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Abstract
Both ovarian and pituitary hormones are required for the pubertal development of the mouse
mammary gland. Estradiol directs ductal elongation and branching, while progesterone leads to
tertiary branching and alveolar development. The purpose of this investigation was to identify
estrogen-responsive genes associated with pubertal ductal growth in the mouse mammary gland in
the absence of other ovarian hormones and at different stages of development. We hypothesized
that the estrogen-induced genes and their associated functions at early stages of ductal elongation
would be distinct from those induced after significant ductal elongation had occurred. Therefore,
ovariectomized prepubertal mice were exposed to 17β-estradiol from two to twenty-eight days,
and mammary gland global gene expression analyzed by microarray analysis at various times
during this period. We found that: a) gene expression changes in our estrogen-only model mimic
those changes that occur in normal pubertal development in intact mice, and b) both distinct and
overlapping gene profiles were observed at varying extents of ductal elongation, and c) cell
proliferation, the immune response, and metabolism/catabolism were the most common functional
categories associated with mammary ductal growth. Particularly striking was the novel
observation that genes active during carbohydrate metabolism were rapidly and robustly decreased
in response to estradiol. Lastly, we identified mammary estradiol-responsive genes that are also
co-expressed with Estrogen Receptor α in human breast cancer. In conclusion, our genomic data
support the physiological observation that estradiol is one of the primary hormonal signals driving
ductal elongation during pubertal mammary development.
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Introduction
Estrogens regulate physiological processes in various tissues, including but not limited to the
uterus, mammary gland, bone, prostate, colon, lung, heart and brain. The mammary gland
has long been recognized as an estrogen-responsive tissue, and estrogen is implicated in the
development of breast cancer, based on data from both clinical and animal studies. While
estrogens are not required for the prenatal development of the rodent mammary gland, they
are required to initiate its development during puberty (Fisher et al. 1998), and in the adult
for ductal maintenance and the minor changes in side branching that occur during estrus
(Hennighausen and Robinson 2005). Prior to birth, a rudimentary ductal structure consisting
of epithelial cells forms, and this structure remains quiescent until puberty, at which time
terminal end buds appear at the tips of growing ducts, and begin ductal elongation through
the stroma, which primarily consists of adipose and connective tissue. 17β-Estradiol (Fisher
et al. 1998) or Estrogen Receptor alpha (ERα) (Bocchinfuso et al. 2000) is critical for this
outgrowth of mammary ducts, and ovariectomy of adult female mice causes regression of
terminal end buds (Daniel et al. 1987), which can be restored by estradiol treatment.

Estradiol stimulates a number of physiological responses in the mammary gland. These
include DNA synthesis in mammary epithelial cells and proliferation of stromal cells
(Shyamala and Ferenczy 1984). In mammals, estrogens also increase mammary gland
glucose metabolism (Shyamala and Ferenczy 1982), progesterone receptor levels (Toft and
O’Malley 1972; Xu et al. 2005; Zucchi et al. 2004), lipid synthesis, histamine release
(Shelesnyak 1959; Zeppa and Womack 1962), and immune cell recruitment (Gouon-Evans
et al. 2002; Kayisli et al. 2004). Given the well-documented role that estrogen plays in the
progression of human breast cancer, the identification of estradiol-regulated genes in
developing mouse mammary gland may allow for the identification of novel effectors of
estrogen action and/or biomarkers for the progression of estrogen-dependent cancers and
other estrogen-driven diseases.

Estradiol treatment can rescue mammary development in ovariectomized, but not
hypophysectomized rodents, indicating a role for both estradiol and pituitary hormones in
mammary morphogenesis. It is known that insulin-like growth factor-1 (IGF-1) can have a
minor independent effect on mammary development, but estradiol is required for full ductal
elongation (Ruan et al. 1995). In the female mouse, both estrogen and progesterone
contribute to mammary gland development, although estrogen is generally considered to be
responsible for ductal outgrowth and minor branching, while progesterone promotes tertiary
branching and alveolar development that completes the ductal tree. The set of genes
expressed during pubertal development of the mammary gland in the intact mouse has been
published (Master et al. 2002; McBryan et al. 2007), although the differential effects of
estrogen and progesterone were not distinguished. Therefore, to identify estradiol-regulated
genes during pubertal mammary development, we have mimicked the normal pubertal
developmental process by using a model in which ovariectomized prepubertal mice are
treated with estradiol.

Therefore, we ovariectomized prepubertal mice and exposed them to estradiol for up to four
weeks to allow ductal elongation through the mammary fat pad. We investigated the gene
expression profiles by microarray analysis as early as two days after treatment and as late as
28 days after, at a time when up to 70% of the fat pad was filled with ducts. Our analysis
indicates that the genes regulated by estradiol in early stages of ductal growth include those
that are unique to these early stages as well as others that are present during the entire four
weeks of treatment. Functional analysis of estrogen-regulated genes indicated that
metabolism, cell proliferation, and immune function were consistently represented at all
developmental time-points, while some functional groups were unique to early (2-5 days
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estradiol) or later (14-28 days estradiol) stages of ductal growth. Finally, we identified genes
regulated by estrogen in the mouse mammary gland that are genes know to co-express with
ERα in breast tumor specimens, suggesting the possible involvement of these genes in
estrogen-dependent breast cancer.

Results
Temporal genomic profiling of estradiol-induced mammary gland development

To identify estradiol-regulated genes involved in various stages of pubertal mouse mammary
development, we used an ablation/replacement model (Flux 1954) in which prepubertal
ovariectomized mice were exposed to estrogens to induce mammary gland growth. Mice
were ovariectomized at 21 days old, allowed to rest for two weeks, and then placebo or 17β-
estradiol pellets were implanted subdermally (Figure 1A). Our goal was to induce ductal
elongation at approximately the same rate as would be observed in intact virgin mice.
Normal ductal elongation requires approximately six weeks (between four and ten weeks of
age) (Hennighausen and Robinson 1998). Our pilot studies (data not shown) indicated that
approximately 75% of maximal ductal elongation occurred by four weeks of estradiol
exposure—a rate that mimicked natural ductal growth. Based on these data, and because we
were particularly interested in molecular events during early elongation, we selected 7, 14,
and 28 days for our microarray analysis. At these time-points, mammary tissue was obtained
for RNA isolation and the contralateral gland inspected by whole-mount analysis for ductal
growth. Estradiol induced visual growth of the prepubertal epithelial ductal rudiment as
early as 7 days of treatment, and this growth continued until approximately 50-70% of the
fat pad was filled by 28 days of treatment (Figure 1B), a length of time which approximates
the rate of ductal development in a normal virgin mouse (Figure 1B, lower panel), in which
ductal growth begins around 28 days of age and ends by 10 weeks (Hennighausen and
Robinson 1998). Ductal length was measured relative to the edge of the lymph node, and
ductal length increased as the duration of estradiol treatment increased (Figure 1C). Ductal
length in the placebo control throughout the time course was minimal (data not shown).

Mammary tissue was isolated from placebo and estradiol-treated mice, five mice per group,
after 7, 14, and 28 days of treatment. RNA from individual mammary glands was isolated,
pooled by group, prepared for microarray analysis, then labeled and hybridized pair-wise on
multiple chip replicates including dye swaps (see Materials & Methods for details).
Differentially expressed genes were clustered, with red and green representing up-regulated
and down-regulated genes, respectively (Figure 2). Because many genes were regulated after
7 days of estradiol treatment, the mammary gene expression profile after 2 and 5 days of
estradiol was obtained to determine at which point gene regulation could first be detected
(Figure 2). As little as two days of estradiol treatment resulted in significant gene regulation.
Interestingly, while overlap was observed between various time-points, genes unique to each
time-point were also observed, indicating that the gene expression profile varied with the
extent of estradiol exposure and ductal length.

These variations in gene expression profile were represented by four gene expression
patterns (three major, one minor) that were observed over the course of treatment as
determined by clustering the data as Self-Organizing Maps (Figure 2 and 3, Patterns A, B,
C, and D, and Supplementary Table 1). The three major patterns represented genes whose
expression: A) increased rapidly after 7 days, then dropped slightly after 28 days of
treatment (“rapid increase” genes), B) increased gradually at 7 days and 14 days, but then
increased dramatically by 28 days (“gradual increase” genes), and D) decreased rapidly at 7
days, which continued up and to including 28 days (“decreased” genes). (Pattern C did not
resolve into an identifiable pattern but represented a variety of patterns that did not fit into
A, B, or D). Examples of genes in each of the three major patterns were chosen for
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confirmation (7, 14, and 28d time-points). Table 2 lists the fold gene expression changes of
these genes as determined by microarray analysis, and Figure 3 shows the confirmation of
these genes by quantitative PCR analysis. These genes were chosen based on their
previously-established association with mammary development, involution, tumourigenesis,
cellular proliferation, and/or regulation by estradiol. “Rapid Increase” genes (A): Growth
arrest-specific 6 (Gas6) is mitogenic in a mammary cell line (Goruppi et al. 2001;Varnum et
al. 1995) and its expression is regulated by estradiol in mouse mammary epithelial cells (Mo
et al. 2007). The expression of procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (Plod2),
which catalyzes the hydroxylation of lysyl residues in collagen-like peptides, increases
during pubertal mammary development (McBryan et al. 2007) and is elevated in mammary
tumors in WAP-SVT/t transgenic mice (Klein et al. 2005). The extracellular matrix protein,
cartilage intermediate layer protein (Cilp) is upregulated by estradiol in ERα-expressing
osteosarcoma cells (Klein et al. 2005). A disintegrin and metalloproteinase domain, with
thrombospondin type-I modules 19 (Adamts19) is a member of the ADAMTS family of
proteins whose expression is frequently dysregulated in human breast carcinoma (Porter et
al. 2004). “Gradual increase genes” (B): Extracellular proteinase inhibitor (Expi) is
upregulated during mouse mammary gland involution (Baik et al. 1998) and in mammary
epithelium in a model of mammary epithelial preneoplastic progression (Aldaz et al. 2002).
Keratin complex 1, acidic, gene 18 (Krt1-18) is a marker for ductal epithelial cells (Kouros-
Mehr and Werb 2006;Rudland and Hughes 1989) and is present in the inner cells in benign
breast lesions but comparatively fewer such cells in breast carcinoma (Rudland et al. 1993).
Keratin complex 1, acidic, gene 19 (Krt1-19) is found in mammary TEBs and ducts
(Kouros-Mehr and Werb 2006) and is a known estradiol-regulated gene (Frasor et al. 2004).
Fibrinogens are extracellular matrix proteins that are found at the tumor-host interface in
various tumor types, and their deposition in breast tumor stroma is a hallmark of breast
carcinoma ((Rybarczyk and Simpson-Haidaris 2000) and references therein). Fibrinogen B
beta polypeptide (Fgb) is induced in estradiol-treated MCF-7 breast cancer cells (Pentecost
et al. 2005). Finally, genes whose expression decreased (D) included uncoupling protein 1
(Ucp1) and peroxisome proliferative activated receptor alpha (PPARa), both of which are
downregulated during mammary gland pubertal development (Master et al. 2002). In each
case, the trend observed by quantitative PCR confirmed the trend observed by microarray
analysis (Figure 3 and Table 2).

Validation of an estrogen-specific pubertal mammary gland outgrowth model
Genes shown previously to be regulated by estradiol or involved in mammary gland
development were observed in our microarray analysis. These observations confirmed that
estrogen responsiveness was represented in our model, and that genes previously associated
with pubertal mammary development were also represented.

Confirmation of estrogen-regulated genes—Known estrogen-regulated genes
(Figure 4A) included: (but were not limited to): a. retinol binding protein 4, plasma (Rbp4)
which was downregulated in our study, consistent with its downregulation by estradiol in the
rat uterus (Bucco et al. 1996). In addition, seven genes previously shown to be upregulated
by estradiol were also upregulated in our study: keratin complex 1, acidic, gene 19 (Krt1-19)
(Choi et al. 2000) (Kian Tee et al. 2004), angiotensin II receptor, type 2 (Agtr2) (Ivanga et
al. 2007), gene regulated by estrogen in breast cancer protein (Greb1) (Ghosh et al. 2000;
Rae et al. 2005), amphiregulin (Areg) (Martinez-Lacaci et al. 1995), WNT1 inducible
signaling pathway protein 2 (Wisp2) (Kian Tee et al. 2004), oxytocin receptor (Oxtr) (Bale
and Dorsa 1997), and early growth response 2 (Egr2) (Pedram et al. 2002). We also
compared our dataset to that of Frasor et al., who identified estradiol-regulated genes in a
human MCF-7 breast cancer cell line (Frasor et al. 2004). Of the ~121 genes identified by
Frasor et al. as estradiol-regulated in MCF-7 cells, we found that 39 of these (32%) (Table
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3) were also regulated in mammary glands of estradiol-treated mice (3). Of these 39 genes
also regulated by estradiol in our study, 15 (38.5%) were regulated in the same direction
(either up- or down-regulated) as in MCF-7 cells. These differences in the direction of gene
regulation between the two datasets, that is, whether gene expression increased or decreased,
are likely due to differences in the model systems. These differences include species (mouse
vs. human), disease state (normal mammary gland vs. breast adenocarcinoma), sample
origin (whole organ (multiple cell types) vs. single (epithelial) cell type), and method of
estradiol exposure (whole animal vs. in vitro culture).

Confirmation of genes regulated during normal mammary gland development
—Previous microarray analysis of mammary gland development in intact mice (in which
other ovarian hormones including estrogens would impact gene expression) (Master et al.
2002) revealed that genes involved in fatty-acid metabolism ((Medium chain acyl-CoA
dehydrogenase (Acadm), Long chain acyl-CoA dehydrogenase (Acadl), Very-long-chain
acyl-CoA dehydrogenase (Acadvl), Carnitine palmitoyltransferase II (Cpt2), (Carnitine
acetyltransferase (Crat), 3-hydroxyacyl CoA dehydrogenase (Hadh), Dodecenoyl-CoA Δ-
isomerase (Dci), Short chain acyl-CoA dehydrogenase (Acads) and PPARa) were highly
expressed in neonatal mice (when circulating levels of estradiol are low), but dropped during
pubertal mammary gland development (when estradiol levels increase). We observed similar
reductions in expression of these genes (Figure 4B and 3). Finally, we compared our dataset
to a second microarray study which identified genes associated with pubertal mouse
mammary development in intact mice (McBryan et al. 2007). We used the “master list of
pubertal genes” generated by McBryan et al. from gene expression analysis of mammary
tissue of 3-7 week old intact mice (McBryan et al. 2007). Of the 930 unique genes listed,
879 were represented on the Agilent microarray chip used in our study, and of these genes,
383 (or 44% of those on the array) were identified in our estrogen-induced mammary
growth model (Supplementary Table 2). These data confirm that our model identifies
estradiol-regulated genes and mimics gene expression of the normal developing mouse
mammary gland.

Several genes known to be involved in mammary cell proliferation were also represented in
our dataset, and were temporally regulated by estradiol (Table 4). These genes included
Tgfb1 (transforming growth factor β (TGFβ)), c-myc (myelocytomatosis oncogene (c-myc)),
Cdkn1a or p21 (cyclin-dependent kinase inhibitor 1a), and Egfr (epidermal growth factor
receptor (EGFR)). Interestingly, Tgfb1 and c-myc were regulated early (d2-d7) in ductal
development, while Egfr gene expression increased only between d7-d28 of estradiol (Table
4). Cdkn1a levels were increased throughout the time-course.

Because TGFβ is critical for maintaining the ductal structure in the developing mammary
gland (Ewan et al. 2002; Nelson et al. 2006) and regulates gene expression during pubertal
mammary gland development (McBryan et al. 2007), we determined which estradiol-
regulated genes identified in our dataset were also regulated by TGFβ (Supplementary
Tables 3-8). Comparison of our dataset to a database containing 3269 TGFβ-responsive
genes (http://actin.ucd.ie/tgfbeta/tgfbeta_2.php) indicated that, averaged over all time-points,
586 (18%) of genes with changing expression profiles in our mammary dataset are known
TGFβ-responsive genes (Supplementary Table 3), suggesting that the estradiol-mediated
increase in TGFβ expression from d2 to d7 may have resulted in the downstream regulation
of TGFβ-responsive genes. Of the genes held in common between the two datasets, 25 to
41% of genes downregulated by TGFβ were also downregulated by estradiol in our dataset.
Similarly, 58 to 76% of genes upregulated by TGFβ were also upregulated by estradiol in
our dataset. Further comparison of the 586 known TGFβ-responsive genes identified in our
dataset with the TGFβ-responsive genes identified by McBryan et al. during pubertal
development indicated that 25 to 40% of TGFβ-responsive genes identified during pubertal
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development are also identified in our dataset (Supplementary Table 3). Taken together,
these results further support the notion that our model mimics gene expression of the normal
developing mouse mammary gland.

Functional annotation of genes regulated during estradiol-induced mammary gland
development

To understand the functions of the genes regulated during estradiol-induced mammary gland
development, functional annotation was determined using two approaches. First, we
analyzed the function of genes at each individual time-point, to understand how the function
of all genes changed over time (Supplementary Table 9). Second, we analyzed the functions
of genes grouped according to each of the three major gene expression patterns identified by
SOM analysis (Figure 2 and Supplementary Tables 10-12) to determine if specific functions
were characteristic of these patterns. The biological functions for both analyses were
generated using the Database for Annotation, Visualization and Integrated Discovery 2.1
(DAVID 2.1) Functional Annotation tool (Dennis et al. 2003) (see Materials & Methods).

When individual time-points were analyzed (Supplementary Table 9), we found that many
functional categories were significantly over-represented (p ≤ 0.01) throughout the time
course (eg. “adaptive immune response” and “cell differentiation”). However, many groups
were significant only after 7 days of treatment (“macromolecule biosynthetic process” and
“cell migration”), while some functional groups were not significant until day 28 of
treatment (eg. “tube development” and “morphogenesis of a branching structure”).

Gene functions were then analyzed based on their gene expression pattern (A: “rapid
increase”, B: “gradual increase” and D: “decrease” in Figure 2). “Gradual increase” genes
represented 70 different Gene Ontology Biological Process 4 (BP4) categories, which
included a wide variety of cellular functions (Supplementary Table 10), including
“metabolism”, “inflammatory response”, “signal transduction”, “cytoskeletal organization
and biogenesis”, “epithelial cell differentiation”, “proliferation”, “endocytosis”, and
“programmed cell death”. However, the largest category of genes (39%) were involved in
the immune response (Figure 4C). “Rapid increase” genes were represented by 62 different
GO BP4 categories (Supplementary Table 11) and these categories were comparable to
those found in the “gradual increase” genes. Again, the immune response represented a large
number of genes (29%) (Figure 4C). In contrast, 62% of “decrease” genes (Figure 4C and
Supplementary Table 12) were metabolic/catabolic genes and in particular those involved in
carbohydrate metabolism (glycolysis, citrate cycle, and oxidative phosphorylation). The
three most common gene functions across all three gene groups were “immune response”,
“metabolism/catabolism”, and “cell cycle/apoptosis” (Figure 4C).

Pathway analysis of genes regulated during estradiol-induced mammary gland
development

Pathway analysis was undertaken using the same two approaches as for functional analysis.
We again used the DAVID 2.1 web application, and used it to identify molecular interaction
and reaction networks found in the KEGG (Kyoto Encyclopedia of Genes and Genomes)
database (Kanehisa et al. 2004). Only pathways significantly (p ≤ 0.01) represented were
included in each analysis. First, we identified pathways that were representative of each
individual time-point (Supplementary Table 13). As predicted from the functional analysis,
metabolic pathways were represented (eg. “glutathione metabolism”, “citrate cycle”,
“PPARα (peroxisome proliferator activated receptor α) signaling”, “fatty acid metabolism”,
and “glycolysis”), as were immune-related pathways (“complement and coagulation
cascades” and “hematopoietic cell lineage”) and those related to extracellular matrix (ECM)-
cell and cell-cell interactions (“ECM-receptor interaction”, “focal adhesion”, and “cell
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adhesion molecules”. Some pathways were present at all time-points (eg. ECM-receptor
interaction) while others were present only at later time-points (eg. “glycolysis/
gluconeogensis” and “focal adhesion”). When pathways were identified based on expression
pattern (“rapid increase”, “gradual increase”, and “decrease”), we found that each group
represented unique pathways (Supplementary Table 14). For example, pathways identified
from genes in the “decrease” category were exclusively metabolic, while genes in the “rapid
increase” category included ECM-receptor, immune, and metabolic pathways.

Estradiol-mediated mammary development and tumourigenesis
To evaluate a potential role for estrogen-mediated regulation of breast tumorigenesis and/or
progression, we compared mouse estrogen-regulated mammary genes identified in our
analysis with genes shown to be co-expressed with ERα in human breast tumors found in the
ONCOMINE™ Cancer Profiling Database (www.oncomine.org) (Rhodes and Chinnaiyan
2004). ONCOMINE™ is a proprietary database of published cancer-related microarray data
that can be searched using various online tools.

Microarray data obtained from ER-positive breast tumor tissue was searched specifically for
genes from our 14d dataset (the time-point with the greatest number of differentially
regulated genes). Genes whose ONCOMINE™ correlation values with ESR1 were greater
than or equal to 0.4 (see Materials & Methods for details) were chosen for further analysis,
and our mammary microarray array data searched (GeneSpring software) for significant
estrogen-dependent regulation of these genes. A list was compiled of ONCOMINE™ genes
that were also identified in our database and were increased at least 1.5-fold or decreased by
at least 50% by estradiol treatment compared to the placebo control and p ≤ 0.01 (Table 5).
Thirty-three genes met these criteria, several of which have been previously shown to co-
express with ESR1 in breast cancer, such as GATA3 and FOXA1 (also known as HNF3A)
(Lacroix and Leclercq 2004).

Discussion
In this study, we show that pubertal development of mouse mammary ducts can be induced
in vivo by exposing prepubertal ovariectomized female mice to estradiol. The main
difference between our estrogen-only model and other published mammary development
models conducted with intact mice is the presence of other ovarian hormones. As expected,
our selective estrogen profile displays overlap with the genes and their functions identified
in two other microarray analyses of pubertal ductal development in intact mice (Master et al.
2005; McBryan et al. 2007). Master et al. (Master et al. 2002) analyzed gene expression
changes in the developing mammary gland of intact mice from two weeks of age (before
puberty) through to pregnancy, lactation, and post-lactational involution. The degree of
ductal development observed after 7 days of estradiol exposure in our model approximates
that observed in their intact five-week-old virgin mice. Despite the presence of the ovarian
hormones progesterone and prolactin in their model, we observe overlap in the regulated
genes and their associated functions in our estrogen-only study. Similarly, McBryan et al.
determined the gene expression changes in mouse mammary tissue in intact mice 3 to 7
weeks of age (McBryan et al. 2007) from which they created a “master list” of pubertal
genes. Approximately 40% of the genes on this list were also regulated in our model. In
summary, our new results complement these previous reports by indicating the changes
identified from previous studies that are likely to be estrogen-specific actions.

While the use of the whole mammary gland limited our ability to identify the cellular
location of the estrogen-responsive genes in this study, many of the genes that we observed
in our profile are known to be expressed exclusively in the epithelial cells of the mammary
ductal tree. This structure includes a basal layer of myoepithelial cells, which surround the
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luminal cells. Examples of epithelial-specific genes whose expression changed in response
to estradiol in our study included Krt1-5, which is expressed in the myoepithelial cells, Krt8
and Krt1-18, which are expressed primarily in the luminal epithelia, and Krt1-14, which is
found primarily in the myoepithelial but also in luminal cells (Mikaelian et al. 2006). We
were also able to identify genes whose expression is enriched in terminal end buds (TEBs)
and ducts. Using microdissection, Kouros-Mehr et al. identified genes enriched in either the
TEB or mature ducts (Kouros-Mehr et al. 2006; Kouros-Mehr and Werb 2006). In their
study, some of the most highly enriched genes in both the TEBs and ducts included Krt1-18,
Krt1-19, and Expi, all of which we have identified as upregulated by estradiol in our study.
We also identified genes that were overexpressed exclusively in TEBs in their study:
amphiregulin (Areg) and FXYD domain-containing ion transport regulator 3 (Fxyd3). In
summary, use of our model allowed us to detect gene expression changes specific to mature
ducts or TEBs, and distinct epithelial subtypes of the ductal tree.

One of the main goals of our study was to compare gene expression profiles at early stages
of ductal elongation with profiles after significant ductal elongation had occurred. We
originally hypothesized that the genes active early in ductal development, ie. when ductal
growth was minimal, would be distinct from those in later development when the ductal tree
was extensive. Our data indicates that while many genes were regulated at both early and
later stages, 10 to 30% of the genes were regulated only at one time-point, indicating that a
subset of genes were indeed active early in ductal development, while others were active
later in development. These temporal differences in gene expression were also reflected in
the gene functions and pathways identified at early and later development.

Physiological role of estrogen in mammary gland outgrowth during puberty
In the mammary gland, estradiol increases: DNA synthesis in mammary epithelial cells,
proliferation of stromal cells (62), glucose metabolism (63), progesterone receptor levels
(72, 83, 86), lipid synthesis, histamine release (61, 84), and recruitment of migrant immune
response cells (25, 36). The gene functions and pathways identified in our model correlate
with these physiological responses, demonstrating that estradiol in the absence of other
ovarian or pituitary hormones is capable of triggering many signal transduction pathways
characteristic of normal mammary development. Three of the major functions of the
estradiol-regulated genes identified in our study included metabolism, the immune response,
and cellular proliferation.

Metabolism—One of the most striking observations resulting from our study was the
estrogen-stimulated rapid and sustained decrease in genes associated with oxidative
phosphorylation, the tricarboxylic acid (TCA) cycle, glycolysis, and fatty acid metabolism.
Master et al. (Master et al. 2002) report decreased expression of genes associated with “fatty
acid metabolism”, “the mitochondrion”, and “oxidoreductase” during pubertal development;
however only a few genes associated with fatty acid metabolism were reported. We have
now identified a large number of genes involved in carbohydrate and fatty acid metabolism
that decrease in response to estradiol and are likely to decrease during the mammary gland
transition from neonate to adult. To our knowledge, a thorough biochemical study of the
metabolic changes within the mammary gland during ductal outgrowth has not been
conducted; however our results indicate that a reduction in ATP production may occur. In
support of this, inspection of available genomic data (McBryan et al. 2007) indicates that
many of the oxidative phosphorylation-related genes downregulated in our estrogen-
outgrowth model are also downregulated during puberty in intact mice. Although the reason
for this decrease is unclear, Master et al. (Master et al. 2002) suggest that the elevated use of
fatty acid metabolism in the neonatal gland is due to increased thermogenesis characteristic
of brown fat required to maintain body temperature during the neonatal period. Based on
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this hypothesis, our data suggests that this increased neonatal thermogenesis may also
require greater use of carbohydrates during the neonatal period, with the result that this
elevated carbohydrate metabolism decreases in pubertal or adult mice. Our hypothesis is
supported by studies showing that expression of select genes in the glycolytic pathway, TCA
cycle and electron transport chain increase when young rodents are exposed to the cold,
suggesting that glucose utilization is also stimulated during thermogenesis in brown fat
(Daikoku et al. 2000; Scarpace et al. 1999).

Immune response—One of the most highly-enriched and rapidly-activated functional
groups observed after estradiol treatment involved immune function. The increased
expression of immune-related genes in the mouse mammary gland during puberty has been
observed previously (Gouon-Evans et al. 2002; Gouon-Evans et al. 2000; Master et al.
2005), although the genes involved in this response have not been well-characterized.
During ductal growth, migratory leukocytes are present in the mammary stroma, and both
macrophages and eosinophils accumulate around TEBs (Gouon-Evans et al. 2002).
Depletion of leukocytes impairs ductal development and formation of TEBs, suggesting that
macrophage and eosinophils are critical for ductal morphogenesis (Gouon-Evans et al.
2000). Macrophage-colony-stimulating-factor 1 (Csf1) is a growth factor and cytokine that
controls the production, differentiation, and function of macrophages and other cells of the
mononuclear phagocytic lineage through its interaction with the Csf1 receptor (Csf1r). Csf1-
null mice, which lack many types of macrophages and monocytes, demonstrate impaired
ductal outgrowth during puberty (Gouon-Evans et al. 2000). This phenotype is similar to
mice lacking Csf1r (Dai et al. 2002), which is expressed exclusively in macrophages. We
observe an increase in Csf1 and Csf1r expression after estradiol treatment. While it is
possible that estradiol increases the transcription of these genes directly, it is more likely that
the estrogen-stimulated immune cell influx would impact transcript levels within the gland
by altering the cellular composition of the tissue rather than reflecting estradiol-mediated
regulation of transcription. In addition to macrophages, eosinophils also migrate to TEBs
during ductal growth. Transcript levels of eotaxin, an eosinophilic chemoattractant, are
increased in the prepubertal mammary gland and coincide with eosinophil recruitment
(Gouon-Evans et al. 2000). We observe an increase in eotaxin mRNA after 28 days of
estradiol treatment. Overall, our data suggests that estrogen plays a role in mammary ductal
development by recruiting and/or stimulating migratory leukocytes.

Cellular proliferation—Estrogen stimulates the proliferation of mammary epithelial and
stromal cells, and this proliferation is critical for mammary outgrowth (62). Of the many
estradiol-regulated genes we identified, at least four were well-known regulators of cellular
proliferation, including Tgfb1, c-myc, Cdkn1a (p21), and Egfr. First, TGFβ is critical for
maintaining the ductal structure in the developing mammary gland, and inhibits both lateral
branching and ductal growth (Ewan et al. 2002; Nelson et al. 2006). TGFβ is thought to
counteract estrogen-induced ductal morphogenesis (Lanigan et al. 2007), and Ewan et al.
(Ewan et al. 2002) propose a model in which estrogen increases TGFβ activity, which limits
proliferation in response to estradiol. Second, we observed increased expression of c-Myc,
an oncogene and transcription factor that mediates cell cycle progression, apoptosis, and
DNA synthesis and plays a significant role in estradiol-induced cellular mitogenesis
(Musgrove et al. 2008). This observation correlates with previous studies showing that c-
myc is increased by estradiol in human breast cancer cells (Lazennec et al. 2001), the rodent
uterus (Hewitt et al. 2003; Murphy et al. 1987), and primate mammary epithelium
(Dimitrakakis et al. 2006). Third, cyclin-dependent kinase inhibitor, Cdkn1a (p21)
expression was increased throughout the time-course, and may be reflective of the rapid
cellular proliferation that occurs during ductal growth. Estradiol has been reported to both
increase (Lazennec et al. 2001; Levenson et al. 2002; Thomas et al. 1998) and decrease
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(Foster et al. 2001; Prall et al. 2001) Cdkn1a expression in breast cancer cell lines, although
its effect on Cdkn1a in mammary gland gene expression is less clear. Interestingly, estradiol
treatment also increases cdkn1a levels in the mammary glands of ovariectomized heifers,
suggesting estradiol-mediated regulated of Cdkn1a may occur in other species (Li and
Capuco 2008). Finally, we observed an estradiol-mediated increase in expression of the
epidermal growth factor receptor (Egfr), one of the four members of the EGFR (ERBB
gene) family. No changes in expression of Erbb2, Erbb3, or Erbb4 were observed, despite
the recent evidence for their role in mammary gland development (Muraoka-Cook et al.
2008; Stern 2003; Stern 2008). EGFR is essential for ductal growth and branching during
pubertal mammary gland development (Wiesen et al. 1999; Xie et al. 1997) and is thought to
be a critical mediator of estradiol action during puberty. Estradiol activates Egfr in
ovariectomized mice (Sebastian et al. 1998), and the expression of amphiregulin, the major
EGFR ligand expressed in mammary epithelial cells and TEBs during puberty, is robustly
increased by estradiol in our model. The regulation of Egfr and its ligand in our estrogen-
only model further supports the claim that estradiol enhances the actions of these hormones
on mammary development.

Mechanisms of estrogen-mediated gene regulation in the mammary gland
One of the limitations of our model is that it does not allow us to distinguish between
estradiol-mediated and developmental effects on gene expression. For example, gene
expression changes at late time-points may reflect an increase in epithelial structures in the
estradiol-exposed mammary gland, rather than the direct action of estradiol on these “late-
effect” genes. However, a direct role for estrogen action in mouse mammary gland
development is supported by studies in which estradiol pellets were implanted directly into
mammary tissue of immature mice (Daniel et al. 1987; Haslam 1988; Silberstein et al.
1994). Ductal growth occurred only in the vicinity of the implants in ovariectomized
females, and in intact animals, normal growth was blocked locally by implants containing
antiestrogens, suggesting a direct role for estrogen via the estrogen receptor alpha (ERα) on
mammary growth (Daniel et al. 1987; Silberstein et al. 1994). Studies in mice lacking ERα
(αERKO) also support a requirement for both ovarian and pituitary hormones in mammary
ductal morphogenesis. The absence of pubertal ductal branching in αERKO mice
(Bocchinfuso and Korach 1997) has been shown to arise from the lack of estrogen actions
both directly on the mammary gland and indirectly on the circulating levels of progesterone
and prolactin (Bocchinfuso et al. 2000). Estrogen has been shown to directly regulate many
genes identified in our analysis, including Krt1-19, Greb1, Areg, and Wisp2 (Frasor et al.
2004; Kian Tee et al. 2004). In summary, it is likely that ERα directly mediates a subset of
genes identified in our microarray analysis, and that indirect actions of Erα or developmental
effects are also responsible for the gene expression changes we observe.

ER-regulated genes in normal human breast and in breast cancer
Our study also suggests that a subset of the estrogen-responsive genes identified in our
model may also be estrogen-dependent in human breast tissue. A recent microarray analysis
identified estradiol-regulated genes in human breast epithelium in a model in which normal
human breast tissue was transplanted into mice, which were then treated with estradiol
(Wilson et al. 2006). Interestingly, we observe that 46% of the 56 differentially-regulated
genes observed in response to estrogen in the human tissue are also observed as estrogen-
regulated in our mouse mammary gland model (Table 6), with 67% of theses common genes
regulated in the same direction (either up or down) in both models. These results suggest
that these genes may be estrogen-dependent and involved in the development of both human
and mouse mammary gland. Many of these genes have not previously been associated with
mammary development. For example, chemokine (C-X-C motif) ligand 9 (CXCL9) is a
chemokine involved in immune cell trafficking, and its levels decrease in both human and
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mouse mammary gland after estradiol treatment. How this decreased expression contributes
to mammary development remains to be determined.

The growth of many breast tumors is estrogen-dependent, so it is interesting that several
microarray studies of human breast tumor specimens have identified genes that are
coexpressed with ESR1. Why this coexpression occurs and how it relates to tumor
development is not well understood, and there are several possible explanations. First, the
product of these coexpressed genes may directly or indirectly affect ESR1 transcription or
message stability. Secondly, the ER may directly or indirectly regulate the transcription of
these genes. In order to further understand these possible mechanisms, we compared the
estrogen-regulated genes from our mouse mammary study with those co-expressing with
ESR1 in breast tumor microarray profiles obtained from the ONCOMINE™ database. Both
GATA3 and FOXA1 (HNF3A), which are known to co-express with ERα in human breast
tumors, were identified by this approach. Gata3 is critical for luminal epithelial
differentiation in the mouse mammary gland, and Gata3 regulates transactivation of the
Foxa1 promoter. Despite the correlation between ER and GATA3 expression in human
breast tumors, there is no evidence that estradiol directly regulates the levels of GATA3 and
FOXA1, or that they in turn regulate the levels of ESR1, although FOXA1 binding sites are
frequently located near ERE sites in the human genome (Carroll et al. 2005). However, our
results suggest that, at least in mouse mammary gland, the expression of Gata3 and Foxa1 is
increased in response to estradiol treatment, and together with previous studies suggest an
indirect effect of estradiol action on these genes. We have also identified several genes
known to be involved in metastasis and invasion (Tactsd1) (Basak et al. 1998; Wurfel et al.
1999) and breast carcinogenesis (Fgb) ((Rybarczyk and Simpson-Haidaris 2000) and
references therein), neither of which was previously shown to be regulated by estrogens,
which may now reveal their involvement in estrogen-dependent breast cancer cell
proliferation and tumor progression.

In summary, we have shown that estradiol treatment alone mimics at the genomic level
normal mammary gland development in intact pubertal mice. Interestingly, we have
identified carbohydrate metabolism as a major pathway whose activity appears to be
dramatically decreased during pubertal mammary development. Finally, we have identified
genes regulated by estrogen treatment in both mouse and human mammary glands, and
those that co-express with Estrogen Receptor α in human breast cancer. In conclusion, our
genomic data support the physiological observation that estradiol is one of the primary
hormonal signals driving ductal elongation during pubertal mammary development
involving differential patterns of gene expression.

Materials and Methods
Animals, treatments, and tissue collection

All animals were handled according to NIH guidelines and in compliance with an NIEHS
approved animal protocol. Female C57 Bl/6 mice ovariectomized prior to puberty (21 days
of age) were purchased from Charles River (Raleigh, NC), and housed for two weeks to
allow for clearance of endogenous steroids. After two weeks, estradiol pellets (17β-estradiol,
90-day pellets, 0.1 mg/pellet) or placebo pellets (placebo, 90-day pellets, 0.1 mg/pellet) were
implanted subdermally with a trocar as described by the supplier (Innovative Research of
America, Catalog numbers NE-121 (17β-estradiol) and NE-111 (placebo)). Previous studies
from our laboratory (Bocchinfuso et al. 2000) also used 0.1 mg 17β-estradiol pellets to
induce ductal elongation, and resulted in serum estradiol levels of approximately 330 pg/
mL/pellet.
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Mammary gland isolation and analysis—At various time-points after the pellets were
implanted, ie. 2, 5, 7, 14, and 28 days, four to five animals per time-point were sacrificed
using CO2 asphyxiation and one #4 mammary gland (Hedrich 2004) was collected. Our pilot
studies (data not shown) indicated that approximately 75% of maximal ductal elongation
occurred by four weeks of estradiol exposure—a rate that mimicked natural ductal growth.
Based on these data, and because we were particularly interested in molecular events during
early elongation, we selected 2, 5, 7, 14, and 28 days for our microarray analysis. Ductal
growth was confirmed by whole-mount analysis of the #4 gland, and the contralateral #4
gland was excised for RNA isolation and snap-frozen in liquid nitrogen. The entire four
week time-course was repeated to provide a completely independent set of mammary tissue
to serve as a biological replicate; however, two and five-day treatments were not duplicated.
Ductal lengths were measured by image analysis of whole mounts using Image Pro software
(SciMeasure, Decatur, GA) and a Leica dissecting microscope (Bannockburn, IL). The
distance from the outermost edge of the lymph node (side nearest the nipple) to the furthest
terminal end bud beyond the node was measured.

Microarray analysis
For each time-course experiment, one frozen #4 mammary gland was individually
pulverized from four to five animals per treatment group, then homogenized in 3mL Trizol
(Invitrogen, Carlsbad, CA) and RNA was prepared according to the manufacturer’s
protocol. The RNA from individual animals was then pooled for each treatment group (four
to five animals per group) and further purified using the QIAGEN (Valencia, CA) RNeasy
Mini kit (Cat. No. 74104) clean-up protocol.

Gene expression analysis was conducted using Agilent Mouse Oligo arrays (pattern number
011978) (Agilent Technologies, Palo Alto, CA). Total RNA was amplified using the Agilent
Low RNA Input Fluorescent Linear Amplification Kit protocol. Starting with 500ng of total
RNA, Cy3 or Cy5 labeled cRNA was produced according to manufacturer’s protocol. For
each two color comparison, 750 ng of each Cy3 and Cy5 labeled cRNAs were mixed and
fragmented using the Agilent In Situ Hybridization Kit protocol. In each case, samples from
estradiol-treated animals were co-hybridized with a placebo sample. Hybridizations were
performed for 17 hours in a rotating hybridization oven using the Agilent 60-mer oligo
microarray processing protocol. Slides were washed as indicated in this protocol and then
scanned with an Agilent Scanner. Data was obtained using the Agilent Feature Extraction
software (v7.5), using defaults for all parameters.

The Agilent Feature Extraction Software performed error modeling, adjusting for additive
and multiplicative noise. The resulting data were processed using the Rosetta Resolver®
system (version 7.1) (Rosetta Biosoftware, Kirkland, WA) and the associated Rosetta error
model (Weng et al. 2006). The Resolver system combines ratio profiles to create ratio
experiments using an error-weighted average as described in Stoughton and Dai (Stoughton
and Dai 2002; Weng et al. 2006). P-values are generated and propagated throughout the
system and represent the probability that a given gene is significantly differentially
expressed. Rosetta Resolver identified potentially significant changes in the mean
expression level of approximately 2000 (2, 5, 7, and 28d) or 3000 (14d) candidate genes.
The microarray data discussed in this publication have been deposited in NCBI’s Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/, and all MIAME-compliant
related information regarding these studies are accessible through GEO Series accession
number GSE4647 (Edgar et al. 2002).

Functional analysis—The Database for Annotation, Visualization and Integrated
Discovery 2.1 (DAVID 2.1) Functional Annotation tool (Dennis et al. 2003) was used to
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determine Gene Ontology (GO) functions. All categories are derived from the GO
Biological Process category, Level 4, and all analyses were conducted with Maximum
EASE Score/p-value set to 0.01.

ONCOMINE™ analysis (www.oncomine.org) (Rhodes and Chinnaiyan 2004)—
The “Gene Search” tool was used to identify studies in which ESR1 was represented. The
Co/Ex tool was then used to identify genes that were co-expressed with ESR1 in breast
tissue-related studies (van ’t Veer et al. 2002), (Wang et al. 2005), (Zhao et al. 2004), (West
et al. 2001), (Perou et al. 1999), (Perou et al. 2000), (Sorlie et al. 2001), (Sorlie et al. 2003),
(van de Vijver et al. 2002), (Gruvberger et al. 2001). Genes whose ONCOMINE™
correlation values with ESR1 were greater than or equal to 0.4 were chosen for further
analysis. This value was chosen by inspection of the correlation values in order to maximize
the number of significantly correlated genes while minimizing the output of genes whose
correlation was known a priori likely not to be biologically relevant. We then searched the
mammary 14d estradiol p ≤ 0.001 dataset (the dataset with the largest number of
significantly-regulated genes) for the genes that met these ONCOMINE™ criteria. The list
generated from ONCOMINE™ was imported into the Rosetta Resolver® system (version
5.1) (Rosetta Biosoftware, Kirkland, WA) and the fold changes associated with the genes
were then exported as a spreadsheet.

Reverse transcription and Quantitative PCR analysis
RNA was isolated from mammary glands of individual mice (five mice per treatment
group), treated with DNaseI, then reverse-transcribed using Superscript II (Invitrogen
Corporation) according to the manufacturer’s protocol. cDNA levels were detected using
quantitative PCR with the ABI PRISM 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA) and SYBR Green I dye, and primers were created using
Applied Biosystems Primer Express Software version 2.0 (Table 1) as previously described
(Hewitt et al. 2005). Fold expression or repression was determined by quantitation of cDNA
from target (treated) samples relative to a calibrator sample (placebo). For all samples, the
gene for 18S was used as the endogenous control for normalization of initial RNA levels.
Expression ratios were calculated according to the mathematical model described by Pfaffl
(45), where ratio=(Etarget)ΔCt(target)/(E18s)ΔCt(18s) and E=efficiency of the primer set,
calculated from the slope of a standard curve of log (ng of cDNA) vs. Ct value for a sample
that contains the target according to the formula E=10-(1/slope) and ΔCt=Ct(vehicle)-
Ct(treated sample). These expression ratios were calculated for each treatment group as
described above, and average and SEM calculated. The data were analyzed for statistical
significance using an unpaired, two-tailed student’s t-test comparing estradiol-treated
samples to placebo-treated controls.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Estradiol treatment of ovariectomized mice induces ductal growth and elongation in mouse
mammary gland. A. Schematic of treatment strategy. Twenty-one-day old mice were
ovariectomized, allowed to rest for two weeks, then exposed to either placebo or estradiol.
Mammary glands were collected after two, five, seven, fourteen or twenty-eight days of
treatment. Asterisks indicate the weeks represented in (B). B. (Upper panel) Whole-mounts
of mammary glands from placebo or estradiol-treated mice after one or four weeks of
treatment. (Lower panel) Whole-mounts of mammary glands from virgin mice at 4 and 8
weeks of age. Arrows indicate approximate origin of ductal growth. Arrowheads indicate
limit of ductal growth. C. Ductal length in the mammary gland over the time course of
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estradiol treatment. Points represent the average ductal length measured from 3-5 mammary
glands, ± SEM.
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Figure 2.
Clustering by self-organizing maps (SOM analysis) of mouse mammary gland gene
expression after estradiol treatment. A. Red and green represent up- and down-regulated
genes, respectively. Combined cluster representing gene expression changes from two, five,
seven, fourteen or twenty-eight days of treatment with 17β-estradiol (p ≤ 0.001 in both
biological replicates for d7, d14, and d28, or in the one biological replicate for d2 and d5).
The 4-colour bar labeled A, B, C, and D indicates gene expression patterns identified by
SOM analysis.
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Figure 3.
Confirmation by quantitative PCR of estrogen regulation of selected genes observed in
microarray analysis (Table 2). RNA was prepared from one #4 mammary gland from each
of 4-5 mice and cDNA was prepared and analyzed from individual mammary glands. Each
graph was generated from one of two independent time-course experiments. Genes
representative of each of the three major patterns identified by SOM clustering (A, B, and
D) were confirmed. Results are expressed as the ratio of the variable gene to the 18S control,
± SEM. a, p < 0.0001 vs. placebo; b, p < 0.001 vs. placebo; c, p < 0.01 vs. placebo; d, p <
0.05 vs. placebo (unpaired, two-tailed student’s t-test).
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Figure 4.
Microarray data includes expected genomic responses to estradiol in mouse mammary
gland. A. Heat map showing microarray data of estrogen-regulated genes identified in other
studies: keratin complex 1, acidic, gene 19 (Krt1-19), angiotensin II receptor, type 2 (Agtr2),
gene regulated by estrogen in breast cancer protein (Greb1), retinol binding protein 4,
plasma (Rbp4), amphiregulin (Areg), WNT1 inducible signaling pathway protein 2, oxytocin
receptor (Oxtr), and early growth response 2 (Egr2). B. Expression of several genes
involved in fatty acid metabolism is decreased. Medium chain acyl-CoA dehydrogenase
(Acadm), Very-long-chain acyl-CoA dehydrogenase (Acadvl), Carnitine
palmitoyltransferase II (Cpt2), Long chain acyl-CoA dehydrogenase (Acadl), 3-hydroxyacyl
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CoA dehydrogenase (Hadh), (Carnitine acetyltransferase (Crat), Dodecenoyl-CoA Δ-
isomerase (Dci), and Short chain acyl-CoA dehydrogenase (Acads). C. Percent of genes
associated with the immune response, cell cycle/apoptosis, and metabolism/catabolism
grouped by gene expression pattern.
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Figure 5.
Graphic summary of genes in the oxidative phosphorylation pathway in mouse mammary
gland after treatment for two days or two weeks with estradiol. Red and green represent
increased and decreased gene expression; the intensity of the colour reflects the degree of
expression.
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Table 1

Sequences for quantitative PCR primers.

Gene symbol Accession # Primer range Forward primer (5’-3’) Reverse primer (5’-3’)

Adamts19 NM_175506 851-927 GGTCACCCGCACCGTTTAT TGGCGGTGAACAGCTGAGT

Areg NM_009704 743-817 CACAGCGAGGATGACAAGGA GAGGATGATGGCAGAGACAAAGA

Cilp AK081544 635-702 CCGAGTCACTGCTGCTGACA CGCGGTTATTCCCCATGTAC

Expi NM_007969 133-209 TTTGTTCTGGTAGCTTTGATTTTCA GCGCCAGGTTTTTCTTTGG

Gas6 NM_019521 199-260 TGGGCACTGCGCTTCTG CCGCAACAGCACAGTGTGA

Greb1 NM_015764 203-284 CGGGCTTTGTGAGGAGTCA CCGGAGCACAAAGAAGACAGA

Krt1-18 NM_010664 508-595 CTTGCCGCCGATGACTTTA CCTTGCGGAGTCCATGGA

Krt1-19 M28698 467-542 GAGGACTTGCGCGACAAGA GGCGAGCATTGTCAATCTGTAG

Plod2 NM_011961 448-525 ATAAGCGGCTGGCAGACAAG CATAGCCAATAAAGCCTCCAGAA

Ppara X89577 231-306 CCATACAGGAGAGCAGGGATTT TTACCTACGCTCAGCCCTCTTC

Fgb NM_181849 679-755 GCACTGTCAGCTGCAACATTC GGATGTCTCACCTCCCTTCCT

Ucp1 BC012701 398-471 AAAGGTGTCCTAGGGACCATCA GCAGGCAGACCGCTGTACA

18S X56974 1271-1351 GAAACTGCGAATGGCTCATTAA GAATTACCACAGTTATCCAAGTAGGA
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Table 4

Temporal expression of genes known to be involved in the regulation of mammary gland development or
breast cancer cell proliferation.

Gene Days of E2 exposure Fold increase p-value

Tgfβ 2 1.4 2.0E-04

c-myc 2 1.3 1.8E-03

5 1.3 7.9E-03

7 1.3 1.0E-05

Egfr 7 1.3 1.0E-04

14 1.3 4.0E-04

28 1.3 1.0E-10

Cdkn1a 2 3.4 ~0

5 2.5 8.5E-19

7 2.3 2.0E-09

14 2.1 2.8E-28

28 1.5 5.0E-04
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