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Prolactin and progesterone act together to regulate mammary alveolar development, and both
hormones have been implicated in breast cancer initiation and progression. Here we show that EIf5,
a prolactin-induced ETS transcription factor that specifies the mammary secretory cell lineage, is also
induced by progestins in breast cancer cells via a direct mechanism. To define the transcriptional
response to progestin elicited via EIf5, we made an inducible EIf5 short hairpin-RNA knock-down
model in T47D breast cancer cells and used it to prevent the progestin-induction of EIf5. Functional
analysis of Affymetrix gene expression data using Gene Ontologies and Gene Set Enrichment Analysis
showed enhancement of the progestin effects on cell cycle gene expression. Cell proliferation assays
showed a more efficacious progestin-induced growth arrest when EIf5 was kept at baseline levels.
These results showed that progestin induction of EIf5 expression tempered the antiproliferative ef-
fects of progestins in T47D cells, providing a further mechanistic link between prolactin and progestin

in the regulation of mammary cell phenotype. (Molecular Endocrinology 24: 1380-1392, 2010)

combination of pituitary and ovarian hormones
Atightly regulates reproductive function. Among
these interactions prolactin (Prl) and progesterone (Pg)
act together to drive a number of developmental events
that include maintenance of the ovarian corpora lutea
(1), uterine gene expression (2), maternal behavior (3),
and mammary gland development (4, 5). Prl and Pg
directly drive the proliferation of mammary epithelial
cells to form lobuloalveolar structures during early to
mid pregnancy (6, 7), but then Pg inhibits the lacto-
genic actions of Prl during the final stages of pregnancy
to ensure that lactation commences only after parturi-
tion (8). The proproliferative activity of Pg may be
elicited via the B-form of the Pg receptor causing ex-
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tranuclear activation of the Src¢/MapK pathway to ac-
tivate Cyclin D1, an activity that can be divorced from
the receptor’s transcriptional activity (9). The antilac-
togenic activity of Pg is related to the ability of the
B-form to prevent interaction between the proximal
promoter and distal enhancer on the B-casein gene (10).
These normal developmental mechanisms may be used
by breast cancer cells, and both Prl and Pg have been
implicated in the carcinogenic process in the breast
(11, 12). Understanding the mechanistic basis for the
interaction between Prl and Pg, and definition of the
genomic regulatory network (13) responsible for lobu-
loalveolar development and lactation, will shed light
on the normal and carcinogenic processes experienced

Abbreviations: BY, Benjamini-Yekutieli; CAT, correspondence at the top; ChIP, chromatin
immunoprecipitation; DAVID, Database for Annotation, Visualization, and Integrated Dis-
covery; EGFP, enhanced green fluorescent protein; GO, gene ontology; GSEA, gene set
enrichment analysis; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium; NES, normalized enrichment score; Pg, progesterone; Prl,
prolactin; shRNA, short hairpin RNA.
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by the mammary epithelium. An example of a regulatory
motif active within this network is the regulation of Prl and
Pg receptors by Prl and Pg, in both self-regulatory and cross-
regulatory ways (14). The transcription factors within this
network provide additional points through which Prl and Pg
may exert regulatory influence.

A key transcription factor in the genomic network
responsible for alveolar morphogenesis is EIf5, a mem-
ber of the large family of ETS transcription factors,
which play key roles in development, differentiation,
and apoptosis and have long been implicated in the
control of cellular proliferation and tumorigenesis (15—
18). A number of experiments have demonstrated that
EIfS is critical in the differentiation of the mammary
gland in vivo. ElfS expression is induced by Prl treat-
ment of Scp2 mammary cells and is greatly reduced in
Prl receptor knockout mammary glands (19). Retrovi-
ral reexpression of EIf5 rescued the failed alveolar de-
velopment seen in these mammary glands (19). EIf5 can
induce transcription of the milk protein gene whey
acidic protein (Wap) by binding to its promoter (20).
EIfS heterozygote (EIfS™/7) mice show defective lobu-
loalveolar development and decreased milk protein gene ex-
pression during pregnancy (21). EIfS knockout (EIf5~7)
mice exhibit severely impaired lobuloalveolar development,
and milk production is lost (22, 23). These models pheno-
copy the effects seen in Prl receptor heterozygous and ho-
mozygous glands (7, 24). Additionally, in a model of induc-
ible EIf5 expression in the mammary gland, precocious
alveolar development accompanied by milk protein expres-
sion was seen in nulliparous animals (22). Many of these
effects are due to the ability of EIf5 to regulate crucial cell
fate decisions. The knockout of EIf5 caused the accumula-
tion of CD61+ luminal progenitor cells, while induction of
Elf5 caused the erosion of this population (22). This popu-
lation has recently been hypothesized as the cell of origin for
some of the basal-like breast cancers (25). Thus EIfS is a key
transcription factor that specifies the secretory cell lineage of
the mammary gland. Recent microarray investigation of Prl
and Pg action in mice has indicated that many transcrip-
tional effects of Prl and Pg overlap and that EIfS may be a
progestin target (26).

The T47D human breast cancer cell line provides a well-
defined model of progestin action, causing cell cycle arrest
and the acquisition of lipid biosynthesis (27-31). T47D cells
express Elf5, and here we demonstrate that EIf5 expression
is increased by progestin treatment. We constructed a model
of inducible short hairpin RNA (shRNA) expression against
EIf5 in T47D cells. We used it to hold Elf5 protein at
baseline levels during progestin treatment and mea-
sured the transcriptional consequences using Af-
fymetrix expression arrays.

mend.endojournals.org 1381

Results

EIf5 is up-regulated by Pg treatment in vitro
and in vivo

Treatment of mice with Pg pellets for 20 d resulted in a
significant increase in EIfS expression in the mammary
gland (Fig. 1A), consistent with a previous report showing
up-regulation of EIf5 within 3 d of progestin treatment
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FIG. 1. EIf5 mRNA expression is induced by progestin treatment. A,
Mice were implanted sc with slow-release Pg pellets (5 mg/21 d) for
20 d before the collection of all mammary glands, which were snap
frozen in liquid nitrogen before mRNA preparation using Trizol and
quantitative RT-PCR to measure EIf5 mRNA levels. B and C, T47D cells
were treated in triplicate with 10 nm of the progestin ORG2058 (solid
line) or ethanol vehicle (dotted line) for up to 2 d (B) or for 3—-6 d (C)
before mRNA preparation and quantitative RT-PCR to measure EIf5
mRNA levels in T47D (A), MCF7 (@), and BT474 (m) breast cancer cells.
Results are expressed as fold change in EIf5 expression compared with
vehicle-treated cells at 4 h. Error bars represent the sem for this
representative experiment.
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FIG. 2. EIf5 protein expression is induced by different progestins and
is antagonized by cotreatment with the Pg receptor antagonist RU486.
T47D cells were treated with 10 nm of the progestins ORG2058 (A) or
R5020 (B) for the indicated times before the preparation of protein
lysates and Western blotting for EIf5 protein. C, Effect of a 10-fold
molar excess of the Pg antagonist RU486 on ORG2058 induction of
EIf5 protein levels at the times indicated. Loading controlled using
reblotting for B-actin.

(26). We investigated the hormonal regulation of EIf5 in
human breast cancer cells using the progestins ORG2058
and R5020, synthetic analogs of Pg (Fig. 1, B and C). Elf5
mRNA levels were increased with exposure to ORG2058
by 8 h of treatment in T47D and BT474 and was main-
tained for at least 2 d of treatment in all cell lines (Fig. 1B).
Long-term experiments in T47D cells (Fig. 1C) showed
the effect lasted for at least 6 d. Up-regulation in T47D
cells was also observed at the protein level from 16-24
h and onwards in response to ORG2058 (Fig. 2A) and
a second synthetic progestin, R5020 (Fig. 2B). Cotreat-
ment of T47D cells with the progestin antagonist,
RU486, at 10-fold molar excess abolished the effect
(Fig. 2C).

A whole genome survey of PR-genomic DNA interac-
tions in T47D cells, using chromatin immunoprecipita-
tion (ChIP) coupled with high throughput sequencing
predicted PR binding within the fourth intron of the EIf$
gene (Fig. 3, top, triangle; and Graham, J. D., and C. L.
Clarke, unpublished observations). Binding of PR to this
region was confirmed by directed ChIP, where recruit-
ment of PR to this region was enriched 18-fold in T47D
cells after 45-min exposure to the progestin ORG2058
(10 nm), compared with vehicle-treated cells (Fig. 3).
Weak binding was also confirmed to a region predicted by
ChIP-seq to bind PR 30 kb upstream of the EIfS gene (not
shown). The specificity of this recruitment was demon-
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FIG. 3. ChlIP shows progestin-induced recruitment of Pg receptor to
the EIf5 gene. Top, A genome-wide study of Pg receptor occupancy of
DNA in response to progestin treatment of T47D cells revealed a peak
of de novo binding associated with the EIf5 gene, 30.1 kb from the
start site. Middle and bottom, gPCR was used to quantify this de novo
binding of Pg receptor, under the conditions indicated. ORG, 10 nm
ORG2058 treatment; a-PR, Pg receptor antibody; no1"™ Ab, no primary
antibody; input, input genomic DNA control, V, ethanol vehicle, IP,
immunoprecipitation.

strated by a lack of signal when either ORG2058 or the
primary antibody were absent. Together the data in Figs.
1-3 demonstrate that EIf5 is a direct transcriptional target
of the Pg receptor.

Establishment of a system to investigate the role
of EIf5 in progestin-induced proliferation in T47D
breast cancer cells

We generated a stable inducible EIf5 shRNA T47D cell
line by inserting an shRNA designed against EIf5 into the
pHUSH vector system, as previously described (32).
Upon treatment with doxycycline the expression of en-
dogenous EIfS is rapidly repressed and remains so over
the long-term. Importantly, in the presence of progestin
treatment, the EIf5 shRNA holds down progestin induc-
tion of EIf5, and EIf5 levels remain stable at preprogestin

shEGFP shEIf5
Dox - + - + - + - +
ORG2058 - - + + - - + +
a-Elf5 | . —-— - -

a-B-actin[——- e —— — — — —

FIG. 4. Construction of a model to prevent the progestin-induced rise
in EIf5 expression. T47D cells were stably transduced with the pHUSH
vector conferring doxycycline-inducible expression of a sh-RNA
directed against EIf5 (shEIf5) or against EGFP (shEGFP). EIf5 protein
was detected by Western blot at 4 d of treatment. The rise in EIf5
protein induced by treatment with 10 nm ORG2058 was prevented by
simultaneous induction of EIf5 shRNA by doxycycline, which
maintained EIf5 protein at pretreatment levels for 4 d. Induction of
shEGFP with doxycycline was without effect on EIf5 expression.
Loading controlled with B-actin.
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levels (Fig. 4). As a control, we also generated stable
T47D cells carrying the pHUSH construct with anti-
EGFP shRNA. EIf5 levels were not affected in this model,
and the progestin induction of EIfS expression occurred
regardless of induction of the shEGFP construct with
doxycycline (Fig. 4). Supplemental Fig. 4 shows the com-
bined results of five individual experiments and shows
that over multiple experiments this system produced con-
sistent results for shEIf5 knock-down of EIf5 expres-
sion, both with and without progestin induction,
whereas shEGFP was without effect on EIf5 expression.
(Supplemental Figures are numbered to correspond to
figures in the printed article, and Supplemental Tables
are numbered to correspond to experimental groups;
therefore, the Supplemental Data are not cited in nu-
merical order.)

Identification of genes regulated by progestins
and EIf5

We used Affymetrix expression arrays to determine to
what extent EIfS mediated the transcriptional effects of
progestins in T47D cells. We transcript profiled our in-
ducible Elf5 hold-down model using triplicate indepen-
dent experiments under three conditions: 1) treatment
with ethanol vehicle only (Baseline), 2) ORG2058 treatment
for 4 d (Pg), and 3) doxycycline and ORG2058 treatment
for 4 d, (Pg-Elf5) designed to prevent the progestin-induc-
tion of EIfS expression.

To assess the extent of differential gene expression be-
tween the three possible pair-wise comparisons, we ap-
plied an empirical Bayes moderated t-statistic to the nor-
malized expression levels for each probe set on the
microarray. P values for each probe set were adjusted for
multiple testing by the BY procedure. A detailed descrip-
tion of the differentially regulated probe sets can be found
in the Supplemental Text entitled “Supplementary text,
diferentially expressed genes.” In brief we found 3137
probe sets with significant changes in gene expression
from baseline in response to either Pg treatment (2644
probes sets BY < 0.05) or Pg-Elf5 (2680 probe sets BY >
0.05). The comparison of Pg vs. Pg-Elf5 identified a num-
ber of differentially expressed probe sets in response to pre-
vention of the progestin-induced rise in EIf5. A global view
of these results is provided by Fig. 5, which shows a hierar-
chical clustering of gene expression. Some areas of differen-
tially expressed genes have been magnified. The complete
heat map with all genes can be found in Supplemental
Fig. SA. Note that EIf5 expression is induced by pro-
gestin but remains at baseline levels with induction of
shEIf5. The complete spreadsheet (8MB .zip) is avail-
able from the corresponding author. The most differ-
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entially expressed probe sets can be found in the Sup-
plemental Tables 7, 9, 11, and 13.

Figure 5 and Supplemental Fig. 5 show that progestins
exerted a major transcriptional effect in T47D cells. We
used quantitative PCR to validate these array results for
a panel of 10 genes that showed modification of the
progestin-effect on gene expression by induction of shEIS
(Supplemental Fig. 5B). Near identical effects of shEIf5 on
the change in direction and magnitude of gene expression
were observed for all 10 genes regardless of whether Af-
fymetrix chips or qPCR was used. Thus prevention in the
rise of EIf5 led to the identification of a subset of genes
that were regulated by progestins via induction of EIfS5.

Functional analysis of the transcriptional changes
induced by progestin and EIf5 and identification
of common ontologies and enriched gene sets
Extracting functional understanding from lists of differ-
entially regulated probe sets is a major challenge posed by
array technology. Two major approaches have been devel-
oped, those using human annotation of function, such as
gene ontologies (GOj; http://www.geneontology.org/) (33),
or pathway analysis provided by the Kyoto Encylopedia of
Genes and Genomes (KEGG; http://www.genome.jp/kegg/)
(34), and those that use techniques that search for the en-
richmenot of signatures defined by empirical means, such as
GSEA (http://www.broadinstitute.org/gsea) (35, 36). We
used DAVID (http://david.abcc.nciferf.gov/home.jsp) (37)
and GSEA to seek functional understanding of both proges-
tin action and of the portion regulated via induction of EIfS.

Gene ontologies

Looking first at progestin action, DAVID identified a
number of significantly enriched GO categories related to
immune function among the significantly up-regulated
probe sets (P < 0.05) in the comparisons Baseline vs. Pg
and Baseline vs. Pg-Elf5 (Supplemental Tables 1 and 3).
GO categories related to proliferation and cell cycle con-
trol were enriched among the significantly down-regu-
lated genes (Supplemental Tables 2 and 4).

Turning to the contribution of EIf5 to these processes,
significant (P < 0.001) GO terms identified among the
genes up-regulated in the comparison of gene expression
between Pg-Elf5 vs. Pg treatment showed a dominance of
Spectrin repeat sequence-containing ontologies (Supple-
mental Table 5); however, these ontologies were not
present among those enriched in the progestin only treat-
ment sets suggesting an independent action of EIfS.
Among the down-regulated sets we found a number of
GO sets related to cell cycle control (Supplemental Table
6), despite identical progestin treatment in both arms of
the comparison, indicating that preventing the progestin-
induced rise in Elf5 had amplified the cell cycle effects of
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FIG. 5. Gene expression changes induced by treatment of T47D cells with progestin, with and without the rise in EIf5 expression. T47D cells were
treated with vehicle (Baseline, B), 10 nm of the progestin ORG2058 (Pg, P) or progestin and doxycycline (Pg-EIf5, E) to prevent the rise in EIf5, for
4 hours before interrogation of global change in gene expression using Affymetrix arrays. Results are presented as a hierarchically clustered heat
map of expression (row normalized, color key shows relative expression levels) of the probe sets that showed differential expression in the
comparisons of Baseline to Pg or Baseline to Pg-Elf5. Some features are expanded to show probe set identities. Data are derived from three

independent experiments, each carried out in triplicate.

progestin treatment. We also investigated the enriched
genes and ontologies in subgroups defined by the direc-
tion of movement in gene expression in response to pro-
gestin and EIf5 hold-down (Supplemental Tables 7-14).

This analysis showed strong enrichment of cell cycle on-
tologies in a set of genes that decreased with progestin
treatment and decreased further in expression when EIf5
was knocked down.
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Gene set enrichment analysis

We ranked all probe sets by their moderated t statistic,
which represents the differential expression of each probe
set for the three possible comparisons, Pg vs. Baseline,
Pg-EIf5 vs. Baseline, and Pg-EIfS vs. Pg. All the probe sets
were ranked by this t statistic, and we asked whether
portions of any previously defined gene lists were signif-
icantly over-represented at the extremes of our ranked
list, using the GSEA the gene sets from the Molecular
Signature (MolSig) database implementation available
via the Broad Institute. Importantly, and unlike the Gene
Ontology/DAVID analysis, this approach does not re-
quire the use of arbitrary cut-off values for defining genes
of interest and is able to find patterns of gene expression
from within the entire data set guided by empirically de-
fined functional relationships among genes. The complete
results of the GSEA (1.5GB .tar.gz) can be obtained from
the corresponding author.

We used CAT plots of these ranked gene lists to pro-
vide an overview of the GSEA data and to identify com-
parisons that revealed the biological activity of progestins
and EIf5. The comparison between baseline expression
and progestin treatment with, or without, EIf5 hold-
down will firstly identify the set of progestin-regulated
gene sets and secondly those gene sets that showed altered
enrichment with hold-down of EIfS.

We first examined the correspondence between gene
sets produced by the Pg vs. Baseline comparison, with
gene sets produced by Pg-Elf5 vs. Baseline comparison.
We asked to what extent we found sets in common as we
moved down the list starting at the largest positive nor-
malized enrichment score (NES) and moving toward the
negative end of the list (+NES->—NES) for each com-
parison, (Fig. 6A, red line). We observed an essentially
horizontal line running between 80% and 100% in com-
mon as the size of the list increased. This indicates a very
high correspondence in the order of gene sets in these two
lists, consistent with a modest transcriptional effect of
Elf5 hold-down relative to the large transcriptional effect
produced by progestin treatment. When we looked for
correspondence between lists of gene sets enriched by the
Pg-ElfS vs. Pg and those produced by the Pg vs. Baseline,
we observed a 45-degree line (green line) indicating a
random accumulation of gene sets in common, and thus
no strong relationship between gene sets enriched due to
Elf5 hold-down and those enriched due to progestin ac-
tion. A similar observation was made for the Pg-EIf5 vs.
Baseline V. Pg-Elf5 vs. Pg CAT analysis (black line). Thus
for the positively enriched sets the bulk of the transcrip-
tional effect of Pg occurs regardless of whether EIfS5 is held
down to baseline or is allowed to rise with progestin
treatment.
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FIG. 6. Correspondence at the top plots to examine changes in gene
sets identified by gene set enrichment analysis. Gene set enrichment
analysis was used to identify gene sets that were enriched in each of
the two-way comparisons among baseline, progestin treated (Pg), and
progestin-treated and EIf5 hold-down (Pg-EIf5) groups. These sets of
gene sets were then compared with highlight gene sets that were
differentially responsive to Pg and Pg-Elf5. Correspondence at the top
plots identified gene sets that showed discordant regulation when the
combinations shown in the Figure were examined, moving down the
list from positive normalized enrichment score (NES) (A) or up the list
from negative NES (B). The identities of the most discordant gene sets
are given in Supplemental Table 15).

When we examined gene sets that were negatively en-
riched (Fig. 6B), an effect of the hold-down of EIf5 was
apparent. At list sizes of less than 100 gene sets we ob-
served a prominent tail of lower rates of correspondence
between the negatively enriched gene sets from the Pg-
ElfS vs. Baseline comparison and the Pg vs. Baseline com-
parison (Fig. 6B, red line), indicating that the loss of EIf5
was perturbing the effect of Pg. We also observed higher
rates of correspondence than that produced by random
accumulation when we compared the Pg-EIf5 vs. Pg gene
sets with Pg vs. Baseline gene sets, (Fig. 6B, green line) and
for the Pg-ElfS vs. Baseline vs. Pg-ElfS vs. Pg analysis
(black line), again showing that hold-down of EIf5 was
perturbing Pg action. Thus the CAT analysis revealed the
presence of gene sets regulated by progestin via induction
of EIf5 primarily among the negatively enriched gene sets.
The identity of these gene sets is provided in Supplemental
Table 15 and is sorted by the magnitude of change in their
rank order between lists.
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Application of a new way to view the results of
gene set enrichment analysis

The leading-edge tool provided by GSEA allows com-
parisons between significant gene sets to be made based
upon the similarity of the leading-edge genes from each
relevant gene set. The tool does not allow the comparison
of gene sets from multiple treatment comparisons; in ad-
dition, if we compare the significant gene sets obtained
from two comparisons by just the name of the gene set,
there is the potential for the same gene set to be enriched
with very little overlap among the leading-edge genes,
especially for large gene sets that contain distinct signa-
tures representing multiple biological processes. To over-
come this problem we developed a novel gene set com-
parison technique to visualize the similarity between gene
sets from multiple GSEA runs, using hierarchical clustering
based on the leading-edge genes (Cowley, M. ]J. unpublished
observations). We applied this technique to highlight the
progestin-induced changes mediated by EIf5.

We identified 489 Elf5-responsive gene sets from the
comparison Pg-Elf5 vs. Pg (FDR < 25%) and 623 pro-
gestin-regulated gene sets using the comparison Pg vs.
Baseline (FDR < 25%), and then combined the EIf5 and
Pg sets to give 1,112 gene sets. We then computed the
distance between all possible pairs of gene sets using the
jacquard, summarized the relationships between gene sets
using hierarchical clustering, and visualized the resulting
dendrogram in a high-resolution image (Supplemental
Fig. 1). This technique transforms the output of GSEA
from two separate lists into a visual representation of
function, which greatly simplifies the task of extracting
information regarding function from array experiments.

The degree of overlap among the leading-edge genes is
shown by the position of the gene set name across the
page, with 100% overlap to the far left and 0% to the far
right. Gene sets containing many of the same genes form
trees. The trees so produced are based on shared gene
expression signatures and identify discrete functional ac-
tivities due to progestin, EIf5, or their combined action.
The discrete aspects of Pg action are clearly seen, for
example, in trees representing the inflammatory response
containing a majority of sets from the Pg vs. Baseline
comparison. Where trees combine gene sets from both Pg
vs. baseline (Pg-regulated genes) and Pg vs. Pg-EIf5 (EIf5-
regulated genes) they represent the combined action of
progestin and EIf5, so identifying the genes we seek (high-
lighted in blue in Supplemental Fig. 1). This technique
excludes associations that would be made using gene set
names alone. For example the UVC gene sets appear in
both the Baseline vs. Pg and the Pg vs. Pg-Elf5 compari-
sons and show a large change in rank order in our CAT
analysis (Supplemental Table 15); however, these sets
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were demonstrated by this technique to contain less than
10% overlap in their leading-edge genes (Supplemental
Fig. 1 and the UVC set shown in Supplemental Fig. 2).

Role of EIf5 in progestin-regulated
gene expression

Supplemental Fig. 1 contains a number of large trees
composed of gene sets representing cell cycle control. This
is due to the potent cell cycle effects of progestins in
T47D. Interestingly these trees also contained a high pro-
portion of gene sets from the Pg vs. Pg-EIf5 comparison,
indicating that EIfS also plays a role in the progestin reg-
ulation of the cell cycle. As detailed above this effect was
detected for just a handful of cell cycle genes using P
values and DAVID analysis using GO terms, but using
our clustering of the GSEA the full magnitude of this
effect became apparent. Figure 7 presents a few trees from
Supplemental Fig. 1 together with heatmap diagrams pro-
viding expression levels for the leading-edge genes, while
Supplemental Fig. 7A provides this data for all cell cycle
related trees in Supplemental Fig. 1. When we examined
heat maps representing expression levels of the leading-
edge genes we observed that hold-down of EIf5 acted
across a number of cell cycle-related gene signatures to
generally enhance the action of progestin, which in the
majority of cases led to further decreases in the expression
of a large number of cell cycle regulatory genes. This effect
is characterized by a small further change in individual
gene expression across a large number of functionally
related genes. Importantly, these gene sets were defined
experimentally by conditions chosen to exert cell cycle
effects, such as the removal and then readdition of se-
rum or cytokines, genotoxin treatment, direct manipu-
lation of cell cycle genes like cyclinD3, myc, p21,
POD1, or E2A. Manually annotated cell cycle lists were
also prominent here.

Our clustering technique also identified additional
functions of EIf5 in the context of progestin action. Hold-
down of EIf5 was also observed to suppress progestin
action. This effect was most prominent for gene sets rep-
resenting mRNA processing (Supplemental Fig. 7B). We
also observed a series of large gene sets where hold-down
of EIf5 resulted in both enhancement and suppression of
progestin action (Supplemental Fig. 7B). These gene sets
resulted from experiments profiling stem cells, the effects
of reovirus infection, or diabetes on the kidney and are
very likely to contain a number of overlapping and inde-
pendent transcriptional signatures representing the com-
plex phenotypes and/or pathology under investigation.

A third group of gene sets was identified where strong
repression of gene expression by EIf5 was observed to-
gether with a mixed or weak response to progestin. These
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gene sets were dominated by signaling pathways, includ-
ing ErbB, PI3K, Notch, MTOR, and EGF, indicating EIf5
regulatory action with greater independence from Pg than
seen in the other gene sets discussed above (Supplemental
Fig. 7C).

Effect of EIf5 hold-down on T47D cell proliferation

The transcript profiling experiments showed that hold-
down of EIf5 enhanced the ability of progestin to regulate
the expression of a large number of cell cycle control
genes. We hypothesized that this effect may alter the po-
tency or efficacy of progestin treatment of T47D cells. We
used MTS assays to address this question using simulta-
neous dose response and time course experiments to
search for a shift in sensitivity, time of onset, or greater
effect of progestin treatment (Fig. 8). A dose-dependent
decrease in MTS signal was observed at progestin concen-
trations above 1 nMm at a variety of time points that were
examined, reproducing the effect of progestin originally
described in the parental line. Hold-down of EIfS in-
creased the effect of R5020 at concentrations above 1 nm,
as seen by the further reduction in M TS signal. There was
no horizontal shift in the dose response or change in the
timing of the effect of progestin. In the shEGFP control
cell line, the induction of shEGFP with doxycycline was
without effect, demonstrating that the increased efficacy
observed with EIf5 hold-down was not due to nonspecific
effects of doxycycline or expression of an exogenous
shRNA. These experiments show that the progestin was

more effective at inhibiting cell proliferation when the
progestin-induced rise in EIf5 expression was prevented.

Discussion

Elf5 is an ETS transcription factor critical for prolifera-
tion and differentiation of the mammary gland in vivo.
Here we have demonstrated that EIf5 expression is di-
rectly induced by Pg in both the mouse mammary gland in
vivo and in T47D breast cancer cells in vitro. We have
shown that progestin induction of Elf5 moderated the
progestin regulation of cell cycle genes and increased the
efficacy of the antiproliferative action of progestin.

In this model of progestin action, treatment of T47D
cells with progestins induced cell cycle arrest in early G1
phase and forced cells in late G1 to rapidly enter and
transit S-phase, which caused a peak of S-phase cells at
12 h of treatment and accumulation in G1 that became
maximal by 30 h of treatment (27, 30). Progestins caused
an increase in EIf5 protein from 16-24 h, ruling out any
role for EIf5 in the forced cell cycle entry of late G1 cells.
From 24 h, T47D cells show an increase in lipid produc-
tion and alteration in cell morphology that had been in-
terpreted as a differentiation event (30).

Our expression array experiments identified a number
of key cell-cycle control genes that are regulated by pro-
gestins. Using P values we found cell division cycle-asso-
ciated 5, SPC25, NDC80 kinetochore complex compo-
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FIG. 8. Effect of EIf5 hold-down on cell proliferation in T47D cells.
MTS assay of cell number in response to doxycycline (+dox) induction
(black lines) of shEIf5 (graphs on right), shEGFP (graphs on left), or no
doxycycline (—dox) treatment (gray lines on both sides) at the indicated
concentrations of R5020 (V = vehicle only) for the indicated times of
treatment. Data are derived from a combination of three independent
experiments, each conducted with six replicates, by normalization to
average cell number observed in vehicle-only control wells before
averaging and calculation of P values (P) using Student’s t test.

nent and CDC28 protein kinase regulatory subunit 2.
These genes are involved in promoting mitosis or cell
cycle progression (12, 38, 39). Using a hierarchal cluster-
ing technique we developed to enhance the utility of
GSEA we were able to greatly expand this list by the
identification of five distinct families of gene sets involved
in cell cycle regulation. Examination of the expression of
the common leading-edge genes from these sets showed a
dominant pattern of regulation, where progestin treat-
ment resulted in a large fall in the expression of these
genes, and concomitant prevention of the rise in EIf5 pro-
duced an additional fall in their level of expression. Prom-
inent examples include cyclins A1, A2, B1, B2, and E1.
Cyclin E1 showed a muted response to R5020 but a
strong response to ElfS hold-down in comparison with
the other cyclins. Other genes exhibiting this behavior
included Annexin A8, TCN2, EGR1, SPP1, and GJa4.
Cell cycle regulators such as cyclin-dependent kinases reg-
ulatory subunit 2, cyclin-dependent kinase inhibitor 3,
and a variety of DNA replication factors such as PCNA
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and the CDC proteins were also found to be further sup-
pressed with EIf5 hold-down. Where progestin treatment
caused a rise in gene expression, hold-down of EIf5
caused a less substantial rise in expression to occur, such
as seen for SDC1, FOSB, SEC61B, SOX21, and MYHS,
for example. These observations provide the mechanistic
underpinnings for our observed increase in the efficacy of
R5020 with Elf5 hold-down. EIf5 exerts proproliferative
activity via the expression of key cell cycle regulatory
genes, which tempers the antiproliferative effects of
R5020 in T47D cells. A similar proproliferative action of
Elf5 has been observed in heterozygous (21) and homozy-
gous knockout (22) of Elf5. Induction of EIf5 caused the
production of milk proteins in virgin mice (22), and sup-
port for a similar effect on differentiation in T47D cells
can be found in changes in some of the lipogenic enzymes
such as GPD1.

Less prominently we also observed gene sets with other
responses to EIf5 hold-down. Five families of gene sets
were identified that either showed further increase in
expression with EIf5 hold-down or which moved in the
opposite direction with Elf5 hold-down and progestin
treatment than with progestin treatment alone. Most
prominent here are genes involved in mRNA processing.
These genes generally showed decreased expression com-
pared with baseline with progestin treatment but displayed
increased expression compared with baseline when the pro-
gestin-induced rise in Elf5 was prevented. Examples include
DICER1, splicing factors such as SFRS12 and SNRPN, and
polyadenylation enzymes like PAPOLA.

Also exhibiting this behavior were signaling molecules
NOTCH1, ROCK2, IQGAP1, and transporter ABCC1
to name just a few. These latter genes were derived from
large gene sets defined by experimental events with broad
effect, such as diabetic kidney, viral infection, UV expo-
sure, profiling of stem cells, and treatment with histone
deacetylase inhibitors. This set of empirically related
genes probably represents the signature of undiscovered
or unrecognized biological functionality that could not be
detected using P values alone to build gene sets. The ap-
plication of hierarchical clustering to GSEA output pro-
vides a way to build gene lists based on relationships that
have been defined experimentally and may prove to be a
superior method to those that operate without reference
to previously defined signatures.

Pg may modulate Elf5 expression to provide a way of
potentiating the activity of related pathways, such as
growth factor receptor or hormone receptor pathways.
For example, A kinase anchor protein 13 (Supplemental
Table 7) has been reported to bind the estrogen receptor
(ER) and modulate ER signaling (40), and microtubule-
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associated protein 2 (also identified in Supplemental Table 7)
has been shown to interact with Src and Grb2 (41), both
of which are members downstream of the Prl receptor
signal transduction pathway. Cross talk between Pg and
various other signaling pathways has previously been
proposed to account for seemingly paradoxical effects of
Pg on cell proliferation (42—44).

Our GSEA hierarchal clustering found seven families
of genes involved in signaling events that were regulated
by Elf5 hold-down to a much greater extent than by pro-
gestin treatment, as demonstrated by the absence of Pg-
only gene sets in the clusters. Examination of the heat
maps showed progestin regulation of some individual
gene set members. Most prominent among these gene sets
with muted response to progestin was the MTOR path-
way, including genes such as PIK3R1, PDPK1, ULK1
(not Pg responsive), and PTEN (strongly Pg responsive).
The Notch pathway (Notch 1, 2, and 3) showed differen-
tial responses to Pg when EIf5 was knocked down. The
phosphatidyl inositol, integrin, and ERBB signaling path-
ways all showed strong responses to Elf5 hold-down with
mixed responses to progestins. Decreased cell adhesion
has previously been demonstrated both in the mammary
glands of PgR transgenic mice (45) and in T47D cells
upon prolonged progestin treatment (46). In addition, re-
cent data from a microarray analysis performed on primary
mouse mammary epithelial cells treated with R5020 has
suggested that progestins modify cell adhesion through the
regulation of numerous extracellular matrix genes (47).
Involvement of Pg in tumorigenesis and MAPK signaling
in T47D is also well established (12, 48), and our data are
consistent with these findings and suggest Elf5 as a mod-
ulator of these effects.

GSEA s in its infancy. The integration of automated
interrogation of GSEA output with machine derivation of
gene sets from electronic databases and new statistical
and computational enrichment techniques offers an ex-
pansion in the utility of this technique that may allow
fundamental transcriptional signatures to emerge from
the empirical data. The key feature of GSEA is that the
gene sets are defined by the quantitative biological re-
sponse to experimentation, not by human interpretation.
The clustering of gene sets using their leading-edge genes
provides another step in the direction toward improved
extraction of functional understanding from transcrip-
tional data.

Overall, the data obtained from this analysis have
shown that in T47D breast cancer cells, and by analogy
also in other mammary epithelial cells, EIf5 expression
may be important in Pg-mediated regulation of processes
relating to cell cycle control, adhesion, and cell signaling.
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Materials and Methods

In vivo Pg treatments

Experiments involving mice were performed under the su-
pervision of and in accordance with the regulations of the
Garvan/St. Vincent’s Animal Experimentation Committee.
All animals were housed with food and water ad libitum with
a 12-h light, 12-h dark cycle at 22 C and 80% relative humidity.
A 5-mg Pg 21-d release pellet (Innovative Research of America,
Sarasota, FL) was implanted sc on the dorsal side of each mouse.
Control mice received a sham operation. Mammary glands
were collected 20 d after pellet implantation and were snap-
frozen in liquid nitrogen. Total RNA was prepared for real-
time PCR analysis from homogenized mammary glands using
Trizol reagent according to the manufacturer’s instructions
(GIBCO/Invitrogen, Victoria, Australia).

Cell culture

T47D cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum (Thermotrace, Noble Park,
Victoria, Australia) and insulin (10 mg/ml, Actrapid, Novo
Nordisk, Baulkham Hills, New South Wales, Australia). T47D-
EcoR cells for retroviral infection were generated as described
previously (49). A retroviral single vector system that enables
doxycycline-regulated RNAi (pHUSH) expression was obtained
from Genentech Inc., San Francisco, CA (32), and the shRNA
Elf5-pHUSH constructs were generated according to the meth-
ods detailed previously (32). ElfS repression was achieved by
treatment with doxycycline at 0.1 pug/ml (Clontech, Palo Alto,
CA). Pg stimulation experiments involved treating T47D cells
with 10 nM ORG2058 (Amersham Australia), RU486 (Roussel-
Uclaf, Romainville, France), MPA (Upjohn Pty Ltd., Sydney,
Australia), and R5020 (Du Pont Ltd., Sydney, Australia).

RNA extraction, quantitation, and analysis

Total RNA was extracted using the RNeasy Minikit (QIAGEN,
Doncaster, Victoria, Australia) as described in the manufacturer’s
instructions. For Affymetrix GeneChip analysis, RNA quality
was assessed by RNA Nano LabChip analysis on an Agilent
Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). Af-
fymetrix GeneChip Array processing occurred at the Ramaciotti
Centre for Gene Function Analysis, University of New South
Wales. For real-time quantitative PCR, single-stranded cDNA
was produced by reverse transcription using the Reverse Tran-
scription System (Promega, Annandale, New South Wales, Aus-
tralia) according to manufacturer’s instructions. Quantitative
PCR was performed using the TagMan probe-based system on the
ABI Prism 7900HT Sequence Detection System (Applied Biosys-
tems, Scoresby, Victoria, Australia). All reagents and Gene Ex-
pression Assays (mouse Elf5; Mm00468732_m1, human EIfS;
Hs00154971_m1, GAPDH; 4352339E) were purchased from Ap-
plied Biosystems.

Protein extraction and analysis

Protein samples were prepared from cell lines lysed in ice-
cold normal lysis buffer [S0 mm HEPES (pH 7.5), 150 mm NacCl,
10% glycerol, 1% Triton X-100, 1.5 mm MgCl,, T mm EDTA,
10 mm pyrophosphate, 100 mm NaF] containing protease and
phosphatase inhibitor cocktail tablets (Roche, Basel, Switzer-
land). Lysates were prepared in NuPAGE LDS Sample Buffer
and NuPAGE Sample Reducing Agent (Invitrogen) and sepa-
rated on NuPAGE Bis-Tris acrylamide gels run in MOPS buffer
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(Invitrogen), followed by transferring to PVDF membranes
(Bio-Rad, Hercules, CA). The membranes were incubated over-
night with EIf5 (N19; Santa Cruz Biotechnology, Santa Cruz,
CA) and a-B-actin (Sigma, St. Louis, MO) primary antibodies.
Horseradish peroxidase-linked secondary antibodies were used
to detect a signal by enhanced chemiluminescent detection.

Cell proliferation

T47D cells carrying an inducible short hairpin RNA directed
against EIf5 or enhanced green fluorescent protein (EGFP) were
plated in replicate 96-well plates at a seeding density of 2000
cells per well, using medium described above supplemented Pu-
romycin at 2 ug/ml in the presence or absence of doxycycline.
Six replicates were set up for each treatment. The following day,
cells were treated with various concentrations of progestin
R5020 (Pg) or vehicle control and were allowed to grow for up
to 6 d after Pg treatment. Growth at each time point was mea-
sured using the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega). Medium was supplemented with
fresh doxycycline daily to ensure optimum activity of the
inducer.

Microarray analysis

Microarray analysis was carried out at the Ramaciotti Cen-
tre for Gene Function Analysis at the University of New South
Wales. Each condition was carried out in triplicate, and each
replicate was a pool of three wells, to minimize experimental
variation. RNA was hybridized to Affymetrix Human Gene 1.0
ST Gene Arrays. Quality control analysis using Affymetrix Ex-
pression Console software revealed that the quality of the arrays
was high. Normalization of the arrays was performed using the
Probe Logarithmic Intensity ERror (PLIER) algorithm as imple-
mented in the Affymetrix Power Tools (version 1.8.5; www.
affymetrix.com). CEL files from all nine arrays were normalized
together. All statistical analyses were carried out in the R statis-
tical programming language (version 2.8.0). The data were an-
alyzed for differential expression using an empirical Bayesian
moderated t statistic, implemented in limma (50), comparing
Pg-treated and Baseline cells, EIf5-KD and Baseline cells, and
finally EIf5-KD and Pg-treated cells. The P values obtained for
each comparison were adjusted for multiple testing using the
Benjamini-Yekutieli (BY) correction, implemented in the
multtest package in R (51, 52).

Functional annotation analysis

Functional annotation analysis of sets of selected genes was
carried out using the gene-enrichment annotation analysis tools
within the Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID) version 2008 (DAVID web site;
http://david.abcc.nciferf.gov/home.jsp/). Categories analyzed
included gene ontology (GO) categories (Biological Process,
Molecular Function, and Cellular Component), protein domain
categories (InterPro Name, Superfamily Name, SMART Name),
pathways databases (BBID, BioCarta, KEGG Pathways), func-
tional categories (COG/KOG Ontology, Sp Pir Keywords, Up
Seq Feature), and a disease category (Genetic Association Data-
base). The BY correction for multiple testing was applied to the
EASE scores, and the significance threshold set at adjusted P =
0.05. Gene set enrichment analysis (GSEA) was performed as
described previously (53) with the following alterations. We
created a custom chip file for the Affymetrix Human Gene 1.0
ST array, using the csv annotation file available from Af-
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fymetrix (version na28; www.affymetrix.com). From the
limma analysis, we used the t statistic to represent each gene,
thereby creating a preranked list for each comparison. For
genes with multiple probe sets, we used the t statistic from the
probe set that had the largest absolute t statistic. We then
used these preranked lists as input to GSEA in preranked
mode [v2 (35)], using the c2_all curated collection of gene
sets from the Molecular Signatures Database [v 2.5 (35)],
using 1000 permutations to estimate the false discovery rate
to assess statistical significance.

Correspondance at the top (CAT) plots are discussed by
Irizarry et al. (54). Software for CAT plots and the gene set
hierarchical clustering analysis, including detailed methods, are
detailed in Cowley M. J. (unpublished observations) and are
available from the corresponding author.
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