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Progesterone, through the progesterone receptor (PR), promotes development of the normal mammary
gland and is implicated in the etiology of breast cancer. We identified PRA-regulated genes by microar-
ray analysis of cultured epithelial organoids derived from pubertal and adult mouse mammary glands,
developmental stages with differing progesterone responsiveness. Microarray analysis showed significant
progestin (R5020)-regulation of 162 genes in pubertal organoids and 104 genes in adult organoids, with 68
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Puberty calcitonin expression was observed in adult organoids, suggesting possible rqles in the differential pro-
Progesterone receptor gesterone responsiveness of the adult and pubertal mammary glands. Analysis of the R5020-responsive
Progesterone transcriptome revealed several enriched biological processes including cell adhesion, immune response,
R5020 and survival. R5020 both induced Agtr1 and potentiated angiotensin II-stimulated proliferation, high-
PRA lighting the functional significance of the latter process. Striking up-regulation of genes involved in innate
Genes immunity processes included the leukocyte chemoattractants serum amyloid A1, 2 and 3 (Saal, 2, 3). In
Microarray vivo analysis revealed that progesterone treatment increased SAA1 protein expression and leukocyte
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Angiotensin Il
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density in mammary gland regions undergoing epithelial expansion. These studies reveal novel targets
of PRA in mammary epithelial cells and novel linkages of progesterone action during mammary gland
development.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Progesterone (P) plays an important role in the development and
differentiation of the normal mammary gland and has been impli-
cated in increasing breast cancer risk [1,2]. P acts through binding
to the progesterone receptor (PR), expressed as two isoforms, PRA
and PRB [3]. In the normal human premenopausal breast, PRA
and PRB are expressed in equimolar ratio and colocalized in lumi-
nal cells [2]. An early change associated with breast cancer is an
increased ratio of PRA to PRB; increased PRA expression is often
associated with aggressive breast cancer and poor prognosis [2].
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Much of the information about PR isoform-specific effects on gene
regulation was generated from in vitro studies of human breast can-
cer cell lines engineered to express only PRA or only PRB [4,5].
Less is known about P action in the normal breast. Additionally,
PRA and PRB co-expression in normal human breast epithelial cells
makes it difficult to differentiate between PRA- and PRB-specific
responses.

PR gene deletion experiments in the mouse show that PRB is
essential for alveologenesis [6], whereas the specific function(s)
of PRA in the mammary gland are not well defined [7]. Since
both PR transgenic and PR gene-deleted mice exhibit abnormal
mammary gland phenotypes [6-10], we focused our attention
on PR isoform-specific functions in the normal, wildtype mam-
mary gland. In wildtype mice, PRA is highly expressed in pubertal
and adult virgin glands prior to pregnancy, whereas PRB is
only detectable during pregnancy. PRA and PRB are exclusively
localized to luminal epithelial cells in both virgin and pregnant
mammary glands, and are rarely (only during pregnancy) colocal-
ized in the same cell [11]. Adult and pubertal mouse mammary
glands respond differently to P [12]. Pubertal mammary glands
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display reduced responsiveness to P-induced proliferation and side-
branching compared to adult mammary glands (reviewed in [13]).
Thus, wildtype murine mammary glands offer a unique oppor-
tunity to examine PRA-specific functions in their normal context
during two developmentally distinct stages of mammary gland
development.

In both mouse and rat models of mammary carcinogenesis, the
pubertal period stands out as a window of high exposure suscep-
tibility for the development of mammary cancers [14-16]. While
estrogen (E) is thought to be the critical hormone for pubertal mam-
mary gland development, much less is known about P effects during
pubertal development. Studies of carcinogen-treated pubertal rats
show that supplementation with E + P results in higher tumor inci-
dence than treatment with E alone [17]. This suggests that P and PR
play a role in increased cancer susceptibility during puberty, when
PRA is most highly expressed.

The mammary gland contains both epithelial and stromal com-
ponents. Since PR is exclusively localized in the epithelium, and
in order to identify epithelium-specific responses to P, we isolated
epithelial organoids from pubertal and adult virgin mice and used
a serum-free, 3-dimensional (3-D) collagen gel primary organoid
culture system to study progestin action. Using this culture model,
we previously showed that mammary organoids exhibit progestin-
specific responses that are mediated through PRA. PRB is not
expressed at detectable levels in virgin mammary organoids [ 18,19].
In the present report, we describe progestin-specific effects on gene
regulation that have the potential to inform us about PRA-specific
gene expression relevant to normal development and the etiology
of breast cancer.

2. Materials and methods
2.1. Animals

BALB/c female mice from our own colony were the source of
mammary glands at puberty (6 wk old) or sexual maturity (18-20
wk old). P-treated adult virgin mice were ovariectomized (OVX)
and, 1 wk after OVX, animals were injected for 1 or 5d with saline
control (C), or P (1 mg/mouse), administered daily by sc injection.
Animal experimentation was conducted in accord with accepted
standards of humane animal care and approved by the All University
Committee on Animal Use and Care at Michigan State Univer-
sity.

2.2. Mammary epithelial organoid culture

Mammary epithelial organoids were cultured within a collagen
I gel matrix as previously described [20] in control basal medium
(BM) or in BM containing 20 nM of the synthetic progestin, pro-
mogestone (R5020; PerkinElmer, Boston, MA), progesterone (P), or
100 nM angiotensin I (ANGII; Sigma, St. Louis, MO). R5020 was cho-
sen because it is highly stable and resistant to metabolic activation
compared to P; media was changed daily to maintain a consistent
level of P. Cultured organoids were collected for RNA extraction 24 h
after plating or kept up to 72 h to observe morphological responses
and proliferation.

2.3. RNA extraction

Cultured organoids were harvested 24 h post treatment with BM
or R5020. Collagen gels were centrifuged to remove excess media
and then flash frozen in liquid N, and stored at —80°C. Total RNA
was extracted from organoids using TRIzol LS (Invitrogen, Carlsbad,
CA) following the manufacturer’s suggested protocol as previously
described [19] and then dissolved in 5-10 .l RNA Storage Solution
(Ambion).

2.4. Microarray procedure, data acquisition, and statistical
analysis

Probe synthesis, hybridization reactions, and data acquisition
were performed by the microarray facility at Wayne State Uni-
versity (Detroit, MI) using two color 44K Whole Mouse Genome
Oligonucleotide Microarrays from Agilent Technologies. A con-
trol Cy3-labeled cDNA was prepared using RNA (1 ug) extracted
from pubertal or adult organoids maintained in BM and com-
bined with a Cy5-labeled cDNA probe similarly prepared from
a paired R5020-treated organoid culture, with three individ-
ual organoid cultures collected for each developmental stage
(pubertal, adult) and treatment. Following hybridization, arrays
were scanned, and Cy3 (basal) and Cy5 (induced) intensity
values were extracted and normalized according to standard
Agilent protocols. Lists of differentially expressed genes for puber-
tal and adult R5020-treated organoid cultures were obtained
using the online toolbox of GeneSifter (Viz Labs LLC, Seattle,
WA), with an induction threshold of 2-fold. Data were filtered
for quality using a signal-to-background ratio>2.6 and statis-
tical significance was determined by Student’s t-test with a
cutoff of p<0.05 after FDR (Benjamini and Hochberg) adjust-
ment. Gene Ontology reports were generated with DAVID
[21].

2.5. RT-PCR analysis

cDNA was produced from organoid RNAs by reverse transcrip-
tion with random hexamer primers using the Superscript III First
Strand Synthesis System for RT-PCR (Invitrogen) per manufacturer’s
instructions. Tagman gene expression assays (Applied Biosystems,
Foster City, CA) were performed in triplicate as previously described
[19] using pre-validated probes and primers from Applied
Biosystems: Saal (MmO00656927_g1), Saa3 (MmO00441203_m1),
Arg2 (MmO00477592_m1), Pla2g5 (MmO00448161_m1),
Sftpd (MmO00486060), Pglyrpl (MmO00437150.m1), Agtrl
(Mm00558224 s1), Gadd45g (MmO00442225_m1), Kitl
(MmO00442972_m1), Plac8 (Mm00507371), Rgs2 (Mm00501385),
Tgfbli4 (MmO00493633.m1), Calca (MmO00801463.g1), Defbl
(MmO00432803_.m1), Tnfsf11 (Mm00441901_m1) and 18S rRNA
(Hs99999901_s1). The Comparative Ct Method was used to calcu-
late the fold change in gene expression after normalization to 18S
rRNA.

2.6. Immunohistochemistry

Five micrometer sections of paraffin-embedded, formalin-fixed
organoids within gels or mammary glands were deparaffinized
and subjected to antigen retrieval by boiling in citrate buffer (pH
6.0) for 10 min; sections were blocked with normal rabbit serum
(Vector Laboratories, Burlingame, CA)(1:1, 30 min). For SAA1 detec-
tion, sections were incubated with goat polyclonal anti-SAA1 (R&D
Systems, Minneapolis, MN) (1:50, overnight, 4°C), and detected
by rabbit anti-goat antibody conjugated to Alexa 488 (Molecular
Probes, Eugene, OR) (1:200, 30 min). Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole dilactate (DAPI) (1:10,000;
Molecular Probes). Sections were visualized and images captured
using a Nikon inverted epifluorescence microscope (Mager Sci-
entific, Dexter, MI) with MetaMorph software (Molecular Devices
Corporation, Downington, PA). For CD45 detection, endogenous
peroxidases were quenched with 2% hydrogen peroxide in 50:50
methanol/PBS solution. Sections were incubated with rat anti-CD45
antibody (1:50 dil in PBS/0.5% Triton-X 100, 60 min, RT) followed
by biotinylated rabbit anti-rat antibody (Dako, Carpinteria, CA)
(1:200, 30 min) and ABC reagent (Vector Laboratories, Burlingame,
CA) (30 min). Immunoperoxidase localization of antibody binding
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Fig. 1. Effect of R5020 and P on epithelial cell proliferation and organoid morphology. (A) Mammary epithelial cells suspended in collagen I gels were cultured
in BM, R5020 (20nM), or P (20nM). 3H-Thymidine incorporation into DNA was assayed after 3d of culture. Each bar represents the mean+SEM of triplicate val-
ues from a representative experiment. The data are expressed as the fold increase over the BM control. (B) Organoid morphology was visualized in situ in collagen
gels with the aid of an inverted microscope. Note the solid appearance of organoids from BM, whereas lumens are visible in R5020- and P-treated organoids. Scale

bar=100 pm.

was obtained using 3’-3’-diaminobenzidene (DAB). The sections
were counterstained with hematoxylin. Sections were visualized
using a Nikon Eclipse 400 microscope and a SPOT RT color cam-
era with SPOT software (Diagnostic Instruments, Sterling Heights,
MI).

2.7. Quantitation

CD45+ cells were counted in small ducts, large ducts, duct ends
and alveoli from 6 mice per treatment. The areas of the epithelium
and peri-epithelial stroma of each structure were determined from
photomicrographs using Image] [22], and the numbers of CD45+
cells were presented per unit area. Statistical significance was cal-
culated by Student’s t-test.

3. Results
3.1. The model system

As previously described [18], organoids grown in either basal
medium or treated with R5020 exhibited a low basal proliferative
response (Fig. 1A). In the presence of R5020, epithelial organoids
were organized similarly to ducts in vivo with a patent lumen
lined by LECs and surrounded by an outer layer of MECs. In con-
trast, organoids cultured in basal media formed solid masses of
cells (Fig. 1B), similar to our previous findings [18]. Cultures grown
in the presence of P demonstrated similar proliferative and mor-
phological responses to those treated with R5020 (Fig. 1A and B),
verifying that these responses are not specific to the particular
progestin used in this study. We previously showed that mam-

mary organoids derived from virgin mice express PRA, and that
PRB is not detectable [19]. Any potential influence of very low PRB
expression would be negligible and overwhelmed by the prepon-
derance of PRA expression. Therefore, the responses to progestin
examined in the mammary organoids are concluded to be PRA-
mediated.

3.2. Progestin-regulated genes

Genes whose expression increased or decreased an average of 2-
fold or greater (p <0.05) across three experiments were identified.
The number of R5020-regulated genes is shown in Fig. 2A, and lists
of the top 30 most highly regulated genes in organoids from adult,
pubertal or both ages are shown in Table 1 (the complete list of
genes induced and suppressed by R5020 for each age is provided in
Supplemental Table 1).

A total of 104 genes in adult organoids and 162 genes in
pubertal organoids were regulated by R5020 treatment (Fig. 2).
Most of the regulated genes were induced and only a few
were repressed. Sixty-eight genes were regulated in both puber-
tal and adult organoids, 36 of the 104 adult R5020-regulated
genes were preferentially regulated in adult organoids, and 94
of the 162 pubertal R5020-regulated genes were preferentially
regulated in pubertal organoids. Thus, R5020 regulates different
subsets of genes depending on the developmental stage of the
gland.

Genes that were more strongly induced in the adult organoids
include defensin beta 1 (Defb1) (19.8-21.4-fold Adult vs. 6.5-fold
Pubertal), tumor necrosis factor superfamily, member 11 (Tnfsf11
[RANKL]) (7.2-11.7-fold Adult vs. 2.9-fold Pubertal), angiotensin



164 SJ. Santos et al. / Journal of Steroid Biochemistry & Molecular Biology 115 (2009) 161-172
Table 1
The top 30 differentially expressed genes in response to R5020 treatment.
Gene symbol Gene Accession # Adult ratio Pubertal ratio Direction
Induced/repressed in both adult and pubertal cells
Rgs2 Regulator of G-protein signaling 2 NM_009061 21.6 15.2 Up
Defb1 Defensin beta 1 NM_007843 21.4,19.8 6.5 Up
Saal Serum amyloid A 1 NM_009117 17.6 14.2 Up
Saa3 Serum amyloid A 3 NM_011315 174 16.3 Up
- AAA40089.1 serum amyloid A (AA at 121; put. NP064182 14.3 15.2 Up
start); putative
Saa2 Serum amyloid A 2 NM.011314 15.0, 11.6° 113 Up
Plac8 Placenta-specific 8 NM_139198 13.9 11.3 Up
Tnfsf11 Tumor necrosis factor (ligand) superfamily, NM_011613 11.7,7.2° 29 Up
member 11
Fgg Fibrinogen, gamma polypeptide NM_133862 7.6 10.0 Up
Agtrl Angiotensin receptor 1 NM_177322 8.5 2.6 Up
Sultlal Sulfotransferase family 1A, phenol-preferring, NM_-133670 8.1 6.5 Up
member 1
Rasd1 RAS, dexamethasone-induced 1 NM_009026 6.3 4.7 Up
Cited 1 Cbp/p300-interacting transactivator with NM_007709 4.0 6.0 Up
Glu/Asp-rich carboxy-terminal domain 1
Slc25a29 Solute carrier family 25 (mitochondrial carrier, NM_181328 3.5 6.0 Up
palmitoylcarnitine transporter), member 29
Spdef SAM pointed domain containing ets NM.013891 51 53 Up
transcription factor
Sftpd Surfactant-associated protein D NM_009160 3.8 5.1 Up
Gpx3 Glutathione peroxidase 3 NM_008161 49 5.0 Up
Tnxb Tenascin XB NM_031176 49 3.7 Up
Apof Apolipoprotein F NM_133997 4.7 2.8 Up
Pla2g5 Phospholipase A2, group V NM.011110 3.5 4.7 Up
Vwf Von Willebrand factor homolog NM_011708 2.9,2.9 4.6 Up
Ly6c Lymphocyte antigen 6 complex, locus C NM_010741 44,40 46,42 Up
Ly6a Lymphocyte antigen 6 complex, locus A NM_010738 4.5 41 Up
Tgm1 Transglutaminase 1, K polypeptide NM_019984 3.1 43 Up
Ly6f Lymphocyte antigen 6 complex, locus F NM_008530 43 39 Up
Ly64 Lymphocyte antigen 64 NM_010739 3.1 4.2 Up
Ccdc92 Coiled-coil domain containing 92 AK028192 4.2 4.2 Up
Wnt4 Wingless-related MMTV integration site 4 NM 009523 33 3.8 Up
Cdol Cysteine dioxygenase 1, cytosolic NM_033037 4.2 3.8 Up
1fi44 Interferon-induced protein 44 NM-133871 2.8 4.1 Down
Induced/repressed in adult cells only
Calca Calcitonin/calcitonin-related polypeptide, NM_007587 12.2 - Up
alpha
Den Decorin NM_007833 49 - Up
- 0 day neonate cerebellum cDNA, RIKEN AKO048856 4.1 - Down
full-length enriched library, clone:C230075P17
product:unclassifiable, full insert sequence
1fi27 Interferon, alpha-inducible protein 27 NM_029803 31,3.0,2.6 - Down
Osbpl9 Oxysterol binding protein-like 9, transcript NM_173350 3.0 - Up
variant 2
Isg20 Interferon-stimulated protein 20 NM_020583 29,27 - Up
- 12 days embryo head cDNA, RIKEN full-length AK013906 2.7 - Up
enriched library, clone:3021401C12
product:unknown EST, full insert sequence
Hba-al Hemoglobin alpha, adult chain 1 NM_008218 2.7 - Up
Semcap2 SemaF cytoplasmic domain associated protein NM_016867 2.7 - Up
2
AI987712 Expressed sequence AI987712 NM_-178921 2.6 - Up
Ptprt Protein tyrosine phosphatase, receptor type, T NM_021464 2.5 - Up
D930038J03Rik RIKEN cDNA D930038]J03 gene XM_355639 24 - Up
Ndfipi Nedd4 family interacting protein 1 AF220209 2.4 - Up
Cntnap2 Contactin-associated protein-like 2 AK017341 2.4 - Up
Ppplr3c protein phosphatase 1, regulatory (inhibitor) NM_016854 23 - Down
subunit3C
Dhx58 DEXH (Asp-Glu-X-His) box polypeptide 58 BC029209 23 - Down
Cldn10 Claudin 10, transcript variant 2 NM.021386 23 - Up
Col6al procollagen, type VI, alpha 1 NM_009933 23 - Up
- 0 day neonate kidney cDNA, RIKEN full-length AKO085616 23 - Up
enriched library, clone:D630047]18
product:hypothetical CutA1 divalent ion
tolerance protein containing protein, full insert
sequence
Mx2 Myxovirus (influenza virus) resistance 2 NM_013606 23 - Down
St6gal2 Beta galactoside alpha 2,6 sialyltransferase 2 AK129462 22 - Down
Prlr Prolactin receptor AKO083198 21 - Up
Kitl Kit ligand NM_013598 21 - Up
Kcne3 Potassium voltage-gated channel, Isk-related NM_020574 21 - Up

subfamily, gene 3
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Table 1 (Continued )

Gene symbol Gene Accession # Adult ratio Pubertal ratio Direction
Argl Arginase 1, liver NM_007482 2.1 - Up
Sppl Secreted phosphoprotein 1 NM_009263 21 - Down
Gsel Genetic suppressor element 1 NM_198671 2.1 - Down
Defb2 Defensin beta 2 NM_-010030 2.1 - Up
Sectm1 Secreted and transmembrane 1 NM_026907 2.1 - Up
- 18 days pregnant adult female placenta and AK014439 2.1 Down
extra embryonic tissue cDNA, RIKEN
full-length enriched library, clone:3830417A13
product:hypothetical MAGE family containing
protein, full insert sequence
Induced/repressed in pubertal cells only
Ifit1i Interferon-induced protein with NM_008331 - 4.4 Down
tetratricopeptide repeats 1
1700015L13Rik RIKEN cDNA 1700015L13 gene XM_355365 - 4.2 Up
Krtap3-2 Keratin-associated protein 3-2 NM_.025720 - 4.0 Up
Clcal Chloride channel calcium activated 1 NM_009899 - 4.0 Down
Susd2 Sushi domain containing 2 NM_027890 - 3.8 Up
Pvalb Parvalbumin NM_013645 - 3.7 Up
Clca2 Chloride channel calcium activated 2 NM_030601 - 3.6 Down
Herpud1 Homocysteine-inducible, endoplasmic NM_.022331 - 34 Up
reticulum stress-inducible, ubiquitin-like
domain member 1
Olfr1218 Olfactory receptor 1218 NM_146818 - 32 Up
D7Bwg0611e DNA segment, Chr 7, Brigham & Women’s NM_.027898 - 3.2 Up
Genetics 0611 expressed
Clcad Chloride channel calcium activated 4 NM 139148 - 31 Down
Lcn7 Lipocalin 7 NM_023476 - 3.0 Up
- 7 days neonate cerebellum cDNA, RIKEN AK042648 - 3.0 Up
full-length enriched library, clone:A730013G14
product:hypothetical protein, full insert
sequence
Scnnia Sodium channel, nonvoltage-gated, type I, NM_011324 - 3.0 Up
alpha polypeptide
Rabl3 RAB, member of RAS oncogene family-like 3 NM_.026297 - 3.0 Up
KIk16 Kallikrein 16 NM_008454 - 3.0 Up
Irf7 Interferon regulatory factor 7 NM_016850 - 29 Down
Peg3 Paternally expressed 3 AKO053523 - 2.9 Up
Pglyrp1 Peptidoglycan recognition protein 1 NM_009402 = 2.9 Up
AV216087 Expressed sequence AV216087 NM_144804 = 29 Up
Cenpm Centromere protein M NM_178269 - 2.8 Up
- Adult male medulla oblongata cDNA, RIKEN AV333862 - 2.8 Up
full-length enriched, clone: 6330551G05
Mlp MARCKS-like protein NM_010807 - 2.8 Up
- 15 days embryo head cDNA, RIKEN full-length AK086343 - 2.8 Up
enriched library, clone:D930022P05
product:unknown EST, full insert sequence
Tmprss2 Transmembrane protease, serine 2 NM_015775 - 28,22 Up
K1k5 Kallikrein 5 NM_008456 - 2.8 Up
Htrif 5-hydroxytryptamine (serotonin) receptor 1F NM_008310 - 2.8 Up
Gpd1 Glycerol-3-phosphate dehydrogenase 1 NM_.010271 - 2.7 Up
(soluble)
BC022765 CDNA sequence BC022765 NM_146026 = 2.7 Up
Rxfp2 Relaxin/insulin-like family peptide receptor 2 AK039086 - 2.7 Up

Microarray analysis was performed on RNA from primary mouse mammary epithelial cells grown in 3D culture and treated with R5020 for 24 h. Genes are listed as either
up-regulated or down-regulated (fold change > 2, p <0.05). The complete list of genes induced or repressed by R5020 is recorded in Supplemental Table 1.

" Replicate array features induced by R5020.

receptor 1 (Agtrl) (8.5-fold Adult vs. 2.9-fold Pubertal), and
calcitonin/calcitonin-related polypeptide alpha (Calca) (12.2-fold
Adult vs. 1.73-fold Pubertal).

Several progestin-regulated genes identified here are known
to be P-regulated in mammary luminal epithelial cells (LECs) in
vivo (Tnfsf11 [RANKL] [6], wingless-related MMTYV integration site
4 [Wnt4] [23], and Calca [24]) and in vitro (RANKL) [19], demon-
strating that the progestin responses of organoids reflect in vivo P
responses of the mammary gland.

The microarray results also revealed many novel progestin-
regulated genes not previously reported to be progestin-regulated
in any tissue. These include serum amyloid A1, 2, and 3 (Saal, 2,
and 3), fibrinogen gamma polypeptide (Fgg), surfactant-associated
protein D (Sftpd), Von Willebrand factor homolog (Vwf), defensin
beta 2 (Defb2), peptidoglycan recognition protein 1 (Pglyrp1), inter-

leukin 1-associated kinase 3 (Irak3), Agtrl, transglutaminase 2
(Tgm2), tenascin XB (Tnxb), myosin binding protein C, fast type
(Mybpc2), kit ligand (Kitl), procollagen, type VI, alpha 1 (Col6a),
claudin 10 (Cldn10), contactin-associated protein-like 2 (Cntnap2),
and laminin, alpha 5 (Lama5). Additionally, many of the identified
progestin-regulated genes have, to our knowledge, not previously
been reported for the mammary gland, mammary epithelial cell
lines, or mammary tumor cell lines. These included Vwf, Irak3,
Mybpc2, Kitl, Cldn10, and Cntnap2.

3.3. Validation of microarray results using quantitative RT-PCR
Progestin regulation detected by microarray was validated by

quantitative RT-PCR (qRT-PCR) for a subset of genes chosen on the
basis of cDNA probe availability, our interest in the function of
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(A) # of unique genes regulated by R5020

Age Induced Repressed Total
Adult 85 19 104
Pubertal 137 25 162
(B)
Genes regulated Genes regulated
by R5020 by R5020
in adult cells in pubertal cells

(L

Genes regulated by R5020 in
both adult and pubertal cells

Fig. 2. R5020 treatment modulates levels of RNA expression in mouse mammary
organoids. (A) Table of the number of genes induced or repressed by R5020 in pri-
mary cultures from either adult or pubertal mice (fold change > 2, p <0.05).(B) Venn
diagram of R5020-regulated genes in the adult and pubertal organoids.

their encoded proteins, and to examine both modest and robust
inductions. qRT-PCR confirmed R5020 induction of all 15 candidate
genes (Fig. 3). Genes predicted to be similarly induced in pubertal
and adult organoids from microarray data, regulator of G-protein
signaling 2 (Rgs2), Saal, Saa3, placenta-specific 8 (Plac8), Sftpd,
phospholipase A2 group V (Pla2g5), and arginase type Il (Arg2)
(Table 1 and Supplemental Table 1), were verified as such by qRT-
PCR. Several genes predicted to be preferentially regulated in adult
organoids, including Agtr1, Calca, Defb1 and Tnfsf11, were con-
firmed by qRT-PCR to be more highly induced by R5020 in adult
compared to pubertal organoids. Other genes predicted to have
stage-specific expression, Kitl, Pglyrp1, growth arrest and DNA-
damage-inducible 45 gamma (Gadd45g), and transforming growth
factor beta 1-induced transcript 4, variant 2 (Tgfb1i4), did not dis-
play differential expression to statistical significance by qRT-PCR.
Some of the disparities seen between microarray and qRT-PCR
data may be attributed to the greater degree of variation seen in the
three adult cultures compared to the pubertal cultures (see adult
qRT-PCR values in Fig. 3). This could have resulted in the statistical
exclusion of some modestly induced genes (~2-fold) in the adult
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Fig. 3. Fold inductions of fifteen R5020-regulated genes as determined by quan-
titative RT-PCR. Three to four pubertal (®) and adult (O) primary cultures were
analyzed for expression of each gene, and the average inductions are shown as solid
black lines. "p <0.05, Agtr1, Calca, Defb1 and Tnfsf11 were more highly induced by
R5020 in adult organoids than pubertal organoids.

Table 2
Enriched biological processes differentially regulated by R5020.

Biological process Count % p-value
Adult GO categories

Defense response 13 124 1.9E- 4
Cell adhesion 11 10.5 1.6E-3
Immune response 9 8.6 5.4E-3
Steroid metabolic process 5 4.8 6.9E-3
Response to wounding/external stimulus 8 7.6 1.0E-2
Ossification/bone remodeling 4 3.8 1.1E-2

Regulation of cell differentiation 5 4.8 1.2E-2
Protein homooligomerization 3 2.9 1.3E-2
Negative regulation of apoptosis 5 4.8 14E-2
Tissue development 6 5.7 1.6E-2
Response to stimulus 26 24.8 1.8E-2
Response to stress 10 9.5 2.0E-2
Arginine catabolic/metabolic process 2 1.9 2.4E-2
Behavior 6 5.7 24E-2
Amino acid catabolic process 3 2.9 2.6E-2
Negative regulation of biological process 11 10.5 2.7E-2
Reproduction 7 6.7 3.1E-2
Cell activation 5 4.8 3.4E-2
Carboxylic acid metabolic process 7 6.7 3.7E-2
Pubertal GO categories

Immune system process 15 9 71E-3

Apoptosis 13 7.8 7.4E-3

Catabolic process 12 7.2 8.7E-3
Regulation of cell adhesion 4 2.4 1.0E-2

Kidney development 4 24 1.9E-2

Male sex differentiation 3 1.8 2.3E-2
Cytokine biosynthetic process 4 2.4 2.3E-2
Organ development 19 1.4 2.6E-2
Defense response 12 7.2 2.7E-2
Leukocyte migration 3 1.8 3.0E-2
Protein homooligomerization 3 1.8 3.0E-2
Inorganic anion transport 5 3 3.7E-2
Small GTPase mediated signal transduction 8 4.8 4.0E-2
Response to wounding/external stimulus 9 5.4 41E-2
Multi-organism process 6 3.6 5.0E-2

Significantly enriched Gene Ontology (GO) terms (only biological processes) for
genes regulated by R5020 in adult and pubertal organoids as determined by analysis
with Database for Annotation, Visualization and Integrated Discovery (DAVID) soft-
ware (p <0.05). The count is the number of R5020-regulated genes in each category.
The percentage is the proportion of R5020-regulated genes among the total genes
in each category. p-value is the threshold of EASE Score, a modified Fisher Exact p-
value used for gene-enrichment analysis ranging from O to 1, where a p-value of 0
represents a perfect enrichment.

microarrays due to the stringent data filters used in the analysis.
Also, microarrays are less sensitive than qRT-PCR due to differences
in the nature of the probes and detection chemistries between the
two techniques. The greater dynamic range and sensitivity of qRT-
PCR may explain why qRT-PCR showed a greater fold induction for
several genes (Fig. 3) than was determined by microarray analy-
sis (Table 1). For example, Rgs2 and Saa3 were induced in adult
organoids by 21- and 17-fold, respectively, when calculated from
the microarrays, and induced 52- and 292-fold, respectively, when
determined by qRT-PCR. This suggests that the larger fold changes
derived from the microarray data were, in general, underestimates.

3.4. Functional categories

Gene Ontology (GO) analysis was carried out on the 104
adult and 162 pubertal genes using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) [21]. Significantly
enriched GO terms (p <0.05) that describe the biological processes
represented by these genes are listed by statistical rank in Table 2.
Among these categories, cell adhesion and apoptosis are likely
important for ductal development of the pubertal and adult mam-
mary gland. Additionally, the category of immune response genes
was prominent among the enriched GO terms in both the adult
and pubertal organoids, suggesting a role in development. The spe-
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Table 3
Differentially expressed genes within the GO categories of defense response, cell
adhesion, and apoptosis.

Adult Pubertal

Defense/immune response and response to wounding/stress
Defensin beta 1

Lymphocyte antigen 6 complex, locus F

Serum amyloid A 3

Serum amyloid A 2

Lymphocyte antigen 6 complex, locus C
Surfactant-associated protein D

Serum amyloid A 1

Mucin 13, epithelial transmembrane

Von Willebrand factor homolog

Fibrinogen, gamma polypeptide

2'-5' Oligoadenylate synthetase 1f

2'-5' Oligoadenylate synthetase-like 2

Guanylate nucleotide binding protein 4

Tumor necrosis factor (ligand) superfamily, member 11
Brain-derived neurotrophic factor

Glutathione peroxidase 3

Muts homolog 5 (E. coli)

Secreted phophoprotein 1

RIKEN cDNA B43001108 gene

Defensin beta 2

Calcitonin/calcitonin-related polypeptide, alpha
Myxovirus (influenza virus) resistance 2

Prolactin receptor

Deoxyribonuclease Il alpha

Signal transducer and activator of transcription 5A
Interferon-induced protein with tetratricopeptide repeats 3
Interferon regulatory factor 7

Chemokine (C-X-C motif) ligand 15

Growth arrest and DNA-damage-inducible 45 gamma
Interferon-induced protein with tetratricopeptide repeats 1
Peptidoglycan recognition protein 1

Podocalyxin-like

Immunity-related GTPase family, m

HKEX XX XXX X X X X X X XXX

KX XXX XXX XXX XXX XXX XXX XXX

HRKX XX X X X X X X

Cell adhesion

Transglutaminase 2, c polypeptide

Tenascin x

Von Willebrand factor homolog

Myosin binding protein c, fast-type

Secreted phosphoprotein 1

Kit ligand

Procollagen, type VI, alpha 1
Calcitonin/calcitonin-related polypeptide, alpha
Prolactin receptor

Claudin 10

Contactin associated protein-like 2

Signal transducer and activator of transcription 5A X
Laminin, alpha 5 X

XX X X

KX X X X X X X X X X

Apoptosis

Angiotensin Il receptor, type 1a

Brain-derived neurotrophic factor

Transformed mouse 3T3 cell double minute 4
Secreted phosphoprotein 1

Kit ligand

Prolactin receptor

tsc22 domain family 3

Deoxyribonuclease Il alpha

Signal transducer and activator of transcription 5A
Chloride channel calcium activated 2

Interleukin-1 receptor-associated kinase 3

Paternally expressed 3

Growth arrest and DNA-damage-inducible 45 gamma
Catenin, beta like 1

Peptidoglycan recognition protein 1

v-erb-b2 erythroblastic leukemia viral oncogene homolog 3

X X X

XX X X X X

XXX X X X X X X X

R5020-regulated genes within the GO categories of defense/immune response,
cell adhesion, and apoptosis. The genes included within the categories of defense
response, immune response, response to wounding/external stimulus, response to
stress, immune system process and leukocyte migration described in Table 2 have
been combined due to redundancy among their component genes. Similarly, the
categories of apoptosis and negative regulation of apoptosis, as well as cell adhesion
and regulation of cell adhesion, have been combined.

cific genes in the GO categories of immune response, cell adhesion,
and apoptosis are shown in Table 3 (lists of genes from all cat-
egories are provided in supplemental Table 2). Other prominent
GO terms suggest that additional functional categories such as ion
transport in pubertal organoids, regulation of cell differentiation in
adult organoids, and metabolic/catabolic processes in both adult
and pubertal organoids are also important for mammary gland
development (Supplemental Table 2). The lack of GO terms related
to proliferation correlates well with the lack of significant prolifer-
ation induced by either R5020 or P in the organoids (Figs. 1 and 5).

3.5. Immune response genes: innate immunity and serum
amyloid A1

Many genes up-regulated in the immune response GO cate-
gory are involved in innate immunity and the acute phase response
(Table 1).Saal, 2, and 3 were among the most robustly up-regulated
of any R5020-regulated genes. The SAA proteins are reported to be
potent inflammatory factors, inducing chemotaxis [25] and proin-
flammatory cytokine production by monocytes and neutrophils
[26]. We further examined both mammary organoids and tissue
sections for SAA1 expression, and tissue sections of P-treated mam-
mary glands for leukocyte infiltration, a hallmark of inflammation.
Immunofluorescent staining of adult organoid sections confirmed
R5020 up-regulation of SAA1 protein in vitro (Fig. 4A). Immunohis-
tochemical analysis of mammary gland sections from OVX P-treated
adult mice showed that SAA1 protein was significantly increased in
ductal epithelial cells compared to the control (Fig. 4B). Immunohis-
tochemical staining for a pan-leukocyte marker, CD45, in mammary
glands of OVX adult mice after 5d P treatment showed that
leukocyte infiltration was increased in the peri-epithelial stroma
surrounding small ducts, duct ends, and alveoli (Fig. 4C). The num-
ber of CD45+ cells per unit area in the peri-epithelial stroma of small
ducts, duct ends, and alveoli was, respectively, 2.1-, 2.8- and 4-fold
greater than in vehicle-treated controls (Fig. 4D). These results sup-
port the concept that progestins can induce some components of
an inflammatory state in the mammary gland.

3.6. Angiotensin signaling and proliferation

Agtr1 was among the most highly regulated genes in the apop-
tosis GO category. Angiotensin II (ANG II), the ligand for AGTR1,
is reported to both suppress apoptosis [27] and stimulate prolif-
eration of MCF-7 cells and primary mammary epithelial cultures
[28,29]. To assess the functional significance of ANG II signaling,
adult organoids were cultured in the presence of ANG II, R5020,
ANGII+R5020, or BM control, and proliferation was assayed by
3H-thymidine incorporation (Fig. 5). ANG II stimulated organoid
proliferation 2-fold compared to the BM control. While R5020 alone
had no significant effect upon proliferation, it augmented ANG
I stimulation of proliferation to 2.8-fold. This augmentation may
reflect R5020 induction of Agtr1.

4. Discussion

To gain insight into the functions of P in the normal mam-
mary gland, specifically the role of PRA, we employed a microarray
approach to evaluate progestin-regulated gene expression in the
epithelium, using cultured primary mouse mammary pubertal or
adult organoids that express PRA. This approach allowed us to
identify progestin-regulated genes that may not be detectable by
microarray analysis of intact mammary glands due to the small ratio
of epithelium to stroma, particularly in pubertal mice.

Our analysis revealed novel progestin-regulated genes and
enriched biological processes in both pubertal and adult organoids.
Of particular interest are the GO categories of immune response, cell
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Fig.4. Progestins induce SAA1 protein expression, and recruit leukocytes to the peri-epithelial stroma of small ducts, duct ends, and alveoli. (A) Immunofluorescent detection
of SAA1 (green) in adult organoids treated with basal media (BM) or R5020 for 24 h. Nuclei (blue) were counterstained with DAPI. (B) Immunofluorescent detection of
SAAT1 (green) in tissue sections from adult OVX mice treated with vehicle control ‘C’ or progesterone ‘P’ for 1d. Nuclei (blue) were counterstained with DAPI. Scale bars (A
and B)=25 pm. (C) Immunohistochemical detection of CD45-expressing leukocytes in mammary glands of OVX adult mice after 5d treatment with vehicle control (i, ii) or
progesterone (iii, iv, v). In control-treated sections, CD45+ leukocytes (brown cells marked by arrows) were sparsely localized in both ductal epithelium and peri-epithelial
stroma (i, ii). In P-treated sections, CD45+ leukocytes were localized mainly in peri-epithelial stroma of ducts (iii), duct ends (iv), and alveoli (v). Scale bar=50 pm. (D)
Quantitation of CD45+ leukocytes per unit area in the peri-epithelial stroma and epithelium of large ducts, small ducts, duct ends and alveoli after 5d C or P treatment. All
structures were compared to control large ducts, and normalized to a value of 1 for CD45+ cells in control-treated large ducts. "p < 0.05.

adhesion, and apoptosis-regulating genes. These processes are not for how progestins impact normal mammary gland development,
only widely involved in tissue development throughout the body, as well as enhance mammary tumor development.

but are also often dysregulated in tumors. This suggests that the P-regulated gene signatures specific to PRA and PRB expression
genes present in these three functional categories may offer insight in the T47D human breast cancer cell line have been previously
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Fig. 5. Angiotensin II induces proliferation of organoids by itself and in synergy
with R5020. Proliferation was measured by 3H-thymidine incorporation after 48-
h treatment with basal medium (BM), R5020 (20 nM), basal medium plus ANG II
(BM +ANG II, 100 nM), and R5020 plus ANG II (R5020 20 nM +ANG I 100 nM). Each
bar represents the mean + SEM of triplicate values from a representative experiment.
"p <0.05, BM +ANG Il increased proliferation over BM alone. “"p < 0.05, R5020 + ANG
Il increased proliferation over any other treatment.

reported [4]. Very little overlap was found between the results
in T47D cells and the results presented herein. Richer et al. [4]
identified 94 PR-dependent genes in T47D cells engineered to con-
stitutively express either PRA or PRB, including 65 regulated only
by PRB, 4 regulated only by PRA, and 25 regulated by both PRA and
PRB. Of these, only 4 genes show regulation in our adult or pubertal
microarray data sets: signal transducer and activator of transcrip-
tion 5a (Stat5a), neuroepithelial cell transforming gene 1 (Net1),
choline kinase alpha (Chka), and TSC22 domain family 3/delta sleep
inducing factor (Tsc22d3/Dsip1). The differences between the two
studies may be due to species differences, differences between nor-
mal and cancer cells, and differences in the model systems used.
Notably, the T47D cell studies were performed in monolayer cul-
tures, whereas our studies were performed using 3-D cultures in
collagen I gels. Although a high degree of similarity in responses
to P and progestins is reported [30], it is possible that some of our
results may reflect the use of a synthetic progestin rather than P
itself.

4.1. Innate immunity

Many of the progestin-induced genes involved in mechanisms of
innate immunity may simply reflect the defense mechanisms nec-
essary in an organ with an exposed mucosal surface. Provocatively,
several of these genes encode products that are not only robustly
induced, but are active in the chemotaxis, adhesion, and activa-
tion of monocytes and neutrophils. These products include SAA1,
2 and 3, B-defensin 1, and RANKL, which were induced in both
pubertal and adult epithelial cells. Additionally, the gene encoding
[3-defensin 2 was induced in adult organoids, and that encoding
chemokine ligand 15 (CCL15) in pubertal organoids. We confirmed
R5020-induced expression of SAA1 protein in mammary organoids,
as well as its induction in mammary epithelial tissue from P-treated
mice. Our finding of increased leukocyte infiltration of the peri-
epithelial stroma of proliferating small ducts, duct ends, and alveoli
in mammary glands of P-treated mice is consistent with the induc-
tion of chemokines such as SAA1 in the epithelium.

Among the genes encoding chemotactic factors, only Defb2 and
CCL15 were induced in a stage-specific manner. Defb1 was also
more highly induced in adult than in pubertal organoids. Both
[B-defensins 1 and 2 are secreted in human milk [31] and their

enhanced expression in adult organoids may reflect their classi-
cal anti-microbial functions in milk. The gene encoding CCL15 was
only induced in pubertal organoids. CCL15 is unique among the
R5020-induced chemokines in possessing angiogenic activity [32].
Perhaps, pubertal CCL15 expression reflects a role in the angiogen-
esis that occurs in the developing pubertal gland.

The potential recruitment of monocytes and macrophages to
mammary tissue by SAA, B-defensins, RANKL, and chemokine
ligand 15 is not surprising given a growing literature implicat-
ing the activity of monocytes, macrophages, and eosinophils in
mammary gland development ([33], reviewed in [34]). However,
the role of progesterone in regulating these processes has not
been previously recognized. The recruitment of tumor-associated
macrophages is implicated in tumor progression by many studies
(reviewed in [35,36]). Our finding that a progestin can strongly
induce several proinflammatory chemokines that recruit mono-
cytes and macrophages presents a possible mechanism for P-driven
tumor progression. It should be noted that this mechanism does
not require secretion of proinflammatory chemokines by the
tumors themselves, as production of these chemokines in the sur-
rounding mammary epithelium would just as effectively recruit
macrophages. Such amechanism for enhancement of tumor growth
may underlie the observation that postmenopausal women, who
received hormone replacement therapy that included progestins,
show increased breast cancer risk [37].

4.2. Proliferation

The increase of ANG Il-induced proliferation by R5020 in
adult organoids is consistent with our finding that R5020 up-
regulates expression of the angiotensin II receptor, AGTR1, in adult
organoids. Thus, at the same time that progestin treatment may
induce an inflammatory state in mammary epithelium, it may
also be providing a growth stimulus through up-regulation of
AGTR1. Polymorphisms in several genes encoding components of
the angiotensin signaling pathway, including Agtr1, angiotensino-
gen, and angiotensin-converting enzyme, have been associated
with increased risk of breast cancer [38-42]. Thus, progestins
may exert strong growth stimulatory effects through both RANKL
and angiotensin Il signaling, while at the same time recruiting
macrophages that may secrete angiogenic and tissue remodeling
factors. This may be a potent force for tumor progression that war-
rants further investigation.

4.3. Cell adhesion

Adhesion allows cells to sense and interpret their surrounding
environment, communicate with neighboring cells, and to regulate
the organization of groups of cells. Our microarray data suggest that
progestins modify cell adhesion through the regulation of several
extracellular matrix (ECM) genes. While the gene encoding ECM
component fibrinogen gamma polypeptide (Fgg) was up-regulated
by R5020 in both adult and pubertal organoids, laminin alpha
5 (Lama5) was up-regulated preferentially in pubertal organoids,
and procollagen, type VI, alpha 1 (Col6al) in adult organoids.
In addition, secreted phosphoprotein I (osteopontin, Spp1) was
down-regulated only in adult organoids. Interestingly, expression
of transglutaminase 2 (Tgm2) was induced in both adult and puber-
tal organoids. TGM2 is essential for the structural integrity of
basement membranes by cross-linking and stabilizing extracellular
substrates, including FGG, SPP1, and a number of collagens [43-45].
This activity may be important in supporting the newly established
structures in the developing mammary gland, and might reflect
the reorganization occurring in the mammary organoids following
plating in vitro. Dysregulation of cell adhesion mechanisms is often
observed in cancer. Induction of Lama5, which encodes a major
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basement membrane component, is implicated in cell migration
and tumor invasion. Specifically, robust expression of Lama5 can be
seen at the borders between tumor cells and surrounding stroma in
ductal mammary carcinomas [46]. Lama5 was also shown to play a
role in branching morphology in MCF-10A cells [47].

4.4. Apoptosis and cell survival

Previously, we showed that progestin-induced lumen formation
in cultured organoids involves spatially localized apoptosis of the
central cells in the organoid body. In contrast, apoptosis in basal
media-treated cultures, is located around the outer edges of the
organoid body. This suggests that apoptosis targeted to the cen-
ter of the organoid body and leading to lumen formation is due to
progestin action [18]. Thus, cell survival-associated genes regulated
by progestins in adult and pubertal mammary organoids provide
novel information about potential regulators of lumen formation
associated with progestin treatment.

It is likely that apoptosis in both pubertal and adult organoids
involves regulation of p53, which is regulated by P [48]. Anumber of
factors related to p53 activity were regulated by progestin in mam-
mary organoids. Expression of transformed mouse 3T3 cell double
minute 4 (Mdm4, Mdmx), an important negative regulator of p53
function [49], was increased in both pubertal and adult organoids by
progestin treatment. Paternally expressed 3 (Peg3) expression was
increased in the pubertal organoids. Peg3 activation is associated
with p53-mediated apoptosis [50] and PEG3 can act as a mediator
between p53 and BAX to induce apoptosis [51].

Activation of apoptotic pathways in the central cells of the
organoid is likely balanced by activation of cell survival path-
ways in the epithelial cells surrounding the lumen. A number of
anti-apoptotic genes were also progestin-regulated. Agtr1 expres-
sion was increased in pubertal and adult mammary organoids
and ANG II treatment has been shown to suppress apoptosis of
MCEF-7 cells through AGTR1 [27]. Brain-derived neurotrophic factor
(BDNF), encoded by a progestin-induced gene in pubertal and adult
organoids, is anti-apoptotic in breast cancer cell lines [52]. Stat5a
expression, increased in pubertal organoids, is involved in cell sur-
vival through transcriptional regulation of genes encoding factors
such as BCL-X| [53]. A greater number of genes encoding apoptosis-
related factors were progestin-regulated in organoids from pubertal
rather than adult mice. This difference may be related to the role of
Pin ductal development, particularly secondary and tertiary branch
formation [54,55].

Previous studies analyzing lumen formation in vitro using
immortalized MCF-10A human mammary epithelial cells, and in
vivo in the terminal end buds (TEBs) of pubertal mice, have demon-
strated that apoptosis is a key aspect of lumen formation [56-58],
and identified the proapoptotic protein BIM as essential for cas-
pase activation [57]. It should be noted that MCF-10A cells lack PR
[59], and TEBs of pubertal mice express low levels of PRA com-
pared to mammary ducts (Aupperlee and Haslam, unpublished
observations). This suggests that lumen formation in MCF-10A cells
and TEBs may occur through mechanisms different from those in
progestin-induced lumen formation; this may explain the discor-
dance between these studies and our own.

4.5. Adult vs. pubertal responses

The pubertal mammary gland displays reduced responsive-
ness to P-induced proliferation and side-branching compared to
the adult mammary gland (reviewed in [13]). In the pubertal
gland, it is suggested that P influences secondary and tertiary
ductal branching [54,55], whereas in the adult gland it is well
established that P acts to induce ductal side-branching that pre-
cedes alveologenesis [1,10,11,60,61]. However, the progestin gene

regulation pattern obtained herein was largely similar between
pubertal and adult organoids, and the majority of genes exam-
ined by qRT-PCR showed similar magnitudes of induction in adult
and pubertal organoids. This suggests that progestin treatment
produces responses related to ductal development in general and
that similar progestin-regulated processes are occurring in both
adult and pubertal organoids. Supporting this, Wnt4, a known
paracrine mediator of P-induced side-branching, was induced in
both adult and pubertal organoids to a similar level (Supplemental
Table 1). However, Tnfsf11 (Rankl) expression was more strongly
induced in adult than in pubertal organoids (Supplemental Table
1). In addition to a role in alveologenesis, RANKL plays a role in
side-branching [61]. The increased induction of Tnfsf11 expres-
sion in adult organoids is consistent with an important role in
side-branching, and suggests that reduced induction of Tnfsf11
in pubertal organoids may be associated with the reduced side-
branching response to P observed in the pubertal mammary gland.
The most strongly induced unique adult gene was that encoding
calcitonin (Calca). CALCA is not detected in the virgin mammary
gland and has been shown to be expressed only in response
to pregnancy, when active side-branching and alveologenesis are
occurring [24]. Therefore, it is not surprising that Calca was only
strongly induced in adult mammary organoids derived from tis-
sue that is primed for a pregnancy-like response. Similar to RANKL,
CALCA may be an important factor associated with differential P-
responsiveness of the pubertal and adult mammary glands.

4.6. Conclusion

In summary, we present the first report of PRA-mediated gene
expression in normal mouse mammary epithelial cells derived from
pubertal and adult mammary glands. The data revealed the novel
regulation of genes involved in innate immunity. The confirmation
that SAA1 protein expression is induced by P in vivo in the mam-
mary gland, and its possible role in attracting monocytes to the
mammary peri-epithelial stroma, provides a functional test of the
findings obtained from our microarray analysis. The identification
of Agtrl as another highly induced P-responsive gene also led us
to a functional test of angiotensin II synergy with R5020 in the
proliferation of mammary organoids. These findings highlight the
value of the mammary organoid culture system. We found that the
degree of R5020-regulated expression of several genes differed in
progestin-treated pubertal vs. adult organoids. These differences
may help us to decipher the mechanistic differences between P-
dependent development of secondary and tertiary ductal branching
in the pubertal gland vs. P-dependent ductal side-branching in the
adult gland. We believe the transcriptomes identified here will help
to further elucidate the mechanisms of P action in the normal gland,
and lead to an understanding of how P may function to increase
breast cancer risk.
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