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The polypeptide hormone prolactin (PRL) stimulates breast epithelial cell growth, differentiation, and
motility through its cognate receptor, PRLr. PRLr is expressed in most breast cancers; however, its exact
role remains elusive. Our laboratory previously described a novel mode of PRLr signaling in which
Stat5a-mediated transcription is regulated through ligand-induced phosphorylation of the PRLr
transactivation domain (TAD). Herein, we used a PRLr transactivation-deficient mutant (PRLrYDmut) to
identify novel TAD-specific target genes. Microarray analysis identified 120 PRL-induced genes up-
regulated by wild type but not PRLrYDmut. Compared with control, PRLr expression significantly induced
expression of approximately 4700 PRL-induced genes, whereas PRLrYDmut ablated induction of all but
19 of these genes. Ingenuity pathway analysis found that the PRLr TAD most profoundly affected
networks involving cancer and proliferation. In support of this, PRLrYDmut expression reduced
anchorage-dependent and anchorage-independent growth. In addition, pathway analysis identified
a link between the PRLr TAD and the estrogen and progesterone receptors (ERa/PR). Although neither
ERa nor PR was identified as a PRL target gene, a TAD mutation significantly impaired ERa/PR
expression and estrogen responsiveness. TMA analysis revealed a marked increase in nuclear, but not
cytoplasmic, PRLr TAD phosphorylation as a function of neoplastic progression. We propose that PRLr
TAD phosphorylation contributes to breast cancer pathogenesis, in part through regulation of ERa and
PR, and has potential utility as a biomarker in this disease. (Am J Pathol 2013, 182: 217e233; http://
dx.doi.org/10.1016/j.ajpath.2012.09.021)
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The hormone prolactin (PRL) is necessary for the normal
growth, development, and function of the mammary gland.
In addition to its role in normal cellular processes, there are
abundant data at the cellular, epidemiological, and genetic
levels that strongly implicate PRL in the pathogenesis of
breast cancer. PRL promotes the growth of human breast
cancer cells by acting as a potent mitogen and survival
factor.1e5 Mice harboring a rat prl transgene develop
mammary tumors that are both estrogen receptor (ERa)
positive and ERa negative.6,7 In addition, epidemiological
studies demonstrate a positive correlation between circu-
lating PRL levels and increased breast cancer risk8e10 and
increased breast cancer metastasis.11 Thus, research aimed
at elucidating the mechanisms of prolactin signaling and the
modulating effects of this pathway may serve to uncover
clinically viable therapies.12
stigative Pathology.
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PRL-mediated signaling requires the presence of its cell
surface receptor, the prolactin receptor (PRLr). The engage-
ment of PRL with its cognate receptor at the cell surface
activates complex signaling networks that mediate develop-
ment of the terminal ductal unit. This occurs, in part, through
the activation of tyrosine kinases, such as Jak2 and Fyn/Src,
that may rapidly phosphorylate the C-terminus of PRLr,
serving to initiate activation of several signaling cascades.13

Given that elevated levels of serum PRL are associated
with breast cancer risk,9,14 the PRLr makes an attractive
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therapeutic target because it is detected in approximately
95% of breast cancers.4 Disruption of PRLr signaling in
breast cancer cells causes cell growth inhibition and
apoptosis induction.15 Furthermore, genetic ablation of the
PRLr significantly delays SV40 large T-antigeneinduced
breast carcinomas in mice.16e18 Reports demonstrate that
impaired turnover of PRLr contributes to a tumorigenic
phenotype in vitro and in vivo by promoting high levels of
constitutive signaling.19e21

Classically, it is thought that the PRLr and other trans-
membrane receptors function as static intermediaries to trans-
mit information from outside the cell to associated messenger
proteins that, in turn, translocate to the nucleus and directly
affect gene expression.22 However, there are a multitude of
reports that demonstrate the nuclear presence of both cell
surface receptors and their ligands, thereby challenging this
canonical model of transmembrane receptor signal trans-
duction. These reports include, but are not limited to, members
of the ErbB family of receptors,23e27 growth hormone
receptor,28,29 and fibroblast growth factor receptor.26,30e33

Data from these studies demonstrate that nuclear-localized
transmembrane receptors contribute to transcriptional activa-
tion. Examples include nuclear epidermal growth factor
receptor (EGFR)emediated transactivation ofAuroraA, iNOS,
and COX2 genes34e36 and nuclear fibroblast growth factor
receptor potentiation of c-jun.33 Moreover, preventing EGFR
nuclear localization significantly decreases global EGF-
induced transcription,37 strongly suggesting that the nuclear
presence of a cell surface receptor is a necessary requisite in
ligand-induced gene expression.

Interestingly, certain reports indicate that an increase in cell
surface receptor nuclear translocation may contribute to
tumorigenesis, perhaps by increasing pro-oncogenic gene
expression. For instance, initial studies found EGFR in the
nuclei of cells from various tissues, including thyroid cells,
immortalized renal and ovarian epithelial cells, and primary
tumors of the bladder and thyroid.38,39 In subsequent reports,
nuclear EGFR, but not cytoplasmic EGFR, positively corre-
lated with tumor size and lymph node metastasis and nega-
tively correlated with survival in breast cancer.23 A
microarray study demonstrated that several genes, including
COX2, were activated by EGFR, but not by nuclear local-
izationedefective EGFR.37 Significantly, growth hormone
receptor, which exhibits homology to the PRLr, can promote
neoplastic changes in vitro and tumor growth in vivo when
constitutively localized to the nucleus.29,40 Nuclear-targeted
growth hormone receptor also up-regulated the expression
of proproliferative genes, including Survivin and Mybbp.29

Collectively, these studies suggest a pathological role for
transmembrane receptor nuclear localization in human
cancers. However, further characterization of the patho-
physiological features of nuclear-localized cell surface
receptors is required so that the potential therapeutic and
prognostic value of this phenomenon can be unveiled.

Our previous work revealed that, on PRL stimulation, the
PRLr translocates to the nucleus, where it engages in
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a transcriptional complex with Stat5a and high-mobility
group N (HMGN) 2 to activate Stat5a-mediated gene
expression.41 In addition, we identified a novel trans-
activation domain (TAD) within the PRLr and found that
residues Y406 and D411 were necessary for PRLr-mediated
transactivation. Expression of a transactivation-deficient
mutant (Y406F/D411A; herein referred to as PRLrYDmut)
significantly diminished both Gal4 reporter transactivation
and Stat5a-mediated gene expression.41 Preliminary
evidence also suggested that the transactivation properties of
the PRLr correlate to a tumorigenic phenotype in vitro, as
assessed by anchorage-independent growth.
Given the potential involvement of nuclear PRLr in

transcriptional regulation and tumorigenesis, herein we
examine how nuclear PRLr may regulate PRL-induced
transcriptional events that contribute to a tumorigenic
phenotype. Emerging evidence suggests that subcellular
localization of proteins plays a critical pathological role and
may have significant prognostic value.23,42 Thus, we also
investigated the expression and localization of Y406-
phosphorylated (and, therefore, transcriptionally active)
PRLr. The findings in this study do the following: i)
demonstrate the importance of the PRLr TAD for global
PRL-induced gene expression; ii) identify the role of the
PRLr TAD in the expression of novel PRL-induced gene
targets that are involved in proliferation, migration, and
neoplastic progression; iii) find that the expression levels of
ERa and progesterone receptor (PR) are regulated, in part,
by the PRLr TAD; and iv) describe a significant correlation
between nuclear Y406-phosphorylated PRLr and neoplastic
progression in vivo. Together, these findings reveal a novel
biological function and prognostic value for nuclear local-
ized PRLr.

Materials and Methods

Cell Lines and Culture

T47D and MCF7 human breast cancer cell lines were ob-
tained from ATCC (Manassas, VA) and cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Gibco, Grand Island, NY). The 293T/17 cells with
stable integration of the SV40 large T antigen were supplied
by Dr. Debu Chakravarti (Northwestern University, Chicago,
IL) and were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 100 mg/mL strep-
tomycin. All cells were incubated in a humidified 5% CO2/
95% air atmosphere at 37�C. Estrogen receptor levels in
MCF7 cell lines were previously reported by Saceda et al.43

Prolactin Treatment

Human recombinant PRL was a gift from Dr. Anthony
Kossiakoff (University of Chicago, Chicago, IL). PRL was
added to cells to yield a final concentration of 250 ng/mL.
ajp.amjpathol.org - The American Journal of Pathology
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PRLr Function in Breast Cancer
Microarray Procedures and Data Analysis

To examine genome-wide changes in gene expression
induced by PRL in the presence of wild-type (WT) or
mutant PRLr, MCF7 cells stably infected with empty vector,
WT PRLr, or PRLrYDmut retroviral constructs were
generated, as previously described.41 Each cell line was
plated at 70% confluency in six-well plates and 24 hours
post-plating was serum starved for an additional 24 hours.
Triplicate samples were either treated with 250 ng/mL PRL
for 2 hours or left untreated. Total RNA was isolated from
three independent cultures using RNeasy Mini Plus Kits
(Qiagen, Valencia, CA). The integrity of RNA was deter-
mined using an Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Fluorescently labeled cDNA was
prepared using TargetAmp aRNA Amplification Perfor-
mance (Epicenter, Madison, WI), followed by hybridization
to an Illumina HumanHT-12Version 3 microarray chip
containing 44,000 probes (Illumina, San Diego, CA). Raw
signal intensities of each probe were obtained using data
analysis software (Beadstudio version 3.2; Illumina) and
imported directly into the Partek Genomics Suite version 6.2
(Partek, Inc., St. Louis, MO) for statistical processing.

Microarray metadata complied with MIAME standards,
and all samples were submitted to the National Center for
Biotechnology Information Gene Expression Omnibus
database for public access. Baseline statistical comparisons
were performed using a two-way analysis of variance
[where the interaction effect between receptor status (empty,
PRLr, or PRLrYDmut) and treatment status (untreated
versus PRL treatment)] was used to determine the P value.
All outputs were filtered with a P < 0.05 cutoff � 1.2-fold
change cutoff. Gene lists were compiled by selecting two
contrast groups (ie, WT þ PRL versus MUT þ PRL; WT
versus E; empty þ PRL versus E) and filtering out genes
based on P < 0.05 and �1.2 fold change cutoff. The WT þ
PRL versus MUT þ PRL and empty þ PRL versus E gene
lists were then imported into Ingenuity Pathway Analysis
(IPA) software, version 7.5 (Ingenuity Systems, Redwood
City, CA), for network and pathway generation. In addition,
gene lists were imported into Hierarchical Clustering
Explorer 2.0 (http://www.cs.umd.edu/hcil/hce, last accessed
August 2012). Heat maps were generated using hierarchical
clustering of sample sets (eg, empty þ PRL.A or empty þ
PRL.B) with average linkage methods and euclidean
distance measure.

Western Blot Analysis

The T47D and MCF7 cells were plated in 10-mm dishes
at 70% confluency. Cells were lysed in radio-
immunoprecipitation assay buffer, subjected to 10% SDS-
PAGE, and transferred to a polyvinylidene difluoride
membrane and immunoblotted with the appropriate anti-
body (1 mg/mL). Blots were probed with anti-PRLr (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-V5 (Invitrogen,
The American Journal of Pathology - ajp.amjpathol.org
Carlsbad, CA), anti-GAPDH (Cell Signaling, Danvers,
MA), anti-tubulin (Cell Signaling), or antiephospho-Y406
PRLr antibodies (New England Biosystems, Ipswich, MA).

RT-PCR and Real-Time PCR

To validate microarray results, MCF7 transfectants were set
up and treated as previously stated. To examine 17b estra-
diol (E2) induction of c-fos, PR, Myc (alias c-myc), and
CCND1, MCF7 stable transfectants (PRLr overexpressing
or knockdown cells) were removed from estrogen-
containing media and cultured in steroid-free, phenol
redefree media containing charcoal-stripped fetal bovine
serum for 4 to 5 days before the start of experiments. Cells
were plated in six-well plates at 70% confluency. The next
day, cells were serum started for 24 hours and then treated
with 10 nmol/L E2 for 1 hour. Total RNA was isolated
using an RNA EZ miniprep kit (Qiagen), as previously re-
ported.44 E2-induced gene expression dose-response curves
for estrogen were previously optimized; thus, we chose the
optimal concentration (10 nmol/L).45 cDNA was synthe-
sized using qScript (Quanta Biosciences, Gaithersburg,
MD). cDNA was diluted to 2.5 ng/mL (corresponding to
RNA concentration). A total of 4 mL cDNA, 1 mL primers
(2 mmol/L each), and 5 mL of two times Power SYBR
MasterMix was used for real-time PCR in a 10-mL reaction
volume performed in a 384-well plate. Real-time PCR was
conducted on an ABI 7900HT thermocycler (Applied
Biosystems, Foster City, CA). All real-time PCRs were run
in triplicate. For RT-PCR, data were normalized to
glyceraldehyde-3-phosphate dehydrogenase RNA or 18S
ribosomal RNA (rRNA). The fold change for RT-PCR is
representedas follows: 2eDDC

T[2
e(C

T
targeteC

T
18S rRNA)PRL

e (C
T
target e C

T
18S rRNA)control] using empty vector, non-

treated as a baseline. Primers used are listed in Table 1.

Retroviral Production

To generate overexpression cell lines, PRLr or PRLrYDmut in
pTracer was amplified through a PCR and ligated into the
retroviral pBabeegreenfluorescent protein vector using EcoRI
andSalI, as previously described.41Knockdown cell lineswere
generated using a predesigned HMGN2 short hairpin RNA
(shRNA) pRFP retroviral vector (Origene, Rockville, MD);
PRLr shRNA was designed and cloned into a pRFP vector
[sequences: HMGN2, 50-GTGTCAGGCAATCTGGACT-
TTCCAGTGAT-30; short hairpin PRLr (shPRLr), 50-CAA-
CTGCATAACCTTTACACT-30]. Recombinant retroviruses
for pBabe, PRLr, PRLrYDmut, Scrambled shRNA, and
shPRLr were generated using transfection of retroviral vectors
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in 293T/
17 cells, along with pVSVG and pGalPol vectors. Viral
supernatant was collected 48 hours after transfection and added
to the appropriate cell lines, along with 8 mg/mL polybrene.
Cells were spin infected at 500 � g at 32�C for 2 hours.
Infected cells were enriched by fluorescence-activated cell
219
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Table 1 Primers Used for Microarray Validation

Gene Primer

18S
Forward Olg 200: 50-CCCCATGAACGAGGGAATT-30

Reverse Olg 201: 50-GGGACTTAATCAACGCAAGCTT-30

CEBPb
Forward Olg 284: 50-AGAACGAGCGGCTGCAGAAGA-30

Reverse Olg 285: 50-CAAGTTCCGCAGGGTGCTGA-30

ERa
Forward Olg 331: 50-GGAAGCTACTGTTTGCTCCTAACTTG-30

Reverse Olg 332: 50-AGATCTCCACCATGCCCTCTAC-30

PR
Forward Olg 345: 50-TCAGTGGGCAGATGCTGTATTT-30

Reverse Olg 346: 50-GCCACATGGTAAGGCATAATGA-30

RARA
Forward Olg 444: 50-GCCGCCCCCACATGTT-30

Reverse Olg 445: 50-TGATGCTTCGCAGGTCAGTAA-30

RASD
Forward Olg 446: 50-CGGCTCAGGCAGCAGATC-30

Reverse Olg 447: 50-CGTTCTCCTTGGTTTTGTTCTTG-30

ZYX
Forward Olg 458: 50-AGGACATGGAGCATCCTCAGA-30

Reverse Olg 459: 50-GCATCGGCCGCAGAGTT-30

MIDN
Forward Olg 462: 50-ACAAAGACACCCGGCTCAGT-30

Reverse Olg 463: 50-GGTCAGCTTGCTGCCATCA-30

ERRFI1
Forward Olg 466: 50-GTCATGCCCCCGACACA-30

Reverse Olg 467: 50-GCAGTGCTTTGCTGCTGACA-30

SRF
Forward Olg 470: 50-CCTTTGCCACCCGAAAACT-30

Reverse Olg 471: 50-AGTGCCTTGCCGGTCTCA-30

MYADM
Forward Olg 474: 50-ATGCCACCGCCCTTGTT-30

Reverse Olg 475: 50-GCCGCCATACTTCTCATCGA-30

CCND1
Forward Olg 310: 50-CCGTCCATGCGGAAGATC-30

Reverse Olg 311: 50-GAAGACCTCCTCCTCGCACTT-30

c-fos
Forward 50-GGGCAAGGTGGAACAGTTATC-30

Reverse 50-CCGCTTGGAGTGTATCAGTCA-30

c-myc
Forward Olg 314: 50-GGATTTTTTTCGGGTAGTGGAA-30

Reverse Olg 315: 50-TTCCTGTTGGTGAAGCTAACGTT-30

Primers were obtained using Primer Express 3.1 software (Applied Bio-
systems). Most primer pairs are located at exon-exon junctions, except the
intronless 18S rRNA. Primers were tested by dissociation curve analysis to
ensure amplification of a single amplicon. All primers are located inside the
coding sequence.

Olg, oligonucleotide.

Fiorillo et al
sorting for green fluorescent protein (overexpression cell
lines) or 2 mg/mL puromycin selection (knockdown cell lines).
After puromycin selection, all cells were grown in a mainte-
nance dose of 1 mg/mL puromycin. Puromycin was removed
24 hours before experimental setup. For rescue cell lines,
MCF7 overexpression cell lines (empty, PRLr, or PRLrYD-
mut) were subsequently infected with non-specific short
hairpin (shNS) retrovirus or shPRLr retrovirus and selected
with 2 mg/mL puromycin.
220
siRNA-Mediated Knockdown

Small-interfering RNA (siRNA) knockdown experiments
were conducted as previously reported.46 The siRNAs
against PRLr were custom made from Ambion (Austin,
TX), using the following sequence: 50-GCAGUUU-
CUGGGAUGAACUdTdT-30.

Soft Agar Colony Formation

Soft agar assays were performed as previously described.47

Briefly, 1 mL of 0.6% agarose/growth media mixture was
added to each well of a six-well plate. A total of 3� 105 cells
were used to generate a single-cell suspension in 0.3%
agarose/growth media. A 500-mL suspension was added to
each well. Once solidified, 1 mL of growth media, supple-
mented with 250 ng/mL PRL, was added to each well. New
media supplemented with PRL were added every 2 to 3 days.
Pictures were taken on day 20. Colony size and number were
quantified using ImageJ software version 1.46 (cutoff value
for colony size, �50 mm) (NIH, Bethesda, MD).

Proliferation

T47D cells [small-interfering control (sicontrol) or siPRLr
transfected] or MCF7 transfectants were plated in 96-well
plates and cultured in growth medium for 24 hours.
Each well was pulsed with 0.5 Ci of tritiated thymidine
(48 Ci/mmol; Amersham Pharmacia Biotech, Piscataway,
NJ) for 4 to 6 hours. Cells were harvested onto the
membrane with Filtermate Harvester (Perkin Elmer,
Waltham, MA) before analysis with a MicroBeta TriLux
Scintillation Counter (Perkin Elmer).

ERE Luciferase

MCF7 stable transfectants were grown in estrogen-free
media for 4 to 5 days before the start of the experiment.
Luciferase assays using the estrogen responsiveness element
(ERE)eluciferase reporter construct were conducted as
follows: MCF7-transfectants cells were seeded into a 48-
well plate at a density of 2 � 104. Cells were serum started
for 24 hours and then transfected with 250 ng of luciferase
reporter and 2.5 ng of renilla reporter, the Fugene HD
transfection reagent (Promega, Madison, WI). At 24 hours
after transfection, cells were treated with 10 nmol/L E2 for 6
hours. Cells were then using Dual Reporter Luciferase
reagents (Promega) and read by a Victor Microplate Reader
(Perkin Elmer). All transfections were performed in tripli-
cate, and each individual sample was read in duplicate.
Reporter Luciferase reagents (Promega) were read by
a Victor Microplate Reader. All transfections were per-
formed in triplicate or quadruplicate, and each individual
sample was read in duplicate. The ratio of luciferase/renilla
was calculated, and the results are reported as fold change
compared with untreated MCF7-empty.
ajp.amjpathol.org - The American Journal of Pathology
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TMA Data

Breast tissues were obtained from the Tissue Core of the
Northwestern University Breast Cancer Program in the
form of a TMA. All tissues were stripped of all patient
identifiers before use and, thus, were anonymous to the
investigators. The TMA consisted of 15 patient-matched
normal, tumor, and lymph node metastasis tissues from
patients with breast cancer and six patient-matched normal
and tumor tissue samples from patients with breast cancer.
Within this cohort, there were 8 ERþ/Her2� patient
specimens and 13 ER�/Her2� patient specimens. The
presence of tumor and the integrity of each tissue were
confirmed by H&E staining. Before analysis by immuno-
histochemistry (IHC), the TMA was incubated at 65�C for
10 minutes, before deparaffinization in xylene and rehy-
dration through graded ethanol, followed by antigen
retrieval in citrate buffer (Zymed 00-5001, pH 6.0) at 95�C
for 20 minutes. The slides were blocked in the blocking
buffer (2.5% bovine serum albumin and 0.1% Triton
X-100) for 10 minutes and incubated with a phospho-
Y406 PRLr-specific antibody (New England Peptide, Ips-
wich) (1:10 dilution for immunofluorescence; 1:20 dilution
for IHC) overnight at 4�C. Antigen-antibody complexes
were detected for immunofluorescence by incubation with
an Alexa 488 Fluoreconjugated secondary antibody
(1:100 dilution) for 1 hour. For IHC, detection of an
antibody-antigen complex used a horseradish perox-
idaseeconjugated secondary antibody, followed by dia-
minobenzidine labeling, as previously described.48 Visual
scoring of the immunofluorescence-labeled images was
performed as previously described,48 with modification.
Scoring was restricted to assessment of label intensity on
a 0 to 3 scale (0, absent; 1, dim; 2, bright; and 3, very
bright). In a second cohort, 7 ERþ tumors and 26 ER�

tumors were analyzed for phospho-Y406 staining.

Statistical Analysis

Statistical analysis was performed using one- or two-way
analysis of variance with post hoc Bonferroni on GraphPad
Prism version 4 (GraphPad Software, La Jolla, CA). The
results are shown as the means with error bars depicting �
SEM. P < 0.05 was considered statistically significant. All
experiments were performed at least three times, unless
otherwise indicated.

Results

Expression of the PRLrYDmut Impairs Global
PRL-Induced Gene Expression

Given our previous data that expression of a transactivation-
deficient PRLr impaired PRL-induced CISH expression,41

we hypothesized that PRLrYDmut would impair global
PRL-induced gene expression. To test this hypothesis, we
The American Journal of Pathology - ajp.amjpathol.org
used MCF7-PRLr, MCF7-PRLrYDmut, or MCF7-empty
vector stable transfectants (herein referred to as PRLr,
PRLrYDmut, and empty, respectively), as described in our
previous report.41 MCF7 breast cancer cells were selected
for their moderate level of endogenous PRLr expression and
moderate response to PRL stimulation, which was signifi-
cantly increased on ectopic expression of WT PRLr.46,49 As
shown in Figure 1A, immunoblot analysis of MCF7 stable
transfectants demonstrated equal levels of ectopic PRLr
expression using either an anti-V5 antibody to detect
epitope-tagged PRLr or an anti-PRLr antibody. To demon-
strate that stable cell lines expressed physiological levels
of PRLr, endogenous PRLr levels in T47D breast cancer
cells were assessed in conjunction with stable cell
lines (Figure 1A). In addition, immunoblot analysis using
an antiephospho-Y406 PRLr antibody revealed that
PRLrYDmut was not Y406 phosphorylated (Figure 1B).41

The requirement of the PRLr TAD for global PRL-induced
gene expression was examined by microarray analysis of
PRL-stimulated MCF7 stable transfectants (2 hours, PRL
treatment). Heat maps were compiled using hierarchical
clustering from gene lists generated by analysis of
PRL-regulated genes up- or down-regulated 1.2-fold by
PRLr versus PRLrYDmut and empty þ PRL versus empty
(P < 0.05). These analyses demonstrated 120 (PRLr þ PRL
versus PRLrYDmut þ PRL) and 947 (empty þ PRL versus
empty) differentially regulated genes (Figure 1, C and D).
Tables 2 and 3 list the top up- and down-regulated genes in
PRLr versus PRLrYDmut analysis, and Tables 4 and 5 show
the top up- and down-regulated PRL-induced genes, respec-
tively. The complete list of genes is shown in Supplemental
Table S1. Interestingly, when analyzing differential PRLr-
induced gene expression in PRLr versus PRLrYDmut, we
found only two down-regulated genes, supporting the
hypothesis that the PRLr TAD was important for transcrip-
tional regulation.

Select genes from Tables 2 and 3 were validated by
quantitative PCR (qPCR). For gene validation studies, we
focused on genes identified in analysis of PRLr þ PRL
versus PRLrYDmut þ PRL, given that our main objective
was to find those genes that required the PRLr TAD.
However, we specifically chose those genes that also
demonstrated a robust PRL response within this list. As
shown in Figure 2, AeH, on PRL treatment, all validated
genes were increased or decreased by twofold or greater.
These results, in concordance with microarray analysis,
demonstrated that mutation of the PRLr TAD reduced
PRL-induced gene expression (Figure 2, AeH). As
a negative control, we measured the expression of a non-
PRL-responsive gene, FAS, and observed no significant
differences between control, PRLr, and PRLrYDmut
(Supplemental Figure S1). We chose not to further filter
the list shown in Tables 4 and 5 by comparing it with the
genes identified in our analysis of empty þ PRL versus
empty. This was because of the fact that, in previous
studies, we found that MCF7 cells required exogenously
221
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expressed PRLr for appreciable levels of PRL-induced
gene expression.49

We previously demonstrated that the PRLr TAD was
necessary for recruitment of HMGN2 to the transcriptional
complex and, in turn, HMGN2 was necessary for PRL-
mediated transcription of CISH.41 Given this, we reasoned
that knockdown of HMGN2 would significantly reduce the
transcription of genes identified in microarray analysis.
shRNA-mediated knockdown of HMGN2 was, therefore,
used to test this hypothesis. Depletion of HMGN2 in MCF7
cells significantly impaired PRL-mediated transcription of
myeloid-associated differentiation factor (MYADM), retinoic
acid receptor (RARA), serum response factor (SRF), zyxin
(ZYX), and ERBB receptor feedback inhibitor 1 (ERRFI1)
(Supplemental Figure S2). in a similar manner to that of
PRLrYDmut expression (Figure 2, DeF).

We next determined how many genes were significantly
increased in both PRL-treated PRLr-expressing versus empty
vector-expressing and PRLrYDmut-expressing versus empty
vector-expressing cells using comparative analysis. Gene lists
were generated in Partek Genomics Suite by comparing PRLr
þ PRL versus empty þ PRL or PRLrYDmut þ PRL versus
empty þ PRL (1.2-fold up-regulation, P < 0.05). Unex-
pectedly, we found that 4705 transcripts were significantly
Fig
pre
A:
MCF
epi
stra
the
ser
(IP
We
stri
gen
hie
the
gen
tran
diff
þ P
wit
vec
(ie,
rep
E:
Gen
em
dia
list
up-
gen
sha
(G)
PRL
Y40
***

222
increased in PRLr-expressing cells, whereas in PRLrYDmut-
expressing cells, all but 19 of these up-regulated transcripts
were lost (Figure 1E; the complete gene list is shown in
Supplemental Tables S2 and S3).
We also queried genes that were regulated by either the

PRLr or PRL alone. This query identified a total of 5831 genes
regulated by the PRLr (Supplemental Table S4) and 947 genes
regulated by PRL (Supplemental Table S2). A total of 486
identified genes were shared by both groups (Supplemental
Table S5). The top identified genes included those identified
from the previous analysis (Figure 1C). We additionally
identified genes that were not found in our previous analyses
(PRLr þ PRL versus PRLrYDmut þ PRL). Two of these
genes, immediate early response factor 3 (IER3) and cyclinD1
(CCND1), were subsequently validated by qPCR. As shown
in Figure 1, G and H, PRL induced expression of both genes,
whereas PRLrYDmut expression markedly decreased
induction compared with PRLr. Taken together, these data
strongly suggested that a subset of PRL-induced genes might
require the transactivation activity of the PRLr for proper
expression. Furthermore, the Venn diagram in Figure 1F
suggests that subsets of genes may exhibit an independent
response to either PRL or nuclear PRLr (a full list of over-
lapping genes is given in Supplemental Table S6).
ure 1 Mutation of the prolactin receptor transactivation domain
vents its phosphorylation and impairs global PRL-induced gene expression.
Western blot analysis demonstrating PRLr or PRLrYDmut overexpression in
7 stable cell lines using an anti-PRLr or an anti-V5 antibody (to detect only
tope-tagged PRLr). Comparison to endogenous PRLr in T47D cells demon-
tes that stable cell lines express physiological levels of PRLr. B: Mutation of
PRLr TAD (PRLrYDmut) impairs phosphorylation of Y406. MCF7 cells were

um starved, treated with PRL, lysed, and subjected to immunoprecipitation
) analysis using an anti-V5 antibody. Eluted samples were analyzed by using
stern blot analysis with an antiephospho-Y406 PRLr antibody. Blots were
pped and reprobed for anti-V5 to show proper pull down. C: Heat maps of
es identified in microarray analysis were generated with unsupervised
rarchical clustering. MCF7 stable cells were serum starved for 24 hours,
n treated with PRL for 2 hours. Data reveal a global view of PRL-induced
es up-regulated in MCF7 PRLr-expressing cells compared with MCF7
sactivation-deficient PRLrYDmut-expressing cells. D: Heat map of genes
erentially regulated by PRL. In C and D, the biological replicates of WT, WT
RL, and MUT þ PRL group together, whereas replicates of MUT are grouped
h empty control samples. Labels specify samples/treatments (empty, empty
tor; WT, PRLr; MUT, PRLrYDmut; þP, PRL treatment) and biological repeats
empty.A, empty.B, and empty.C). The scale is provided, where green

resents down-regulated genes and red represents up-regulated genes.
Venn diagram of PRL-induced genes up-regulated by PRLr or PRLrYDmut.
e lists comparing WT þ PRL versus empty þ PRL or MUT þ PRL versus
pty þ PRL (1.2-fold up-regulation, P < 0.05) were generated. F: Venn
gram of transcripts regulated by PRLr expression or PRL treatment. Gene
s comparing PRLr versus empty or empty þ PRL versus empty (1.2-fold
regulation, P < 0.05) were generated. The results demonstrate many
es regulated by PRLr expression and PRL treatment and 486 genes that are
red between both groups. G and H: Real-time PCR demonstrates that IER3
and CCND1 (H) are up-regulated in a PRL-induced manner by expression of
r, but not PRLrYDmut. Ctrl, control; mut, prolactin receptor harboring
6F/D411A mutations; PY406, phosphorylation on PRLr residue tyrosine 406.
P < 0.001.
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Table 2 List of Top 75 Genes Up-Regulated by PRLr, but Not
PRLrYDmut

Gene symbol

P value
(WT þ PRL vs
MUT þ PRL)

Fold change
(WT þ PRL vs
MUT þ PRL)

RASD1 1.08 � 10�7 2.08403
ACTG2 2.06 � 10�6 2.06483
IER5L 5.81 � 10�5 1.98411
FOSB 1.63 � 10�6 1.98166
CTGF 1.71 � 10�7 1.97731
RARA 2.93 � 10�6 1.92939
ZYX 7.44 � 10�7 1.92049
PHLDA2 3.19 � 10�5 1.8765
MIDN 8.01 � 10�7 1.86918
METRNL 3.40 � 10�5 1.8273
ZMYND19 5.64 � 10�6 1.80599
PPRC1 2.45 � 10�5 1.79972
SRF 6.53 � 10�7 1.79468
NT5DC3 5.14 � 10�6 1.7858
ERRFI1 1.43 � 10�5 1.78173
ZYX 5.35 � 10�5 1.76553
VCL 3.66 � 10�5 1.76477
CDC42BPB 0.00024143 1.75944
IRX5 5.10 � 10�6 1.75459
CCDC85B 6.23 � 10�7 1.75194
DOK7 2.81 � 10�6 1.74303
AKAP8L 1.71 � 10�7 1.70602
CSNK1D 1.45 � 10�6 1.69846
FHL2 4.77 � 10�7 1.69067
MYADM 5.53 � 10�7 1.68906
JUNB 2.93 � 10�6 1.68347
FKSG30 0.000136381 1.68143
CEBPB 7.28 � 10�5 1.66644
VCL 1.94 � 10�5 1.65654
PIM3 0.000163325 1.64606
FHL2 3.10 � 10�6 1.62748
IRF2BP2 1.00 � 10�5 1.62036
EGR1 0.000603453 1.61063
KRT80 7.42 � 10�5 1.59395
CCNY 5.71 � 10�7 1.59178
PHLDA1 9.31 � 10�9 1.57512
KCNF1 0.000154103 1.56515
METRNL 6.36 � 10�5 1.54002
HOXC8 1.84 � 10�6 1.53373
PINX1 1.23 � 10�5 1.53056
OSGIN1 4.87 � 10�5 1.52242
MYADM 6.66 � 10�5 1.51566
MED10 0.000979181 1.50776
ETS2 1.55 � 10�5 1.505
SMTN 2.68 � 10�6 1.50201
TTLL3 0.000165101 1.49711
EGR3 6.95 � 10�5 1.4918
PDGFB 9.28 � 10�5 1.4864
RBM38 6.14 � 10�6 1.48294
PDF 0.000311265 1.46592
DAPK3 1.85 � 10�5 1.46258
EGR2 3.05 � 10�6 1.43838
CRTC2 0.000456804 1.4357
PLEKHG2 4.41 � 10�5 1.43032

(table continues)

Table 2 (continued )

Gene symbol

P value
(WT þ PRL vs
MUT þ PRL)

Fold change
(WT þ PRL vs
MUT þ PRL)

AKIRIN1 0.000200831 1.42602
XIST 0.00189227 1.41457
LRRC45 7.23 � 10�6 1.41242
PHF17 7.79 � 10�5 1.40478
SH3BP1 2.70 � 10�5 1.40251
IL5RA 0.000536148 1.40106
CISH 0.00021071 1.39824
JMJD6 0.000208113 1.39622
EGR4 1.81 � 10�6 1.38468
TRIM41 1.62 � 10�6 1.38151
ENTPD4 5.14 � 10�5 1.37924
ADAM15 2.70 � 10�5 1.36798
FLJ12949 0.000412296 1.36246
CGI-96 0.000364017 1.35468
ZNF326 1.40 � 10�5 1.35227
DCAF15 0.000985216 1.34618
HYAL2 8.82 � 10�5 1.3417
NAV2 0.000767715 1.33526
TNFSF13B 0.00122398 1.33072
IKZF3 0.00165765 1.32625
CDK5R1 0.000193887 1.32588

Microarray values were analyzed in Partek Genomics Suite. To generate
the list, the following criteria were used: Contrast PRLr þ PRL versus
PRLrYDmut þ PRL (fold change, 1.2; P < 0.05). The full list of genes that
were up- or down-regulated in this analysis can be found in Supplemental
Table S1.

PRLr Function in Breast Cancer

The American Journal of Pathology - ajp.amjpathol.org
PRLr Depletion or Mutation of the PRLr TAD Results in
Impaired Tumorigenic Potential in Vitro

In previous reports, overexpression of the PRLr increased
tumor cell growth potential.50 Furthermore, the expression
of a degradation-resistant PRLr construct accelerated
proliferation and increased invasive growth.20 To determine
whether the PRLr TAD might be an integral part of
PRLr-mediated proliferation and tumorigenesis, gene
lists comparing differential regulation of PRLr- with
PRLrYDmut-expressing cells were uploaded into IPA. The
analysis revealed that the top molecular and cellular func-
tions affected by the PRLr TAD were cellular growth/
proliferation and gene expression (Table 6). Moreover,
Table 3 Genes Identified to Be Down-Regulated by PRLr but
Not PRLrYDmut

Gene symbol

P value
(WT þ PRL vs
MUT þ PRL)

Fold change
(WT þ PRL vs
MUT þ PRL)

S100A14 0.00244896 �1.48855
TRQ1 0.00694574 �1.31522

Microarray values were analyzed in Partek Genomics Suite. To generate the
list, the following criteria were used: Contrast PRLrþ PRL versus PRLrYDmut
þ PRL (fold change, �1.2; P < 0.05). The full list of genes that were up- or
down-regulated in this analysis can be found in Supplemental Table S1.
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Table 4 List of Top 75 Genes Up-Regulated by PRL Treatment

Column ID
P value
(E þ PRL vs E)

Fold change
(E þ PRL vs E)

MYADM 5.61 � 10�7 3.39825
TNFRSF12A 8.74 � 10�5 3.04048
SRF 5.86 � 10�6 2.70749
ACTG2 0.000236 2.61423
FHL2 3.96 � 10�6 2.4949
KRT80 3.64 � 10�5 2.45465
IER3 0.000551 2.41686
VCL 8.89 � 10�5 2.39255
PHLDA2 0.000907 2.38364
TUFT1 0.000781 2.35088
SPATA2L 0.002807 2.32634
MYADM 0.000117 2.24982
FHL2 1.69 � 10�6 2.22291
RND3 1.19 � 10�5 2.20115
RARA 0.000791 2.16631
IER5L 0.006757 2.16468
SOX18 0.000219 2.1109
MIDN 9.43 � 10�5 2.09812
ZYX 0.000448 2.07648
RRS1 0.00289 2.05318
VASN 0.001214 2.05121
FAM89A 0.002013 2.01716
PPRC1 0.000593 2.00695
METRNL 0.003639 1.98267
MAP6D1 0.003279 1.97972
PLD6 0.004202 1.97447
F2RL1 0.000201 1.97006
AMY1A 0.025242 1.94975
NIP7 0.000781 1.9489
CEBPB 0.000818 1.93153
PFKFB3 0.000625 1.91705
RASD1 0.003702 1.91148
LYAR 0.001735 1.90932
FJX1 0.000274 1.8845
PAQR4 0.003875 1.86233
STC2 0.001385 1.8623
HSPC111 0.000765 1.86223
SURF6 0.002016 1.85036
LYAR 0.007156 1.84848
MARS2 0.000352 1.84408
BAG3 0.005463 1.83933
TRQ1 3.92 � 10�6 1.83782
HPS6 0.00679 1.8351
ZBTB9 0.003265 1.83483
TIGD5 0.007036 1.83323
CHSY1 0.002988 1.82873
ISG20L1 0.020593 1.8287
MED10 0.000918 1.82562
NOP16 0.000846 1.81675
TRIB1 0.010389 1.81587
BRIX1 0.000918 1.80872
BRIX1 0.000399 1.80792
LAD1 0.014801 1.78896
EHD1 0.026665 1.78436
AXUD1 0.028168 1.77712
NT5DC3 0.000906 1.77692

(table continues)

Table 4 (continued )

Column ID
P value
(E þ PRL vs E)

Fold change
(E þ PRL vs E)

NXT1 0.00217 1.77464
EGR3 0.002321 1.7677
AMD1 0.000217 1.76583
MSX1 0.003956 1.75815
URB2 0.000284 1.74167
GFOD1 0.011517 1.74014
OKL38 0.018381 1.73959
CDR2 0.001357 1.73377
RPUSD1 0.002498 1.73329
SLC10A3 0.035118 1.72924
ZMYND19 0.001026 1.72882
GPATCH4 0.001869 1.72762
PRMT6 0.001279 1.72567
FAM131A 0.002641 1.72494
ETF1 0.020531 1.72486
NOL6 0.031402 1.72195
CNN2 0.004733 1.71051
DEXI 0.006981 1.70672
BRPF1 0.004484 1.70664

Microarray values were analyzed in Partek Genomics Suite. To generate
the list, the following criteria were used: Contrast empty þ PRL versus
empty (fold change, 1.2; P < 0.05). The full list of genes that were up- or
down-regulated in this analysis can be found in Supplemental Table S2.

Fiorillo et al
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cancer was identified as the top disorder affected by the
PRLr TAD.
We next examined the functional effects of PRLr and

PRLrYDmut expression based on our findings that PRLr
enhanced the transcription of genes involved in prolifera-
tion/tumorigenesis. First, a soft agar assay was used to
determine whether the transactivation function of the PRLr
was relevant to tumorigenic growth in vitro. The expression
of the PRLr, but not the PRLrYDmut, previously induced
soft agar colony formation in the partially transformed
MCF10ADp53 cell line.41 Correspondingly, as shown in
Figure 3, A and B, PRLrYDmut demonstrated a dominant
negative effect by impairing colony growth in ERþ MCF7
human breast cancer cells. In addition, the proliferation of
MCF7 stable transfectants was measured. The expression of
PRLrYDmut significantly decreased proliferation, as
measured by tritiated thymidine incorporation (Figure 3C).
To complement these data, we examined the functional

effects of siRNA-mediated PRLr knockdown on T47D breast
cancer cells, an ERþ cell line known to express high
levels of the PRLr. Knockdown assessed by Western blot
analysis demonstrated approximately 90% efficiency (see
Supplemental Figure S3). Colony formation was signifi-
cantly reduced in cells harboring siRNA against the PRLr
(Figure 3, D and E). In previous studies, down-regulation of
the PRLr resulted in slower cell growth in normal growth
conditions.21 Similarly, siRNA targeted against the PRLr
inhibited cell proliferation (Figure 3F). Taken as a whole,
these results suggested that the PRLr, and specifically the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Validation of genes identified by microarray analysis. Real-
time PCR demonstrates that RARA (A), RASD1 (B), ERRFI1 (C), ZYX (D),
MIDN (E), SRF (F), CEBPb (G), MYADM (H), and CISH (I) are up-regulated in
a PRL-induced manner by expression of PRLr but not PRLrYDmut. Further-
more, because BCL6 was identified as the top down-regulated gene by PRL,
J shows that basal levels of BCL6 are up-regulated by the PRLr but not
PRLrYDmut and, thus, the percentage down-regulation of BCL6 is signifi-
cantly decreased by the expression of PRLrYDmut. Results are representa-
tive of three separate experiments with SEM. All P values were calculated
using one-way analysis of variance with a Bonferroni multiple comparisons
test. Calculated P values are highlighted in the figure. ***P < 0.001,
****P < 0.0001.

Table 5 List of Top 43 Genes Down-Regulated by PRL Treatment

Gene symbol
P value
(E þ PRL vs E)

Fold change
(E þ PRL vs E)

BCL6 0.008276 �3.08845
HBP1 0.002612 �1.72044
CROP 0.009112 �1.65935
CDK5RAP3 0.001033 �1.62475
FBXO32 0.019224 �1.57676
YPEL2 0.032369 �1.54352
TSC22D3 0.028116 �1.54264
TXNIP 0.046969 �1.48875
CYTH2 0.004058 �1.44713
ZNF627 0.027492 �1.42244
NPDC1 0.037997 �1.41707
GOLGA8B 0.045398 �1.4126
SFRS18 0.041675 �1.4106
EFNA1 0.033587 �1.39753
ARRDC3 0.029103 �1.39268
FLJ45244 0.016318 �1.36964
GRB7 0.032281 �1.36174
MRRF 0.033059 �1.36159
WSB1 0.020118 �1.36044
FLJ38717 0.017432 �1.36011
PAQR6 0.00055 �1.35852
TPM2 0.001857 �1.35103
DOC2A 0.015327 �1.30835
SNHG7 0.007631 �1.30588
CSAD 0.04618 �1.29469
MXD3 0.000178 �1.28976
TTLL3 0.038842 �1.28717
TMBIM1 0.04702 �1.27126
NPHP3 0.025933 �1.2635
HOXA11AS 0.034316 �1.25319
FBXO32 0.038922 �1.24535
GRB7 0.022039 �1.23197
HSF4 0.000446 �1.22095
PH-4 0.000155 �1.22047
TBC1D17 0.031072 �1.21674
DFNB31 0.009157 �1.21327
IDUA 0.000806 �1.21304
SNORA7A 0.007839 �1.21012
PRR22 8.91 � 10�5 �1.20667
FLJ40473 0.018857 �1.2045
ANO9 0.013677 �1.20402
FRAT1 0.00489 �1.20336
GPR19 0.045708 �1.20036

Microarray values were analyzed in Partek Genomics Suite. To generate
the list, the following criteria were used: Contrast empty þ PRL versus
empty (fold change, �1.2; P < 0.05). The full list of genes that were up- or
down-regulated in this analysis can be found in Supplemental Table S2.

PRLr Function in Breast Cancer
PRLr TAD, contributed to both anchorage-dependent and
anchorage-independent growth of human breast cancer cells.

Mutation of the PRLr TAD or Depletion of the PRLr
Results in Impaired ERa and PR Levels

Genes differentially regulated by both the PRLr TAD and
PRL were used to generate interaction networks using IPA
The American Journal of Pathology - ajp.amjpathol.org
(Figure 4, A and B, respectively). Both ERa and PR were
prominently situated in both the network highlighting the
function of the PRLr TAD (Figure 4A) and the network
highlighting PRL-specific effects (Figure 4B). Subsets of
genes in these networks have been validated (Figure 1, G and
H, and Figure 2), including RARA, CEBPb, IER3, CCND1,
and BCL6. In previous reports, PRL acted in synergy with the
steroid hormones estrogen and progesterone to promote/
increase mammary growth, development, and differentia-
tion.51 Furthermore, co-expression of the PRLr with the
225
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Table 6 List of Top Networks Affected by Mutation of the PRLr
TAD

Variable P value
No. of
molecules

Top diseases and disorders
Cancer 1.23 � 10�4 to 4.42 � 10�2 13
Reproductive system
disease

1.03 � 10�3 to 4.41 � 10�2 9

Top molecular and cellular functions
Cellular growth and
proliferation

1.38 � 10�4 to 3.80 � 10�2 10

Gene expression 1.84 � 10�4 to 3.42 � 10�2 7

The gene list shown in Supplemental Table S1, for PRL-specific genes
differentially regulated between PRLr and PRLrYDmut, was uploaded into
IPA. A core IPA was run using this gene list (and filters for breast cancer
were applied). This table illustrates the top diseases and top molecular and
cellular functions identified using this analysis.

Fiorillo et al
estrogen receptor (ERa) and the progesterone receptor (PR)
was observed in many breast tumors.50,52,53 Previous reports
demonstrated that PRL up-regulated PR50 and ERa in breast
cancer cells54,55; this induction was observed only after pro-
longed PRL stimulation (approximately 24 to 72 hours). We,
therefore, examined the effects of prolonged PRLexposure on
ERa/PR mRNA levels in PRLr or PRLrYDmut-expressing
MCF7 cells. Although prolonged PRL stimulation (48
hours) did not alter ERa levels (data not shown), it resulted in
a modest increase in PR transcription (Supplemental
Figure S4). Moreover, PRLr, but not PRLrYDmut, expres-
sion potentiated this effect (Supplemental Figure S4).
Collectively, these data suggested that the PRLr-specific
226
modulation of ERa and PR transcription might occur
through an indirect mechanism.
By using gene lists generated from the microarray anal-

ysis, we further examined the effects of the PRLr on ER/PR
expression. We found that both ER and PR were identified
as significantly up-regulated in untreated PRLr-expressing
cells compared with control (1.6- and 1.4-fold, respectively;
Table 7), whereas neither ER nor PR were present in the
gene list comparing untreated PRLrYDmut-expressing cells
with control (cutoff � 1.2-fold change, P < 0.05). Given
this, we analyzed ERa and PR expression via qPCR in both
PRLr and PRLrYDmut-expressing cells (normal growth
conditions). As expected, both ERa and PR expression
levels were decreased in response to PRLrYDmut expres-
sion compared with PRLr (Figure 5, A and B).
To validate these results, ERa/PR transcript levels were

assessed on PRLr depletion. As shown in Figure 5C, shRNA-
mediated knockdown of the PRLr inMCF7 cells significantly
reduced PRLr protein levels compared with control shRNA
(cells termed shPRLr and shNS, respectively). PRLr deple-
tion also significantly reduced ERa (Figure 5D) and PR
transcript levels (Figure 5E). To complement shRNA data,
siRNA against the PRLr was also used. This also resulted in
an appreciable reduction of ERa (Supplemental Figure S5A)
and PR (Supplemental Figure S5B) transcript levels. Finally,
we questioned whether reintroduction of the PRLr could
rescue the decreased expression of ERa and PR seen in PRLr
knockdown cell lines. To do this, we reintroduced PRLr or
PRLrYDmut into shPRLr MCF7 cells. Because shRNA tar-
geted the PRLr 30-untranslated region, it enabled the
reintroduction of PRLr or PRLrYDmut, which lacked the
Figure 3 PRLrYDmut expression or PRLr deple-
tion impairs anchorage-dependent and anchorage-
independent growth in breast cancer cells. A: MCF7
stable cells were grown on soft agar for 3 weeks, and
at day 20 images were taken under phase-contrast
microscopy. B: Quantification of colony area; anal-
ysis was performed using ImageJ software colony
cutoff, with a cutoff value of�50 mm. All conditions
were performed in triplicate. C: Proliferation of MCF7
stable transfectants, as determined by the uptake of
tritiated thymidine, as indicated by 3HTdR count on
the y axis. Results were obtained two times, where
the mean � SEM is representative of 24 replicate
measurements from one experiment. D: T47D cells
transfected with the indicated siRNA cells were
grown on soft agar for 2 weeks, and pictures were
taken at day 13 under phase-contrast microscopy. E:
Quantification of colony number. Analysis was per-
formed using ImageJ software. All experiments were
performed in triplicate. F: Proliferation of T47D cells
transfected with the indicated siRNAs. Results were
determined by the uptake of tritiated thymidine,
shown by scintillation count on the y axis. Results
were performed two times, where the mean� SEM is
representative of 24 replicate measurements from
one experiment. 3HTdR, tritiated thymidine; empty,
empty vector control; sicontrol, nonsilencing siRNA;
siPRLr, siRNA targeted against PRLr. **P < 0.01,
***P < 0.001.
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Figure 4 IPA identifies that the ER and PR are affected by both the PRLr
TAD and PRL. A and B: Gene lists generated by Partek Genomics Suite; PRLrþ
PRL versus PRLrYDmut þ PRL (A) and empty þ PRL versus empty (B) were
uploaded into IPA. The top interaction networks generated by IPA are shown
for genes affected by the PRLr TAD (A) and PRL treatment (B), where red
shows up-regulated genes; green, down-regulated genes; and gray, integral
protein complexes that are affected by these changes. Empty, empty vector
control; sicontrol, nonsilencing siRNA; siPRLr, siRNA targeted against PRLr.

Table 7 Estrogen and Progesterone Receptor Expression Is Up-
Regulated in Untreated PRLr-Expressing Cells

Gene symbol P value Fold up-regulated (WT vs E)

ESR1 0.005595 1.65559
PGR 0.00217 1.42978

By using the list generated in Supplemental Table S5, for WT versus empty,
the fold change and P values are highlighted for ESR1 and PGR. Partek
Genomics Suite was also used to analyze MUT versus empty; however, neither
ESR1 nor PGR passed the applied filters (�1.2-fold change, P < 0.05).

Figure 5 Mutation of the PRLr TAD or PRLr depletion impairs expression
of ERa and PR. A and B: Real-time PCR performed on cDNA collected from
MCF7 stable cells to measure ERa (A) or PR (B) mRNA levels. Results are
representative of two separate experiments. The values presented are the

PRLr Function in Breast Cancer
PRLr 30-untranslated region. By using these rescue cell lines,
the expression of ERa and PR in MCF7 was assessed.
Reintroduction of PRLr or PRLrYDmut restored PRLr levels
to slightly higher than physiological levels (Supplemental
Figure S5C). Interestingly, the introduction of PRLr into
shPRLr cells rescued ERa and PR levels to approximately
25% to 30%, whereas expression of PRLrYDmut did not
increase ERa to higher than shPRLr levels (Supplemental
Figure S5, D and E). Collectively, these data strongly sug-
gested that PRLr TAD was critical for proper expression of
ERa and PR.
mean � SEM from replicate measurements within one experiment. C:
Western blot analysis demonstrating PRLr knockdown in MCF7 shPRLr cells
versus shNS control cells. D and E: Real-time PCR performed on cDNA
collected from MCF7 shNS or shPRLr cells to measure ERa (D) or PR (E)
mRNA levels. Results are representative of three separate experiments. The
values presented are the mean � SEM from replicate measurements within
one experiment. Empty, empty vector control, expressing MCF7 cells.
*P < 0.05, **P < 0.01, and ***P < 0.001.
Mutation of the PRLr TAD or Depletion of the PRLr
Results in Decreased Estrogen Responsiveness

Wenext questioned if diminishedERa levels in PRLrYDmut-
expressing cells would correlate to decreased estrogen
The American Journal of Pathology - ajp.amjpathol.org
responsiveness by using a luciferase reporter construct driven
by multiple estrogen response elements (Figure 6A). MCF7
stable cell lines were transiently transfected with the
ERE-luciferase reporter, and transcriptional activity was
measured in response to 10 nmol/L E2. Interestingly, PRLr
expression promoted a significant increase in E2-driven
luciferase activity, whereas PRLrYDmut expression yielded
levels similar to control (Figure 6B). As a second measure of
estrogen responsiveness, the ER-regulated genes c-fos, PR,
c-myc, and CCND1 were analyzed by qPCR. MCF7 stable
transfectants were depleted of estrogen for 4 days, followed
by the addition of E2 (1 hour). PRLrYDmut expression
significantly decreased E2-driven transcription (Figure 6,
CeE and Supplemental Figure S6A). We did not, however,
observe an increase in transcription with PRLr expression,
which might be due to saturation of E2-induced transcription.

To corroborate these data, we additionally measured
E2-driven transcription in MCF7 shNS or shPRLr cells.
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Figure 6 PRLrYDmut expression or PRLr deple-
tion decreases estrogen responsiveness. A: Sche-
matic of ERE-luciferase reporter.B: MCF7 stable cells
were transfectedwith an ERE-luciferase reporter and
a control reporter for 24 hours, serum starved for an
additional 24 hours, and treated with E2 for 6 hours.
Results are presented as fold change relative to non-
treated empty vector control. Values are from
a representative experiment repeated three sepa-
rate times, in which SEM represents the error
of three replicates performed within one experi-
ment. CeE: Real-time PCR performed on cDNA
collected from E2-treated MCF7 stable cell pools to
determine c-fos (C), PR (D), and c-myc (E) mRNA
induction. MCF7 transfectants were serum starved
for 24 hours before 1 hour of E2 treatment. Values
were normalized to 18S RNA, and fold change was
calculated by comparing each value with the non-
treated control sample; values are representative
of three separate experiments with SEM (FeH).
Real-time PCR performed on cDNA collected from
E2-treated MCF7 stable knockdown cell lines to
determine c-fos (F), PR (G), and c-myc (H) mRNA
induction. All P values in AeH were calculated
using one-way analysis of variance with a Bonfer-
roni multiple comparisons test. Calculated P values
are highlighted in the figure. Empty, empty
vector control, expressing MCF7 cells. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Depletion of the PRLr completely inhibited E2-mediated
induction of c-fos, PR, c-myc (Figure 6, FeH), and CCND1
(Supplemental Figure S6B). Taken together, our data sug-
gested that the PRLr was critical for estrogen responsiveness
in breast cancer cells, in part through its TAD.
Y406 Phosphorylation Is Up-Regulated in Malignant
Breast Tissue

To investigate the correlation between the PRLr and the
steroid hormone receptors, we queried Oncomine Research,
a cancer profiling database (http://www.oncomine.org, last
accessed June 30, 2012). Database analysis using Oncomine
Research revealed several studies that found a significant
increase in PRLr expression in breast cancer compared with
normal breast tissue (Table 8 and Figure 7A).56e58 This
analysis also revealed that the PRLr was expressed at higher
levels in ERþ and PRþ breast cancers compared with ER�/
PR� breast cancers59e62 (Table 8 and Figure 7, B and C).

Because microarray analysis and RT-qPCR data both
suggested that the PRLr TAD might play a functional role in
PRLr-driven tumorigenesis, we next assessed the clinical
relevance of an active PRLr TAD (via Y406 phosphoryla-
tion). To that end, we performed IHC with a phospho-
specific anti-PRLr antibody on a breast cancer progression
TMA. This antibody was characterized in our previous
work.41 The TMA consisted of 15 patient-matched normal,
tumor, and lymph node metastasis tissue and six patient-
matched normal and tumor tissue samples that were taken
228
from both ERþ/Her2� and ER�/Her2� patients with breast
cancer (as described in Materials and Methods). Notably,
PRLr Y406 phosphorylation was primarily observed in the
nucleus of tissue samples, consistent with the hypothesis
that phosphorylation activated the nuclear transactivation
properties of the PRLr. Visual scoring of PRLr Y406
phosphorylation revealed a significant increase in nuclear
intensity of primary breast tumor and lymph node metastasis
samples compared with normal samples (Figure 7, D and E).
Moreover, the staining intensity increased as a function of
neoplastic progression. No significant differences, however,
were observed in cytoplasmic intensity of PRLr Y406
phosphorylation (Figure 7F). Given the identified associa-
tion between the PRLr Y406 phosphorylation and ER
expression, samples from the TMA were stratified into ER�

or ERþ cohorts. Although no individual tumor groups were
significantly different from each other in ER� and ERþ

cohorts, a global increase in phospho-Y406 staining was
observed between the ER� and ERþ groups (Figure 7G).
Taken together, these data supported a pathological role for
PRLr Y406 phosphorylation in human breast cancer and
suggested that assessment of PRLr Y406 phosphorylation in
the nucleus of breast cancer tissue samples might have
prognostic utility.
Discussion

Although overexpression of the PRLr in breast cancers has
been previously reported,4 our understanding of the specific
ajp.amjpathol.org - The American Journal of Pathology
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Table 8 PRLr Expression in Breast Carcinoma

Source Tissue P value
Fold change
(PRLr up-regulation)

PRLr expression in breast
cancer vs normal

56 Ductal breast cancer vs norm 1.44 � 10�16 2.945
57 Invasive ductal breast carcinoma vs norm 3.03 � 10�10 2.95
58 Ductal breast carcinoma vs norm 2.39 � 10�6 2.008

PRLr expression in ERþ

vs ER� breast tumors
59 Ductal breast carcinoma 1.47 � 10�10 2.932
60 Invasive ductal breast carcinoma 2.51 � 10�12 2.203

PRLr expression in PRþ

vs PR� breast tumors
61 Breast carcinoma 1.42 � 10�6 1.759
62 Breast carcinoma 6.69 � 10�6 1.336

To determine the clinical relevance of PRLr expression in human mammary carcinoma, we used the Oncomine cancer microarray database to analyze the
expression profile of PRLr in human cancers. The table lists four independent studies in which PRLr was up-regulated in ductal or invasive breast cancer versus
normal tissue (study: PRLr expression in breast cancer). In addition, three studies demonstrated higher PRLr expression in ERþ versus ER� breast tumors
(study: PRLr expression in ERþ versus ER� breast cancers), and two studies demonstrated higher PRLr expression in PRþ versus PR� breast cancers. The type of
study, tissue type, fold up-regulation (of PRLr), and corresponding P values are listed. In addition, all references are listed in the table.

PRLr Function in Breast Cancer
pathways and transcriptional axes that account for this
phenomenon remains insufficient. Herein, we reveal asso-
ciations between the PRLr TAD and the following: i) global
PRL-induced gene expression, ii) ERa and PR transcription,
and iii) neoplastic progression. Given this, the data pre-
sented herein have a direct and significant correlation to the
pathogenesis of both ERa/PR-positive tumors, in which the
The American Journal of Pathology - ajp.amjpathol.org
PRLr may potentially function as a key regulator that
contributes to steroid hormone receptor expression in breast
cancers.

Microarray analysis confirmed the hypothesis that the
PRLr TAD contributes to PRL-induced gene expression.
Although several genes identified in microarray analysis
have previously been identified as PRL-specific target genes,
Figure 7 PRLr Y406 phosphorylation is increased
as a function of neoplastic progression. AeC: Data
analysis performed using the Oncomine database.
Representative graphs demonstrating that the PRLr is
overexpressed in ductal breast cancer compared with
normal breast tissue (A),56 the PRLr is more highly
expressed in ERþ versus ER� breast tumors (B),59 and
the PRLr is more highly overexpressed in PRþ versus
PR� breast tumors (C).61 D: Representative antie
phospho-Y406 PRLr IHC from patient-matched
normal, primary tumor, and lymph node metastasis
breast tissue. The photomicrograph demonstrates the
observed increase in PRLr Y406 phosphorylation in
malignant tissue, with significant accumulation in
the cell nucleus. Original magnification, �400. E:
Quantification of nuclear PRLr Y406 phosphorylation.
F: Quantification of cytoplasmic PRLr Y406 phos-
phorylation. The results are shown as the mean �
SEM, and P values were determined using a one-way
analysis of variance. G: Values from TMA analysis
were stratified into ER� and ERþ groups for analysis,
and a two-way analysis of variance was performed to
analyze theeffects of bothER status andtumor status.
Statistical analysis demonstrated a significant
increase in Y406 phosphorylation as a function of
tumor status and ERpositivity, although no individual
groupswere significantly different fromeachother, as
analyzed by the post hoc Bonferroni test. Normal,
normal breast tissue; Tumor, primary breast tumor; LN
Met, lymph node metastasis. *P< 0.05, **P< 0.01,
and ***P < 0.001.
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Figure 8 Correlation between ERa, PR, and PRLr expression results from
a tripartite regulatory loop. Model demonstrating the relationship between
PRLr, ERa, and PR. Herein, perturbation of the PRLr, PRLr Y406 phos-
phorylation, ERa, or PR level disrupts the balance in expression of all three
receptors.
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such as CCND163,64 and C/EBPb,65 we also identified
several novel PRL-induced genes, such as dexamethasone-
induced Ras-related protein 1 (RASD1), MYADM, and ZYX.
These novel PRL-induced target genes are significant for the
following reasons: i) RASD1 functions as a tumor suppressor
gene by inhibiting cell growth,66 ii)MYADM is important for
the organization of lamellipodium extension and cell
motility,67 and iii) reports suggest that ZYX is a critical
regulator of DNA damageeinduced cell death induction.68

The role of such genes in normal and malignant processes
within the mammary gland requires further characterization,
but it will ultimately contribute to the overall knowledge of
the complex PRL/PRLr signaling network.

IPA of microarray data revealed cellular growth/prolifer-
ation and gene expression as the top molecular functions
affected by the PRLr TAD. In addition, IPA identified cancer
as the top disorder associated with PRLr TAD function.
These results are particularly relevant because subsets of
genes identified by microarray analysis are implicated in
proliferation and migration and may play a role in breast
cancer pathogenesis. For instance, the cell cycle protein
cyclin D1 is up-regulated in approximately 50% of breast
tumors.69,70 Similarly, the transcription factor, C/EBPb, is
implicated in the pathogenesis of breast cancer,71 because an
elevation in C/EBPb expression is associated with metastatic
breast cancer, a high tumor grade, and an overall poorer
prognosis.72 SRF regulates transcription of the oncogene,
c-fos, which is critical for the growth of MCF7 breast cancer
cells.73 Targeting RARA via its ligand lowers the threshold
of taxol-induced cell killing,74 and loss of ERRFI1 is asso-
ciated with ErbB2/HER-2 oncogenic potency, leading to
herceptin resistance.75 The notion that the PRLr, but not the
transactivation-deficient PRLrYDmut, up-regulates genes
involved in a proproliferative/migratory phenotype is rein-
forced by our observation that PRLrYDmut expression
decreases proliferation and soft agar colony formation
in vitro. Together, these data suggest that the PRLr TAD
plays a key role in both PRL-induced gene expression and
cellular functions that contribute to a tumorigenic phenotype.

Surprisingly, although a subset overlap existed when
comparing PRL with PRLr regulated genes, many genes were
regulated by either PRL (nZ 383) or PRLr (nZ 4683). These
data are comparable with early reports that PRL and PRLr may
have independent functions in the nucleus.76 Differential gene
regulation could result from constitutive cytoplasmic-to-
nuclear shuttling of Stat5a77 or HMGN2,78 which can, in
turn, enable thebinding of PRLr to its target genes. Jak2has also
been in the nucleus,79,80 and could potentially promote the
phosphorylation of the PRLr TAD directly in the nucleus.
Interestingly, Jak2 also promotes H3Y41 phosphorylation,
preventing binding of HP1a and, thus, promoting an open
chromatin state.80 Another possibility is that the autocrine/
paracrine production of endogenous PRL could promote
nuclear localizationofPRLr independently of exogenousPRL.5

Although we observed that a functional PRLr TAD is
required for the expression of ERa, neither ERa nor PR was
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identified as an immediate early-response gene after PRL
stimulation. We propose two scenarios to explain how the
PRLr TAD may be regulating the transcription of these
genes. The first scenario is indirect regulation. In the rat
corpus luteum, PRL stimulates ERa transcription through
the activation of Stat5a. These reports demonstrate that
constitutively active PRLr enhances transcription of ERa, as
measured by an ER-luciferase reporter containing the
proximal ERa promoter.81,82 Furthermore, mutation of
Stat5a binding within the proximal promoter of rat ERa
prevents the PRL-mediated induction of an ER-luciferase
reporter. PRL also increases ERa transcription after 12
hours, and Jak2 tyrosine kinase is required for this
increase.81,82 Herein, we demonstrate that PRL-mediated
induction of PR gene expression occurs only after long-
term treatment (ie, 48-hour treatment; Supplemental
Figure S4). Although the previously described studies
suggest that Stat5a is in some way required for ERa tran-
scription, in all of these reports induction of transcription
occurred only after prolonged PRL stimulation. In addition,
Stat5a binding sites have not been identified within the
human ERa proximal promoter. Thus, the possibility cannot
be excluded that the reported results were due to the PRL-
specific induction of a subset of genes whose protein
products, in turn, served to regulate ERa transcription. A
second possibility for PRLr TAD-mediated regulation of
ER/PR is coregulation. For instance, Stat5a may regulate
ERa in coordination with another transcription factor. An
example of this is in the case of PRL-mediated b-casein
transcriptional activation, which requires Stat5a, C/EBPb,
and the glucocorticoid receptor. However, if this is the case,
it remains to be seen why PRL does not promote immediate
early induction of ER.
PRL and steroid hormones function synergistically in

the mammary gland to regulate growth and differentiation.
Progesterone and estrogen can increase PRLr ex-
pression,83e86 and in both cases, the coordinated
ajp.amjpathol.org - The American Journal of Pathology
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interactions of ERa or PR with C/EBPb on the PRLr
promoter were responsible for the up-regulation of PRLr
expression. In addition, PRL can amplify the expression of
its own receptor.87 We report herein that the PRLr TAD
mutation decreases expression of ER and PR specifically in
the presence of serum, which possesses hormones (ie, lac-
togens, estrogen, and progesterone).88 It is, therefore,
conceivable that the indirect action of PRLr on ER/PR
expression is a product of cross talk between prolactin,
steroid hormones, and their respective receptors. In serum-
free conditions, mutation of the PRLr TAD decreases PR
expression only after treatment with estrogen. This further
supports a mechanism of cross talk between the PRL/PRLr
and steroid hormones/receptors affecting ER-mediated gene
expression. Given that the PRLr TAD may play a role in
ERa and PR expression and ER and/or PR regulate PRLr
expression, we propose a model in which levels of ERa, PR,
and PRLr expression are controlled by a tripartite regulatory
loop. This proposed model suggests that levels of either the
PRLr or PRLr TAD phosphorylation contribute to the
balance of ERa/PR/PRLr expression and synergy
(Figure 8).

The relevance of our observations in MCF7 breast cancer
cells was substantiated by TMA, in which up-regulation of
PRLr Y406 phosphorylation occurs as a function of
neoplastic progression in breast cancer. We only observe
increased PRLr Y406 phosphorylation in the nuclear
compartment, with no significant differences in the cyto-
plasm. This finding is particularly significant because the
subcellular localization of translocated receptors may be of
clinical importance. For example, the expression of EGFR
does not yet provide predictive value for the overall survival
of patients with breast cancer. However, IHC analysis of
130 breast carcinomas by Lo et al23 reveals a significant
inverse correlation between nuclear EGFR expression and
breast cancer patient survival, whereas no such correlation is
identified with cytoplasmic EGFR. Collectively, these
reports emphasize the importance of examining phosphor-
ylation status and subcellular localization of translocated
receptors as prognostic markers in breast cancer
pathogenesis.

Co-expression of the PRLr with ERa and PR is
observed in many breast tumors,50,52,53,89 and prolonged
PRL exposure increases ERa and PR levels in the ER/PR-
positive breast cancer cell lines, T47D and MCF7.50,55

These observations suggest that the transcriptional cross
regulation of PRLr, ERa, and PR may contribute to their
co-expression in breast cancer. However, although others
have suggested that PRL may stimulate/contribute to ERa
and PR transcription,54,55 to our knowledge, this is the
first report to determine the requirement for PRLr Y406
phosphorylation in steroid hormone receptor transcription.
Thus, because the quantification and inhibition of both ER
and ErbB2 are useful in the stratification and therapy
of breast cancer,90 similar strategies may be of utility for
the PRLr.
The American Journal of Pathology - ajp.amjpathol.org
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