A) MCF10A cells were grown in suspension culture in the 
presence or absence of ECM (2% Matrigel) and/or 500 μM CPT-cAMP. At 24 h, mRNA 
expression levels of BIM and Bmf were quantified by qPCR and normalized to those for DMSO 
controls grown in the presence of ECM. Shown are means ± SEM of five independent 
experiments, each performed in duplicate. Statistically significant differences compared with 
control (presence of ECM, absence of cAMP; open black bars) are indicated: **, p < 0.001; ***, 
p < 0.001. (B) MCF10A cells were grown in suspension culture in the presence or absence of 
ECM (2% Matrigel) or combination of ECM and inhibiting anti–β1-integrin antibody (AIIB2; 
1/200), and treated with 0.5% DMSO or 500 μM CPT-cAMP for 24 h. (C) MCF10A cells or 
NMuMG cells were treated with 0.5% DMSO, 500 μM CPT-cAMP (CPT-), 500 μM CPT-2′-
Me-cAMP (2′-Me-), or 500 μM Bnz-cAMP (Bnz-) for 24 h. (D) Primary HMEC were grown in the 
presence of ECM (2% Matrigel) or a combination of ECM and inhibiting anti–β1-integrin 
antibody (AIIB2; 1/200), and treated with 0.5% DMSO or 500 μM CPT-cAMP for 24 h. (E) Control 
or EGFR-expressing MCF10A cells were grown in suspension culture in the presence or absence 
of 500 μM CPT-cAMP for 24 h. Indicated proteins were detected by Western blotting.
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and intraluminal apoptosis. However, differences between control 
acini and cAMP-treated acini were obvious before apoptosis started 
at the stage of polarization. Despite the fact that MCF10A cells do 
not form tight junctions, outer cells of the acinus acquire several 
features of polarization during morphogenesis (Debnath and 
Brugge, 2005). First, these cells became columnar. Second, the 
Golgi apparatus became oriented to the luminal surface. Third, 
basement membrane proteins were deposited at the basal surface. 
We observed that polarization of outer cells was accelerated by the 
presence of cAMP. At day 6 (3 d after cAMP treatment was started), 
the majority of CPT-cAMP–treated acini already consisted of a layer 
of outer cells, which had columnar shape and Golgi apparatus ori-
ented toward the center of the acini, and inner cells of irregular 
shape. The majority of DMSO-treated acini still consisted of irregu-
larly shaped cells with no clear separation of outer and inner cells 
(Figures 1A and 4D).

Interaction of integrins with basement membrane proteins is 
essential for polarization of epithelial cells (Datta et al., 2011). In-
terestingly, we found that the localization of α6-integrin was af-
fected by cAMP. We measured the percentage of α6-integrin at 
the peripheral rim around the acinus during the course of polariza-
tion (days 4, 5, and 6) in the presence or absence of cAMP. The 
percentage of α6-integrin at the peripheral rim increased gradu-
ally over time and was at every time point higher in the presence 
than in the absence of cAMP (Figure 4, A and B). We hypothesized 
that effects of cAMP on α6-integrin localization may be due to 
inhibition of ERK signaling. To test this, we used the EGFR antago-
nist, gefitinib, and the MEK inhibitor, U0126. In acini treated with 
either gefitinib or U0126, outer cells rapidly became columnar 
(85.5 ± 0.9 and 86.9 ± 5.7 acini were polarized at day 4 in the pres-
ence of gefitinib and U0126, respectively), with a peripheral rim of 
α6-integrin (Figure 4C). Quantification revealed that 51.7 ± 1.0 
and 53.2 ± 0.9% of α6-integrin was at the peripheral rim in the 
presence of gefitinib or U0126, respectively, at day 4. Both of 
these values were statistically significantly different (p < 0.001) 
compared with DMSO- (34.0 ± 0.7%) or cAMP-treated (44.8 ± 0.8) 
acini.

Next we explored whether accelerated redistribution of α6-
integrin can explain accelerated polarization of outer cells in the 
presence of cAMP. To test whether inhibition of integrins prevents 
the polarizing effect of cAMP, we used blocking antibodies against 
α6-integrin (GoH3) and β1-integrin (AIIB2). Polarization of the outer 
cells was scored using following parameters: 1) columnar cell shape, 
2) orientation of the Golgi apparatus toward the luminal side, and 3) 
clear separation of outer from inner cells detected by nuclear stain-
ing (e.g., see Figure S2). At day 6, 75.2 ± 5.1% and 45.5 ± 7.0% of 
acini were polarized in the presence and in the absence of cAMP, 
respectively (Figure 4, D and E). Importantly, while anti–β1-integrin 
antibody almost completely prevented polarization (5.6 ± 4.3% in 
polarized acini), anti–α6-integrin antibody decreased cAMP-in-
duced polarization to the level of control acini (44.4 ± 2.1 in polar-
ized acini), suggesting that the cAMP effect was α6-integrin–
dependent (Figure 4, D and E).

Next we studied whether inhibition of α6-integrin prevents 
lumen formation in MCF10A acini. For this purpose, acini were 
cultured for 17 d in the presence of DMSO, cAMP, or a combina-
tion of cAMP and α6-blocking antibody (GoH3). Quantification of 
the results of these experiments (Figure S1A) demonstrates that 
GoH3 antibody did not completely prevent, but slowed down, 
lumen clearance; in the presence of cAMP and GoH3, lumen 
clearance was intermediate between DMSO- and cAMP-treated 
cells.

protein levels compared with cells treated with solvent only. These 
results demonstrate that the cAMP-induced increase in BIM levels is 
a general phenomenon.

cAMP increases BIM level in a PKA-dependent and 
ERK-independent manner in mammary epithelial cells
The cAMP-regulated guanine nucleotide exchange factor Epac has 
been shown to increase transcription of BIM in neuronal cells (Suzuki 
et  al., 2010). Because the Epac-specific activator CPT-2′-O-Me-
cAMP was not able to induce lumen formation in MCF10A, we hy-
pothesized that cAMP regulates BIM level through a PKA-depen-
dent, Epac-independent mechanism. To test this, we compared the 
effect of CPT-2′-O-Me-cAMP with that of nonselective activator of 
PKA and Epac, CPT-cAMP, and a PKA-specific activator, N6-benzoyl-
cAMP (Bnz-cAMP). CPT-2′-O-Me-cAMP did not increase BIM levels 
in MCF10A or murine mammary epithelial NMuMG cells cultured in 
suspension (Figure 3C). In contrast, CPT-cAMP and Bnz-cAMP both 
increased BIM protein levels in both cell types (Figure 3C).

We have observed that the presence of cAMP in MCF10A three-
dimensional culture decreased the level of phosphorylated ERK 
(pERK; Figure 2, C and D). Because inhibition of ERK signaling re-
sults in up-regulation of BIM (Reginato et al., 2003), it is likely that 
cAMP increases BIM through ERK inhibition. To test whether cAMP 
can increase BIM in cells preserving a high level of ERK activity, we 
used EGFR-overexpressing MCF10A cells. These cells have a high 
level of pERK in suspension and as a result, a low level of BIM 
(Reginato et al., 2003). Neither the absence of ECM nor the pres-
ence of cAMP significantly decreased the pERK levels in these cells 
in suspension (Figure 3E). However, cAMP still increased BIM in 
these cells, although to a lower level than in control MCF10A (Figure 
3E), suggesting that cAMP can increase BIM even under conditions 
when ERK activity is preserved.

These data suggest that in mammary epithelial cells cAMP regu-
lates BIM through a PKA-dependent and, at least partially ERK-inde-
pendent, posttranscriptional mechanism.

cAMP but not detachment induced pERK decrease 
in primary HMEC
In MCF10A cells cultured in the absence of ECM, EGFR is down-
regulated (Reginato et  al., 2003). This down-regulation is fol-
lowed by a strong decrease in the level of pERK (Reginato et al., 
2003). Interestingly, pERK showed a greater decrease in the pres-
ence than in the absence of cAMP (Figure 3B). These results, to-
gether with effects of cAMP on pERK in three-dimensional culture 
(Figure 2, C and D), suggest that cAMP controls ERK activity in 
MCF10A cells. To test whether this is true for other mammary epi-
thelial cells, we used primary HMEC. In primary HMEC cultured in 
the presence of β1-integrin–blocking antibody, the EGFR level 
went down (Figure 3D). Surprisingly, the down-regulation of EGFR 
had no effect on ERK phosphorylation. However, pERK was de-
creased if CPT-cAMP was present (Figure 3D). In contrast to ERK, 
phosphorylation of AKT was strongly decreased by β1-integrin 
inhibition, while CPT-cAMP partially restored AKT phosphoryla-
tion (Figure 3D). These results suggest that while the EGFR level 
in mammary epithelial cells is down-regulated by detachment, 
downstream signaling (ERK and AKT) are differentially modulated 
by cAMP.

cAMP accelerates polarization of outer acinar cells in an 
ERK- dependent and α6-integrin–dependent manner
Our data demonstrate that cAMP accelerates lumen formation in 
MCF10A three-dimensional culture due to increase of BIM protein 
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tating rats (Clegg and Mullaney, 1985). Iso-
proterenol at a concentration of 100 nM in-
duced more than a 20-fold increase in cAMP 
(Figure 5A). Importantly, similarly to CPT-
cAMP, isoproterenol induced formation of 
hollow polarized acini (Figure 5B).

DISCUSSION
Even in a simplified model of epithelial mor-
phogenesis—in vitro three-dimensional 
MCF10A cell culture—integration of several 
signaling pathways is required to form a hol-
low acinus. Previous studies revealed that 
integrin-dependent signaling, which allows 
cells to recognize their position relative to 
ECM (contacting ECM or trapped within a 
multicellular structure) is an essential regula-
tor of cell survival or death. In the present 
study, we describe quite unexpected roles 
of cAMP and the PKA-dependent pathway 
in MCF10A morphogenesis.

According to the current model of 
MCF10A acinus formation, proliferation, po-
larization, and death of luminal cells are the 
result of integrin-dependent interaction with 
ECM. After initial proliferation, the cells that 
contact ECM become polarized. Integrin-
dependent signaling in these cells ensures 
their survival. In contrast, lack of integrin–
ECM interaction in inner cells of the acinus 
prevents polarization and leads to down-
regulation of EGFR with a subsequent de-
crease in ERK activity (Reginato et al., 2003). 
This deprives these cells of important sur-
vival signals, increases expression of 
proapoptotic protein BIM, and leads to cell 
death. However, this view may be not com-
plete. First, we have observed that polariza-
tion of MCF10A acini is delayed in condi-
tions in which cAMP is not elevated. cAMP is 
well known to facilitate polarization of neu-
rons (Shelly et al., 2010; 2011; Cheng et al., 
2011). One of the mechanisms is switching 
ubiquitin E3 ligase Smurf1 substrate prefer-
ence from Par6 to RhoA due to PKA-depen-
dent phosphorylation (Cheng et al., 2011). 
Because Smurf1, Par6, and RhoA are also 
involved in establishing of polarity in epithe-
lial cells (Wang et al., 2003), it remains to be 
tested whether PKA regulates polarization 
of epithelial cells via Smurf1 phosphoryla-
tion. An alternative mechanism revealed in 
the present study may be facilitation of inte-
grin redistribution. cAMP facilitates redistri-
bution of α6-integrin to the acinar periphery. 

The polarizing effect of cAMP could be mimicked by EGFR or ERK 
inhibition and prevented by inhibitory antibody against α6-integrin. 
Because cAMP decreases pERK levels in MCF10A three-dimensional 
culture, we hypothesized that cAMP exerts its polarizing effect 
through ERK-dependent regulation of α6-integrin.

Importantly, in mammary epithelial cells, detachment from ECM 
does not inevitably result in down-regulation of ERK signaling. In 

β-Adrenergic receptor agonist, isoproterenol, induces lumen 
formation in MCF10A three-dimensional culture
Elevation of cAMP and activation of PKA mostly follows the activa-
tion of Gs protein–coupled receptors. We tested whether activation 
of such receptors may substitute for the cAMP analogues, cholera 
toxin and forskolin. We tested the effect of an β-adrenergic agonist, 
isoproterenol, which elevates cAMP level in acini isolated from lac-

FIGURE 4:  cAMP accelerates polarization of MCF10A acini. (A and B) MCF10A acini were 
treated with 0.5% DMSO or 500 μM CPT-cAMP starting at day 3, fixed at time points indicated, 
and stained for α6-integrin. Shown are representative images (A) and the percentage of 
α6-integrin at the peripheral rim of the acinus (B; for quantification details see Materials and 
Methods). Data are means ± SEM of three independent experiments. Between 50 and 90 acini 
were analyzed for each condition. Statistically significant differences vs. DMSO-treated cells are 
indicated: ***, p < 0.001. (C) MCF10A acini were treated with 10 μM gefitinib or 10 μM U0126 
starting at day 3 and were fixed 24 h later. Top, β-catenin (red), GM130 (green), and nuclei (blue); 
bottom, α6-integrin staining. (D) Day 6 MCF10A acini treated with 0.5% DMSO, 500 μM 
CPT-cAMP, anti–β1-integrin (AIIB2), or anti–α6-integrin (GoH3 1/50) antibodies and stained for 
β-catenin (red), GM130 (green), and nuclei (blue). (E) Quantification of percentage of polarized 
acini at day 6 when treated as indicated in (D). Data are means ± SEM of three independent 
experiments; more than 100 acini were scored for each condition. Statistically significant 
differences vs. DMSO-treated cells are indicated: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale 
bars: 20 μm.
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dent. First, cAMP does not increase BIM mRNA level as detachment 
and ERK inhibition do (Reginato et al., 2003; Hughes et al., 2011). 
Second, in MCF10A cells overexpressing EGFR, which have much 
higher ERK activity and in which cAMP had no effect on ERK activity, 
cAMP still increased the protein levels of BIM. Third, in NMuMG 
cells, activation of PKA increased both ERK phosphorylation and 
BIM protein levels. While this study was in progress, a report de-
scribing a posttranslational PKA-dependent stabilization of BIM was 
published. PKA phosphorylates the largest isoform of BIM, BIMEL, 
and thus prevents its proteasomal degradation in MCF7 cells 
(Moujalled et al., 2011). It is likely that the same mechanism is oper-
ating in MCF10A cells as well.

Both polarization of the MCF10A acini and intraluminal apopto-
sis are delayed but not completely prevented in the absence of 
cAMP. We speculate that the early onset of polarization and apop-
tosis is important in morphogenesis for elimination of inner cells 
before they can proliferate, while without this early apoptosis, cells 
proliferate, more cells occupy the lumen, and the later apoptosis is 
not able to quickly eliminate them. It is also important to note that 
lumen formation was not completely prevented but was drastically 
delayed by the absence of cAMP. It is very likely that MCF10A acini 
would eventually clear. We were not able to test this hypothesis ex-
perimentally, due to matrix destruction and disorganization of three-
dimensional structures under prolonged treatment in the absence 
of cAMP.

Whether cAMP and PKA play a role during normal mammary 
morphogenesis in vivo in not clear. During puberty, pregnancy, 
lactation, and involution, mammary glands undergo a complex 
remodeling that involves multiple hormones and growth factors. 
At least some of these hormones and growth factors may acti-
vate cAMP synthesis (Clegg and Mullaney, 1985; Matsuda et al., 
2004; Stull et al., 2007; Pai and Horseman, 2008). We demon-
strated here that activation of β-adrenergic receptor is sufficient 
to mimic effects of cAMP analogues in MCF10A three-dimen-
sional culture.

It is also an interesting question whether deficient cAMP- and 
PKA-dependent signaling may contribute to epithelial carcinogen-
esis, since both loss of cell polarity and resistance to apoptosis are 
hallmarks of carcinogenesis (Debnath and Brugge, 2005).

In summary, in the present study we have demonstrated a novel 
role for cAMP- and PKA-dependent signaling in regulation of mam-
mary acinus formation. In MCF10A three-dimensional culture, cAMP 
accelerates polarization of outer acinus cells and apoptosis of inner 
cells. cAMP exerts its effects both through inhibition of ERK signal-
ing and through ERK-independent elevation of the proapoptotic 
protein BIM.

MATERIALS AND METHODS
Antibodies and reagents
Commercial antibodies include: rabbit anti-BIM, anti-pERK, anti-
ERK, and anti-cleaved caspase 3 (Cell Signaling Technology, 
Danvers, MA), rabbit anti–β-catenin and rat anti–α6-integrin (GoH3; 
Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-GM130 
(BD Transduction Laboratories, Lexington, KY), mouse anti–KI-67 
(Invitrogen, Carlsbad, CA) and mouse anti–glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH; Millipore, Billerica, MA). Secondary 
antibodies include: horseradish peroxidase–coupled (for enhanced 
chemiluminescence Western blotting) and Alexa Fluor 488 or 555 
(for immunostaining), all from Invitrogen. Nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). Growth factor–
reduced Matrigel (GFR Matrigel) was from BD Biosciences (San 
Jose, CA).

primary mouse mammary epithelial cells, detachment did not lead 
to a loss of ERK phosphorylation (Wang et al., 2004). Similarly, in 
primary cultured HMEC, inhibition of β1-integrin did not affect pERK 
levels, despite down-regulation of EGFR. On the other hand, cAMP 
decreased pERK in HMEC. Thus, in MCF10A and other mammary 
epithelial cells, decreased ERK signaling may result from a combina-
tion of integrin- and cAMP-dependent effects, with integrins regu-
lating the levels of EGFR and cAMP acting downstream of the re-
ceptor level.

cAMP not only accelerates polarization of outer cells of the aci-
nus, but also increases the rate of luminal apoptosis, which is re-
quired to hollow the lumen. Although the decrease in ERK activity 
may be a reason for the increase of BIM and apoptosis, our data 
demonstrate that the cAMP effect is at least partially ERK-indepen-

FIGURE 5:  β-Adrenergic agonist, isoproterenol, increases cAMP and 
induces acinus formation in MCF10A cells. (A) MCF10A cells were 
treated with 10 μM forskolin (FSK) or 100 nM or 1 μM isoproterenol 
(ISO); cAMP levels were measured and expressed as fold increase of 
untreated cells. Shown are means ± SEM of three independent 
experiments. Statistically significant differences vs. control cells are 
indicated: *, p < 0.05; ***, p < 0.001. (B) MCF10A cells were grown in 
three-dimensional culture in the presence or absence of 100 nM 
isoproterenol (ISO) for 15 d, fixed, and stained for β-catenin (red), 
GM130 (green), and nuclei (blue). Bottom, quantification of acini with 
varying degrees of luminal filling (as depicted in Figure 1B) when 
grown in the absence (Control) or presence (ISO) of 100 nM 
isoproterenol for 14 d. Data are means of three independent 
experiments with at least 100 acini counted for each time point.
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Western blotting
For preparation of lysates for Western blotting, incubation medium 
was removed and acini were washed briefly with ice-cold phosphate-
buffered saline, directly lysed in SDS sample buffer, and boiled for 
5 min. Proteins were separated by SDS–PAGE using a Criterion elec-
trophoresis system (Bio-Rad Laboratories, Hercules, CA), transferred 
onto the polyvinylidene fluoride membrane, and immunoblotted 
with specific antibodies.

qPCR
RNA was isolated using the RNEasy Mini kit (Qiagen, Valencia, CA) 
according to the manufacturer’s protocol. RNA (0.8–1.0 μg) was 
subjected to reverse transcription with Phusion RT-PCR kit (New 
England Biolabs, Ipswich, MA). qPCR was performed using the 
DyNAmo Flash SYBR Green qPCR kit (New England Biolabs) on a 
Stratagene Mx4000 QPCR machine. Changes in mRNA level were 
calculated according to Δ−ΔCt method, using GAPDH as a reference.

Measurement of cAMP level
cAMP levels were measured using a commercial enzyme-linked im-
munoassay kit (#4339; Cell Signaling) according to the manufactur-
er’s instructions.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 5 software 
(La{thin space}Jolla, CA). For Figures 2, A and B, and 4B, data were 
analyzed using a two-way analysis of variance (ANOVA) test and sta-
tistically significant differences between control (DMSO-treated) 
and CPT-cAMP–treated acini were calculated using a Bonferroni 
posttest. For data on Figures 4D and 5A, one-way ANOVA analysis 
was performed, and statistically significant differences were calcu-
lated using a Bonferroni posttest.

Cells
Control MCF10A (either wild-type or retrovirally transduced with 
pLXSN empty vector), as well as MCF10A cells stably expressing 
EGFR, have been described elsewhere (Debnath et  al., 2002; 
Reginato et al., 2003). Cells were maintained in DMEM/F12 medium 
containing 5% horse serum, 20 ng/ml EGF, 10 μg/ml insulin, 
0.5 μg/ml cortisol, 100 ng/ml cholera toxin, and 50 U/ml penicillin 
and 50 mg/ml streptomycin (Debnath et al., 2003). The same me-
dium without cholera toxin was used for suspension assay (see 
Suspension Culture).

Three-dimensional cell culture
Three-dimensional cell culture was performed as previously de-
scribed (Debnath et al. 2003), with minor modifications. Solution of 
2% GFR Matrigel was prepared in DMEM/F12 medium containing 
2% horse serum, 5 ng/ml EGF, 10 μg/ml insulin, 0.5 μg/ml cortisol, 
and 50 U/ml penicillin and 50 mg/ml streptomycin. Treatment of 
cells with cAMP-elevating drugs or inhibitors was started at day 3 
after plating the cells onto the three-dimensional culture. Cholera 
toxin was added to the culture medium only when indicated or, as 
indicated, replaced by CPT-cAMP, forskolin, or CPT-2′-O-Me-cAMP. 
DMSO was added to cultures as a carrier control when indicated. 
For immunofluorescence analysis, cells were grown in eight-well 
chambers (Nunc, Rochester, NY) coated with 10 μl GFR Matrigel; the 
initial overlay consisted of 5000–6000 cells in 400 μl of media con-
taining 2% GFR Matrigel. For protein biochemistry, cells were grown 
in 12-well plates coated with 50 μl of GFR Matrigel, with an initial 
overlay of 50,000 cells in 1 ml of media containing 2% GFR Matrigel. 
On day 3 following the initial setup, the overlay media was replaced 
with fresh media containing the indicated cAMP analogues or con-
trol media lacking cAMP; thereafter, cultures were fed every 2 d. 
Luminal filling was examined and scored as described previously 
(Schafer et al., 2009). Acini were scored as clear (90–100% of luminal 
space was clear), mostly clear (50–90% clear), mostly filled (10–50% 
clear), and filled (0–10% clear), as illustrated in Figure 1B.

Suspension culture
For suspension assays, cells were resuspended (250,000 cells/ml) in 
full medium without cholera toxin, upon which 1 ml of cell suspen-
sion was transferred to Ultra-low attachment plates (Corning, Corn-
ing, NY). As indicated, CPT-cAMP and/or AIIB2 antibody or GFR 
Matrigel (at a final concentration of 2%) were added. Cells were in-
cubated for 24 h, harvested, and lysed for Western blotting or RNA 
isolation.

Immunostaining and microscopy
Immunostaining was performed as described previously (Debnath 
et al., 2003). Stained acini were analyzed on a LSM 510 laser scan-
ning microscope (Carl Zeiss AG, Jena, Germany) using Plan-Neo-
fluar 25×/0.8 Imm corr DIC objective. Images were captured with 
Zeiss LSM AIM 4.2 software.

For quantification of EtBr- and TUNEL-positive (Figure 2A) acini, 
50–100 acini were scored in each of three independent experi-
ments. Acini were considered to be positive if they contained at 
least one positive cell.

For quantification of the percentage of α6-integrin at the periph-
eral rim of the acinus (Figure 4B), fluorescence intensity was mea-
sured with ImageJ software. The percentage of α6-integrin at the 
peripheral rim was calculated as a difference between total α6-
integrin intensity (region of interest [ROI] placed right above periph-
eral rim) and intensity inside the acinus (ROI was placed right below 
the peripheral rim) after substraction of background.
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