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Identification of genes that are upregulated during mammary epithelial cell morphogenesis may reveal novel regulators of tu-
morigenesis. We have demonstrated that gene expression programs in mammary epithelial cells grown in monolayer cultures
differ significantly from those in three-dimensional (3D) cultures. We identify a protein tyrosine phosphate, PTPRO, that was
upregulated in mature MCF-10A mammary epithelial 3D structures but had low to undetectable levels in monolayer cultures.
Downregulation of PTPRO by RNA interference inhibited proliferation arrest during morphogenesis. Low levels of PTPRO ex-
pression correlated with reduced survival for breast cancer patients, suggesting a tumor suppressor function. Furthermore, we
showed that the receptor tyrosine kinase ErbB2/HER2 is a direct substrate of PTPRO and that loss of PTPRO increased ErbB2-
induced cell proliferation and transformation, together with tyrosine phosphorylation of ErbB2. Moreover, in patients with
ErbB2-positive breast tumors, low PTPRO expression correlated with poor clinical prognosis compared to ErbB2-positive pa-
tients with high levels of PTPRO. Thus, PTPRO is a novel regulator of ErbB2 signaling, a potential tumor suppressor, and a
novel prognostic marker for patients with ErbB2-positive breast cancers. We have identified the protein tyrosine phosphatase
PTPRO as a regulator of three-dimensional epithelial morphogenesis of mammary epithelial cells and as a regulator of ErbB2-
mediated transformation. In addition, we demonstrated that ErbB2 is a direct substrate of PTPRO and that decreased expression
of PTPRO predicts poor prognosis for ErbB2-positive breast cancer patients. Thus, our results identify PTPRO as a novel regula-
tor of mammary epithelial transformation, a potential tumor suppressor, and a predictive biomarker for breast cancer.

Loss of proliferation control is a property of cancer cells. Un-
derstanding the mechanisms by which epithelial cells control

proliferation will identify novel ways to understand and treat can-
cer. Resting mammary epithelial cells typically remain in a low
proliferation state in vivo (5). When nontransformed mammary
epithelial cells, such as MCF-10A, are cultured on Matrigel, a re-
constituted basement membrane, they form three-dimensional
(3D) acinar structures (30). The morphogenesis of these struc-
tures recapitulates the pattern of growth and differentiation seen
in the terminal duct lobular units (TDLUs) in the mammary gland
in vivo (7, 9). Each single cell plated in this 3D culture system
proliferates to form a sphere of cells; the cells in the interior of the
spheres, which lack attachment to the basement membrane, are
eliminated by both apoptotic and nonapoptotic cell death mech-
anisms (8). This development phase is followed by a phase of
maturation that involves compaction of the structure and acqui-
sition of a proliferation arrest. The resulting acinus-like structures
have properties such as polarization, 3D organization, and prolif-
eration control that are akin to those observed in human breast
acini in vivo. However, they are not terminally differentiated, as
demonstrated by their ability to proliferate and form new acini in
a manner similar to that of the parental cells in the breast when
acini are disrupted and plated onto new 3D cultures (30).

It is likely that MCF-10A cells use distinct mechanisms to
achieve and maintain proliferation arrest in monolayer (2D) and
in 3D culture. For example, we have previously demonstrated that
overexpression of cyclin D1 or activation of ErbB2 regulates cell

proliferation differently in 2D and 3D cultures (8, 30). Although
MCF-10A cells expressing these oncogenes retain the ability to
achieve proliferation arrest by contact inhibition when grown in
monolayer cultures, they fail to undergo proliferation arrest in 3D
culture, demonstrating that MCF-10A cells use different mecha-
nisms to reach proliferation arrest during contact inhibition and
3D morphogenesis. To begin to obtain direct insights into the
molecular mechanisms by which cells in 3D and 2D monolayer
culture reach proliferation arrest, we have identified global gene
expression signatures associated with proliferation arrest under
both conditions. We report that cell culture conditions exert a
major influence on gene expression, and we have identified genes
that are specific to the proliferation-arrested state in either 2D
monolayer cultures or 3D acini. By analyzing genes that were up-
regulated in proliferation-arrested 3D acini, we discovered a novel
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role for the protein tyrosine phosphatase PTPRO during 3D mor-
phogenesis.

Initially identified as GLEPP1, a renal glomerular podocyte
protein, PTPRO is a transmembrane receptor-like PTP (39, 41).
There are multiple variants of PTPRO, which arise from the use of
distinct promoters and through alternative splicing, leading to a
variable extracellular segment (25). PTPRO has been implicated
in several biological processes, including neuronal outgrowth (3),
axonal guidance (13, 35), and osteoclast function (14), with links
established between PTPRO and particular signaling pathways,
including regulation of SYK in B cell signaling (4, 18), c-Kit (38),
WNT (19), and BCR-ABL (27). Here, we demonstrate that loss of
PTPRO cooperates with ErbB2 to transform mammary epithelial
acini and that decreased expression of PTPRO is a prognostic
factor in breast cancer.

MATERIALS AND METHODS
Materials. MCF-10A cells were obtained from ATCC (Manassas, VA) and
cultured in Dulbecco’s modified Eagle medium (DMEM)–F-12 (Invitro-
gen) supplemented with 5% donor horse serum, 20 ng/ml epidermal
growth factor (EGF), 10 �g/ml insulin, 100 ng/ml hydrocortisone, 100
ng/ml cholera toxin, 100 U/ml penicillin, and 100 �g/ml streptomycin.
The dimerizing compound, AP1510, was obtained from ARIAD Pharma-
ceuticals. Growth factor-reduced Matrigel was purchased from BD Bio-
sciences; the protein concentration of the lots used ranged from 9 to 11
mg/ml. Microarray chips (HG-U133A) were purchased from Affymetrix.

The following primers for quantitative real-time (RT)-PCR were pur-
chased from Sigma: PTPRO, 5=-TTCAGAGGAAGAGCAGGACGAC and
3=-CATCCTGCATCTCGTCAGCATA; and GAPDH, 5=-AAATTCCATG
GCACCGTCAA and 3=-TCTCGCTCCTGGAAGATGGT. Isoform-spe-
cific RT-PCR was performed using P1, 5=-TTCAGAGGAAGAGCAGGA
CGAC-3= and 5=-CATCCTGCATCTCGTCAGCATA-3=; P2, 5=-AAGTT
GGCTCCAGTCAGAAAACC-3= and 5=-TTGTAGGCAGTGGCAGGAA
GAAGG-3=; P3, 5=-TGAGACAGAGAAGTCAACATCAGGC-3= and 5=-G
GAACCCATCAAAAGCAGTGG-3=; P4, 5=-GCACTCAGGTGAACTCA
AGCAAAC-3= and 5=-AGGTGGTCCAATCAAAGGGC-3=; P5, 5=-GCTG
GATTGGACACTCCTAAAACC-3= and 5=-AAGGGCTCACATAATGG
GGG-3=; and P6, 5=-AAGACATTCAGACCCACAGAAAGG-3= and 5=-C
ACCACTGCTCTCACTATGCTCAG-3=.

The small hairpin RNAs (shRNAs) against human PTPRO were designed
by using computer software (www.cshl.org/public/SCIENCE/hannon.html),
and the targeting sequences that were used to silence gene expression were A,
CTCACTCAGTGTAATGAGA; B, CACAGCAAATGCTGCAGAA; and
C, GCCAAAGACTCTGACTATA. The vector MSCV-LTR-PURO-
IRESGFP (MLP) was kindly provided by the Scott Lowe, Cold Spring
Harbor Laboratories.

Anti-Ki67 antibody was from Calbiochem. Anti-cleaved caspase 3 was
from Cell Signaling. Anti-phosphotyrosine 4G10 and PT66 were from
Upstate Biotechnology and Sigma, respectively. Antihemagglutinin (anti-
HA) was from Covance, and anti-His tag from Qiagen. Anti-mouse or
anti-rabbit antibodies conjugated with Alexa Fluor dyes were from Mo-
lecular Probes. Goat F(ab=)2 anti-mouse IgG (H�L) was from Caltag
Laboratories. Antifade agent Prolong was from Molecular Probes.

The rabbit polyclonal anti-PTPRO antibody was generated against
the peptide DCTNPVQLDDFDSYIKDMAKDS, which is common to all
known protein products of the PTPRO gene. The antibody is capable of
recognizing endogenous PTPRO in tissues and exogenous PTPRO in
transfected cells. A detailed description of this antibody will be published
elsewhere.

Morphogenesis assay. The three-dimensional culture of MCF-10A
cells on basement membrane was carried out as previously described (30).
Briefly, four-well chamber RS glass slides (BD) were coated with 100 �l of
Matrigel per well and left to solidify for 20 min at 37°C. Cells were
trypsinized and resuspended in DMEM–F-12 supplemented with 20%

donor horse serum. The cells were spun down and resuspended in assay
medium (DMEM–F-12 supplemented with 2% donor horse serum, 10
�g/ml insulin, 100 ng/ml hydrocortisone, 100 ng/ml cholera toxin, 100
U/ml penicillin, and 100 �g/ml streptomycin) containing 2.5% Matrigel
and 5 ng/ml EGF at a concentration of 5 � 104 per 4 ml. A 400-�l volume
of cell suspension was added to each well, and assay medium containing 5
ng/ml EGF was replaced every 4 days. For the 2D culture used in the
microarray study, MCF-10A cells were plated at a concentration of 0.75 �
105 per well on 6-well plates coated with a very thin layer of Matrigel (BD)
in the same assay medium as mentioned above. For stimulation of ErbB2,
EGF-containing assay medium with 1 mM AP1510 was replaced on day 4
(for 2D cultures) or 15 (for 3D cultures); cultures were refed every 2 days
with the stimulation medium.

RNA extraction. Total RNA was isolated by phenol-chloroform ex-
traction (TRIzol; Invitrogen) according to the manufacturer’s protocols.

Array hybridization. RNA was quantified using Agilent 2100 Bioana-
lyzer before processing to prepare for array hybridization. RNA samples
were prepared according to the Affymetrix GeneChip Analysis manual.
Basically, a total of 5 �g RNA is first reverse transcribed using a T7-
oligo(dT) promoter primer in the first-strand cDNA synthesis reaction.
Following RNase H-mediated second-strand cDNA synthesis, the double-
stranded cDNA was purified and served as a template in the subsequent in
vitro transcription (IVT) reaction. The IVT reaction was carried out in the
presence of T7 RNA polymerase and a biotinylated nucleotide analog/
ribonucleotide mix for cRNA amplification and biotin labeling. The bio-
tinylated cRNA targets were then cleaned up, fragmented, and hybridized
to GeneChip expression arrays at 45°C for 16 h in a rotation oven. The
hybridized chips were subjected to washes and staining in a Fluidics Sta-
tion 450. Finally, the arrays were scanned by Affymetrix Genechip Scanner
3000 and processed automatically into digital CEL files.

Data processing. All the CEL files from different replicates and exper-
imental conditions were used directly in the normalization step. Single
values from each of the probe sets were calculated and normalized by
means of the robust microarray analysis (RMA) (16) method using Bio-
conductor (http://www.bioconductor.org) in the R computing environ-
ment. Scatter plots of replicates were done in R.

For clustering, Affymetrix Microarray Suite 5.0 (MAS5) was used to
generate the intensity file for each experiment, and hierarchical clustering
was done using MEV4.0, developed by the J. Craig Venter institute (33).
Data were filtered based on a good signal (software parameter “P” or
detected signal above threshold) and retained if there was a good signal of
the gene from at least two experiments of 2D and at least three experi-
ments in 3D. Those that did not meet the criteria were removed from the
cluster. The image was generated using the ratio of absolute intensity to
the median of all the genes in all experiments.

For data normalization, we used the hgu133a.db package in R. We
used the following methods in each step: RMA for background correction,
quantile for normalization, pm only for PM correction, and median pol-
ish for summarization. Fold change is calculated by dividing the raw ex-
pression level of each gene in the first experiment by the expression level of
the corresponding gene in the second experiment; and P values in fold
change were calculated using the analysis of variance (ANOVA) test.

For pathway analysis, we used the Reactome/KEGG functional inter-
action (FI) network, cytoscape plug-in (42), to identify the significant
pathways. The binomial test was used for functional enrichment analysis.
The FDR (false discovery rate) was calculated based on 1,000 permuta-
tions on all genes in the FI network. Only pathways with P values of �0.05
and FDR of �0.1 were taken into consideration.

For expression analyses in breast cancer patients, we combined six
breast cancer data sets containing in total 16,785 genes from 922 samples
(238 of these patients survived and 684 did not). Details of subjects are
given elsewhere for the six data sets, which respectively comprised 158
samples (2), 198 samples (10), 77 samples (21), 236 samples (23), 159
samples (31), and 94 samples (37). We ranked genes with P values of
�0.05 based on their fold change in 3D morphogenesis and selected the
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top 20 genes to validate in the breast cancer patient tumor expression data.
In our box plots, we compared the gene expression values of subjects who
survived less than 5 years (103 subjects) with those of subjects who sur-
vived more than 10 years (318 subjects) and report the two-sided t test P
value.

Quantitative real-time PCR. Total RNA (2 �g) was reverse tran-
scribed into cDNA using the TaqMan probe kit (Applied Biosystems) by
following the manufacturer’s instructions. Primers for selected genes were
designed via the Primer Express software (version 1.5a; PE Applied Bio-
systems). To avoid genomic DNA contamination, primers were designed
to overlap the exon-exon boundary. Primers were also subjected to
BLAST analysis against the RefSeq known transcripts for uniqueness.
Quantitative RT-PCR included the following: diluted cDNA sample, 0.5
�mol/liter primers, nucleotides, Taq DNA polymerase, and the buffer
included in the SYBR green I Mastermix (Applied Biosystems). Using the
ABI Prism 7700 sequence detection system (Applied Biosystems), PCR
cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, 40
cycles at 94°C for 15 s, and 60°C for 1 min. Sequence Detector Software
(version 1.9.1; Applied Biosystems) was used to extract the PCR data,
which were then exported to Excel (Microsoft, Redmond, WA) for further
analysis. Expressions of target genes were measured in triplicate and nor-
malized to GAPDH expression levels.

Generation of cell lines stably expressing the shRNA construct. To
generate the retrovirus, 10 �g plasmid DNA was transfected into the ve-
sicular stomatitis virus-glycoprotein G (VSV-GPG) retrovirus packaging
cell line by standard calcium phosphate methods. Media containing vi-
ruses were collected at days 4, 5, and 6 after transfection and passed
through a 0.45-�m filter. Medium was then overlaid on MCF-10A cells
with 8 �g/ml Polybrene added. Forty-eight hours later, pools were gener-
ated by selection in 2.0 �g/ml puromycin for 2 days. Stable suppression of
proteins was confirmed by immunoblotting.

Immunoblotting. For the cells in acinar structures on Matrigel (3D),
structures were washed with room temperature phosphate-buffered sa-
line (PBS) and isolated from Matrigel using a nonenzymatic solution, Cell
Recovery Solution from BD Biosciences, on ice for 30 min. Cells were
collected by centrifugation at 4°C at 6,000 rpm for 3 min and washed twice
with chilled PBS. Cells from 3D acinar structure or plastic dishes (2D)
were lysed with radioimmunoprecipitation assay (RIPA) buffer on ice for
30 min. The lysate was centrifuged at 4°C at 13,000 rpm for 15 min. The
supernatant was added to SDS sample buffer and boiled at 100°C for 5
min. Equal amounts of protein were separated by SDS-PAGE, transferred
to polyvinylidene difluoride (PVDF) membrane, and probed with appro-
priate primary antibodies and then horseradish peroxidase (HRP)-conju-
gated secondary antibodies. Immunoreactive bands were visualized with
the enhanced chemiluminescence (ECL) system. Protein levels were
quantified using Image J (NIH) software.

Acinus size quantitation. Phase images of 3D acinus structures were
taken at different days with a 10� objective. The structure area was mea-
sured using AxioVision 4.4 software (Zeiss). At least 600 images from
three different experiments were studied for each experimental condition,
and areas were subjected to the Wilcoxon signed rank test for statistical
significance of differences between conditions. The Wilcoxon signed rank
test and the box plot were done via the statistical computation program R.

3D immunofluorescence and microscopy. The immunofluorescence
analysis was conducted as described previously (9). Briefly, 3D acinar
structures were washed with PBS, fixed with 2% paraformaldehyde for 30
min at room temperature, washed three times with PBS-glycine, perme-
abilized with 0.5% Triton X-100 for 10 min, and washed three times with
washing buffer. The structures were then blocked with 10% goat serum in
washing buffer for 1 h, blocked with a secondary block of goat anti-mouse
F(ab=)2 fragment diluted 1:100 in primary block for 30 min, and then
incubated with proper primary antibodies (1:100 dilutions) overnight,
washed three times with washing buffer, blocked with secondary antibod-
ies conjugated with Alexa Fluor dyes for 1 h, washed three times, and
incubated with 4=,6-diamidino-2-phenylindole (DAPI) for 10 min. Slides

were mounted with the antifade agent Prolong. Microscopy was per-
formed on Zeiss Axiovert 200 M using the AxioVision 4.4 and ApoTome
imaging system.

Construction, expression, and purification of recombinant His-
tagged PTP domain of PTPRO. The wild-type full-length PTPRO expres-
sion construct was purchased from Origene. To generate the substrate-
trapping mutant form of PTPRO, point mutation D1102A was
introduced into the PTP domain of PTPRO using the QuikChange site-
directed mutagenesis kit (Stratagene). After mutagenesis, the PTP domain
of the wild-type construct and the substrate-trapping, D1102A PTPRO
(amino acids T915 to S1216) mutant was subcloned to the bacterial ex-
pression vector pET28a. The recombinant protein of the wild-type con-
struct and the substrate-trapping, the D1102A PTPRO mutant PTP do-
main was generated according to the method described previously by Lin
et al. (20).

Substrate-trapping pulldown assay. For the substrate-trapping pull-
down, 1 �g of the purified recombinant PTPRO (from the wild type or
from the substrate-trapping, D1102A mutant) was prebound to the Ni-
nitrilotriacetic acid (Ni-NTA) beads. After washes, prebound Ni-NTA
beads were used to pull down interacting proteins from 100 �g of per-
vanadate-treated MCF10A/ErbB2 lysate at 4°C overnight. Following pull-
down, the Ni-NTA beads were washed by lysis buffer and then were eluted
by sample buffer. The pulldown of the chimeric ErbB2 was detected by
anti-HA blotting.

RESULTS
Gene expression profiles of morphogenesis in 3D and 2D cul-
tures. To compare the genes that are associated with acquisition of
proliferation arrest in 2D and 3D cultures, we compared gene
expression changes between day 2 (actively dividing) and day 5
(contact-inhibited) 2D monolayers and day 8 (growing) and day
16 (proliferation-arrested, mature) 3D acini (Fig. 1A). To control
for variations between biological samples, we repeated the exper-
iment five times. The integrity and quality of RNA were assessed
on denaturing agarose gels and by analyzing the RNA in an Agilent
2100 BioAnalyzer before processing for microarray analysis. We
used Affymetrix HG-U133A chips, which contain ProbeSets
for 18,400 transcripts and variants in the human genome, and
data from all the conditions were normalized using robust
multiarray analysis (RMA) (16). The correlation coefficients of
the hybridization intensity calculated between each pair of rep-
licates under a particular condition were all above 0.96, indi-
cating reproducibility.

To determine the relationship between gene expression pat-
terns observed under the different culture conditions, we per-
formed unsupervised two-way hierarchical clustering for changes
associated with all genes reproducibly altered in expression in
more than two biological replicates and related them to the exper-
imental conditions. Interestingly, samples from 3D acini and from
2D monolayers segregated independently of each other (Fig. 1B),
demonstrating that the overall gene expression pattern observed
in cells grown in 3D resembles more closely that of other samples
from 3D than it does the gene expression patterns observed in cells
grown as 2D monolayers, irrespective of the proliferation status.

To understand the influence of culture conditions on changes
in gene expression, we identified genes that vary more than 1.5-
fold with reproducible changes among the biological replicates
(P � 0.05) for different biological states. In cells undergoing pro-
liferation arrest in monolayer cultures (day 2 versus day 5), 323
genes differ significantly in expression (Fig. 1C; see Table S1 in the
supplemental material) and belong to pathways related to cell cy-
cle, integrin, and p53 signaling pathways (Table 1). In contrast, in
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cells undergoing proliferation arrest in 3D culture (day 8 versus
day 16), 344 genes differ significantly in expression (Fig. 1D; see
Table S2 in the supplemental material) and represent ceramide,
tumor necrosis receptor, spingosine-1-phosphate, and Escherichia
coli infection signaling pathways (Table 2). These observations

demonstrate that mammary epithelial cells use different mecha-
nisms to undergo proliferation arrest in monolayer and in 3D
cultures.

We compared proliferating or proliferation-arrested cells in
2D and 3D. More than 2,000 genes were differentially expressed in

FIG 1 Gene expression analysis of proliferation arrest in 2D and 3D cultures. (A) Illustration of microarray designs for 2D and 3D cultures. MCF-10A cells were
plated in 2D and in 3D cultures. Total mRNAs were extracted from cells at day 2 and day 5 in 2D, as well as at day 8 and day 16 in 3D, and were hybridized onto
Affymetrix HGU-133A arrays. (B) Two-way hierarchical clustering of gene expressions from all the conditions. Genes are in rows, and experiments are in
columns. Data plotted were the ratios of intensity value of each gene at each experiment over the mean value of all data points. Yellow represents positive ratios,
and blue represents negative ratios. (C) Hierarchical clustering of differentially expressed genes in 2D at day 2 and day 5. (D) Hierarchical clustering of
differentially expressed genes in 3D at day 8 and day 16.
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proliferating cells grown in monolayer cultures compared to pro-
liferating cells grown in 3D cultures (see Fig. S1A and Table S3 in
the supplemental material). More than 1,700 genes were differen-
tially expressed in proliferation-arrested cells in monolayer cul-
tures compared to those in 3D cultures (see Fig. S1B and Table S4
in the supplemental material). These genes represent a large num-
ber of signaling pathways (see Tables S3 and S4 in the supplemen-
tal material), demonstrating that cells cultured in 2D and 3D dis-
play significant differences in gene expression programs involving
multiple signaling pathways, irrespective of their proliferation
status.

Regulation of proliferation arrest during 3D morphogenesis.
We reasoned that genes that are upregulated during proliferation
arrest in acini may represent a novel class of candidate tumor
suppressors because they are likely to promote and/or maintain
proliferation arrest during normal morphogenesis. To identify the
clinical significance of the genes upregulated in 3D acini, we ana-
lyzed the relationship between changes in gene expression level
and survival of breast cancer patients. We used a data set repre-
senting 922 primary breast tumors with associated patient survival
data more than 10 years postdiagnosis (6) developed by compiling
data from six studies, each monitoring gene expression changes of
a total of 16,785 genes. The expression level of each gene upregu-

lated in 3D acini of patients who died within 5 years (n � 103) was
compared to that of patients who survived for more than 10 years
(n � 318) after diagnosis (Fig. 2). Among the top 20 genes ana-
lyzed, those encoding PTPRO (a protein tyrosine phosphatase)
(Fig. 2), ZMYND6 (unknown function) (see Fig. S2D in the sup-
plemental material), and SRSF7 (splicing factor) (see Fig. S2H)
showed a correlation between loss of expression and reduced pa-
tient survival; the remaining 17 genes did not show either a signif-
icant correlation with patient survival or a relationship between
higher levels of expression and decreased patient survival (P �
0.05) (Fig. 2; see Fig. S2 in the supplemental material). We selected
PTPRO for further functional analysis to explore its potential tu-
mor suppressor role and to understand the relationship between
its expression and transformation of mammary epithelial cells.

Suppression of PTPRO increased acinar size. To validate the
increase in PTPRO expression detected in microarrays of prolif-
eration-arrested 3D acini, we analyzed both RNA and protein lev-
els of this phosphatase. PTPRO mRNA levels analyzed for changes
in expression of two long-form transcripts and two short-form
transcripts (see Fig. S4 in the supplemental material) or using
primers that recognize all splice variants (Fig. 3A) showed a 4-fold
upregulation in proliferation-arrested acini compared to the ac-
tively growing structures. Although the protein levels were unde-

TABLE 1 Pathways represented by genes that are differentially regulated during proliferation arrest in monolayer cultures

Pathway

No. of proteins

P value FDR Gene IDs
In
pathway

From
study

p53 signaling pathway 12 4 2.062e�04 5.900e�02 CCND1, CCNE1, CDKN1A, GADD45A
FOXM1 transcription factor network 38 6 3.115e�04 4.200e�02 AURKB, CCND1, CCNE1, CENPA, ETV5, FOXM1
p53 signaling pathway 54 7 3.236e�04 2.867e�02 CCNG2, DDB2, GADD45A, GTSE1, PERP, SERPINE1, THBS1
Cell cycle 112 10 3.543e�04 2.300e�02 BUB1B, CCNA1, CCND1, CCNE1, CDC25A, CDC6,

CDKN1A, CDKN1C, DBF4, GADD45A
G1/S transition 98 9 5.743e�04 3.160e�02 CCNA1, CCNE1, CDC25A, CDC6, CDKN1A, DBF4, FBXO5,

MCM10, PRIM1
Aurora A signaling 62 7 7.291e�04 3.350e�02 AURKA, AURKB, CENPA, GADD45A, MALT1, NFKBIA,

TNFAIP3
Telomere maintenance 30 5 7.836e�04 3.114e�02 FEN1, POLD4, PRIM1, RFC3, TINF2
Cyclins and cell cycle regulation 19 4 1.142e�03 4.138e�02 CCNA1, CCND1, CCNE1, CDKN1A
Cell cycle: G1/S checkpoint 22 4 1.944e�03 6.022e�02 CCNA1, CCND1, CCNE1, CDKN1A
DNA replication 95 8 1.992e�03 5.560e�02 CDC6, CDKN1A, DBF4, FEN1, MCM10, POLD4, PRIM1,

RFC3
S phase 97 8 2.263e�03 5.645e�02 CCND1, CDC25A, CDC6, CDKN1A, FEN1, POLD4, PRIM1,

RFC3
Integrin signaling 39 5 2.460e�03 5.575e�02 CTGF, CYR61, FN1, PLAU, PLAUR
p53 pathway 58 6 2.690e�03 5.746e�02 CCNE1, DDB2, GADD45A, GTSE1, PERP, THBS1

TABLE 2 Pathways represented by genes that are altered during proliferation arrest in 3D cultures

Pathway

No. of proteins

P value FDR Gene IDs
In
pathway

From
study

Ceramide signaling 47 7 1.338e�04 3.600e�02 AIFM1, BID, BIRC3, MYC, NFKBIA, PDGFA, PRKRA
Pathogenic E. coli infection 26 5 3.989e�04 4.850e�02 ACTB, TUBA1B, TUBB, TUBB2C, TUBB3
Tumor necrosis factor receptor signaling 272 16 6.667e�04 5.567e�02 AIFM1, BCL3, BID, BIRC3, CYLD, FOS, LYN, MYC,

NFKBIA, PDGFA, PPARG, PRKCH, PRKRA,
PTPRK, SLC3A2, SQSTM1

Sphingosine 1-phosphate 130 10 1.041e�03 7.250e�02 AIFM1, BID, BIRC3, FOS, GRB10, LYN, MYC,
NFKBIA, PDGFA, PRKRA
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tectable in lysates from growing structures, PTPRO was upregu-
lated in day 16 cell lysates (Fig. 3B, compare shLuc lanes),
consistent with the microarray analysis.

To investigate if the changes in PTPRO expression play a func-
tional role during morphogenesis, we suppressed PTPRO expres-
sion using RNA interference (RNAi) (see Fig. S5A in the supple-
mental material). Stable cell populations expressing specific short
hairpin RNAs targeting PTPRO were plated in 3D matrix. Two (A
and C) of the three short hairpins showed effective suppression of
PTPRO and increased acinar size (P � 0.001) (see Fig. S4 in the
supplemental material). We chose short hairpin C for further
studies. RNAi-mediated knockdown of PTPRO protein level was
confirmed using cell lysates from proliferation-arrested 3D struc-
ture (Fig. 3B). PTPRO-suppressed cells displayed increased acinar
size at both day 8 and day 16 compared to control cells (Fig. 3C, D,
and E) (P � 0.0001). These observations revealed a functional role
for PTPRO in determining acinar size during 3D morphogenesis.

PTPRO regulated proliferation arrest, but not cell death,
during morphogenesis. The size of MCF-10A cell acini is deter-
mined by a balance between cell proliferation and death (7). To
understand the process that leads to an increase in acinar size, we
investigated changes in cell proliferation and apoptosis during
morphogenesis, using Ki67 as a proliferation marker and cleaved
caspase-3 as a marker for apoptosis. Acini derived from PTPRO-
suppressed cells displayed a consistent increase in the number of

Ki67-positive cells (Fig. 4A and C); in particular, acini derived
from PTPRO-suppressed cells failed to undergo proliferation ar-
rest by day 14 compared to acini derived from control cells, which
arrested at day 10. However, there was no difference in the cleav-
age of caspase 3, suggesting that suppression of PTPRO did not
affect the rates of cell death (Fig. 4B and D). Together, these results
suggest that the increase in size of acini that accompanied suppres-
sion of PTPRO was due to impaired proliferation arrest.

Suppression of PTPRO cooperated with ErbB2 in promoting
proliferation. Although downregulation of PTPRO resulted in a
hyperproliferative phenotype, it did not transform the 3D acini.
We reasoned that whereas loss of PTPRO may not be a potent
transforming event on its own, it may augment the transforming
ability of oncogenes such as HER2/ErbB2. Previously, we have
used a chimeric ErbB2 receptor and a small-molecule dimerizing
ligand (see Fig. S5 in the supplemental material for a description of
the method) to show that dimerization and activation of ErbB2 in
MCF-10A 3D acini disrupt proliferation arrest and induce forma-
tion of multiacinar structures (30). Here, we show that suppres-
sion of PTPRO cooperated with activation of ErbB2 to induce
multiacinar structure formation (Fig. 5A and B), with a significant
increase in acinar size in shPTPRO cells (median, 1,996 �m2)
compared to shLuc cells (median, 1,732 �m2) after ErbB2 activa-
tion (P � 0.0001). Loss of PTPRO significantly enhanced ErbB2-
induced proliferation, as monitored by analysis of proliferation

FIG 2 Box plots of gene expression levels in breast cancer patients for the top eight upregulated genes during proliferation arrest identified in 3D cultures. P
values are shown above the plots.
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marker Ki67, consistent with the observations in parental MCF-
10A cells (Fig. 5C). The percentage of acini with multiple (�3)
Ki67-positive cells was significantly higher following suppression
of PTPRO in ErbB2-expressing MCF-10A (11) than in the control

cells (Fig. 5D). These results indicate that suppression of PTPRO
cooperated with activation of ErbB2 to induce cell proliferation.

ErbB2 was a direct substrate of PTPRO. To understand the
mechanism by which loss of PTPRO cooperated with activation of

FIG 3 Suppression of PTPRO increased acinar size. (A) Quantitative RT-PCR validation of PTPRO expression changes during 3D morphogenesis. Results were
normalized to endogenous GAPDH control, and the relative ratios of day 16 to day 8 were plotted (n � 3; *, P � 0.05; data are means � standard deviations). (B) Analysis
of protein level of PTPRO in 3D morphogenesis in shLuc and shPTPRO cells by Western blotting. (C) Phase images of acinar structures of PTPRO-suppressed cells
(shPTPRO) and control cells (shLuc) in 3D at day 12 (scale bar � 100 �m). Expression of green fluorescent protein identifies acini derived from cells expressing the
PTPRO shRNA. (D) Distribution of acinar sizes at day 8 and day 16 structures plotted in box plots. Each condition represented at least 600 acini from three independent
experiments (***, P � 0.001). (E) Distribution of acinar sizes at day 16 plotted in segment accumulative plot. Acinar sizes were grouped into indicated segments. The
number of acini that fitted to each size segment was determined and plotted as accumulative number in percentages (n � 3; *, P � 0.05; **, P � 0.01).
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FIG 4 PTPRO regulated proliferation arrest but not cell death during morphogenesis. PTPRO-suppressed cells (shPTPRO) and control cells with shRNA for
luciferase (shLuc) were grown in 3D cultures, and immunofluorescence assays were performed on day 6, day 10, and day 14 for proliferation marker and
apoptosis marker. Scale bar � 100 �m. (A) Cells were probed with anti-Ki67 (red) antibody for active proliferation. Nuclei were stained by DAPI (blue). (B) Cells
were probed with apoptotic marker cleaved-caspase 3 antibody (red). (C) Quantification of percentage of Ki67-positive acini (�3 Ki67-positive cells per acinus;
*, P � 0.05; **, P � 0.01; data are means � standard deviations). (D) Quantification of percentage of cleaved-caspase 3-positive acini.
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ErbB2, we monitored changes in phosphotyrosine levels by im-
munofluorescence staining of 3D acini with antiphosphotyrosine
antibodies. Our data revealed that tyrosine phosphorylation was
upregulated following suppression of PTPRO, both in the absence
and the presence of dimerizer (Fig. 6A).

To test whether PTPRO may directly dephosphorylate ErbB2,
we immunoprecipitated the receptor from unstimulated PTPRO-
suppressed cells and observed a 2.2-fold increase in tyrosine phos-
phorylation compared to ErbB2 from control cells (Fig. 6B), illus-

trating that ErbB2 phosphorylation was elevated upon loss of
PTPRO. In addition to the increase in phosphorylation in un-
stimulated cells, activation of ErbB2 also resulted in a higher level
of receptor phosphorylation (3.7-fold versus 5.0-fold) in PTPRO-
suppressed cells (Fig. 6B). To determine if ErbB2 is a direct sub-
strate of PTPRO, we used a strategy we had developed for inves-
tigating PTP-substrate relationships that involved production of a
substrate-trapping mutant form of the phosphatases. By mutat-
ing to Ala the conserved acidic residue that functions as a gen-

FIG 5 Suppression of PTPRO cooperated with ErbB2 to promote proliferation. (A) Phase images of day 12 acinar structures from 10A.B2.shPTPRO (shPTPRO)
and control 10A.B2.shLuc (shLuc) cells with (bottom panels) or without (top panels) ErbB2 activation for 4 days. Scale bar � 100 �m. (B) Box plot for
distribution of area of the acinar structures of these cell lines with (ErbB2�) or without (ErbB2�) ErbB2 activation. (C) Ki67 staining for day 18 acinar structures
from shLuc or shPTPRO cells grown with (bottom panels) or without (top panels) ErbB2 activation for 2 days (red). Scale bar � 100 �m. (D) Plot of the
percentage of Ki67-positive acini measured in these two cell lines for at least 600 acini from three independent experiments. *, P � 0.05.
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eral acid in the first step of catalysis, we produced a form of the
PTP that maintains a high affinity for its target substrates but in
which catalytic turnover is severely impaired. Consequently,
the substrate-trapping mutant can bind to its substrate, form-
ing a stable complex that can be isolated by immunoprecipita-
tion (11). In the 3D culture system, it is difficult to obtain a
sufficient number of cells for biochemical analysis. Therefore,
we treated MCF-10A cells expressing ErbB2 with pervanadate

in 2D culture, to inactivate all the cellular PTPs and thereby to
elevate the levels of tyrosine phosphorylation, and incubated
the cell lysates with a substrate-trapping mutant form of PT-
PRO. We observed a direct, stable interaction between this
mutant PTPRO and ErbB2, but not between the wild-type PT-
PRO and ErbB2 or between another phosphatase PTPN23 and
ErbB2 (Fig. 6C), consistent with a direct enzyme-substrate in-
teraction between the two.

FIG 6 ErbB2 was a direct substrate of PTPRO. (A) Representative images of immunofluorescent staining of antiphosphotyrosine in 3D acini at day 18 with
(bottom panels) or without (top panels) ErbB2 activation for 2 days. (B) Extracts from shLuc and shPTPRO cells with ErbB2 activation for different time points
were first immunoprecipitated (IP) with antiphosphotyrosine (pY) antibody and then immunoblotted (WB) for ErbB2 with anti-HA antibody. (C) Purified
recombinant His-tagged forms of the catalytic domain of PTPRO or PTPN23 were mixed with pervanadate-treated 10A.B2 cell lysates and then precipitated with
Ni-NTA agarose beads. Binding of ErbB2 was assessed by blotting the precipitates with anti-HA antibodies. Anti-His tag antibody blot was used for loading
control. C, empty bead control; WT, wild type; DA and EA, PTPRO-D1102A (DA) and PTPN23-E1357A (EA) substrate-trapping mutants in the absence or
presence (�V) of vanadate. (D) Kaplan-Meier survival curve in ErbB2-overexpressing patients based on PTPRO expression levels. ErbB2-overexpressing
patients were stratified into upper quartile (n � 77) and lower quartile (n � 77) based on the expression level of PTPRO.
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Loss of PTPRO correlated with poor prognosis in ErbB2-
overexpressing breast cancer patients. To investigate the clinical
significance of changes in PTPRO expression for patients with
ErbB2-positive cancers, we analyzed the relationship between the
expression level of PTPRO and survival in ErbB2-overexpressing
patients, using the curated data set described above. The expres-
sion levels of ErbB2 in 922 patients was ordered from high to low,
and the top one-third of the ErbB2 high expressors (n � 307) were
segregated for PTPRO expression into top (n � 77) and bottom
(n � 77) quartiles. Kaplan-Meier survival analysis demonstrated a
significant correlation between decreased PTPRO expression and
shorter survival of ErbB2-overexpressing patients, compared to
the survival observed for ErbB2-overexpressing patients express-
ing high levels of PTPRO (P � 0.02) (Fig. 6D). Thus, decrease in
PTPRO expression is a clear poor-prognosis indicator for ErbB2-
positive breast cancers.

DISCUSSION

We report identification of PTPRO as a novel regulator of mam-
mary epithelial morphogenesis and a predictor of clinical progno-
sis for women with ErbB2-positive breast cancers.

PTPRO is an evolutionarily conserved receptor-type protein
tyrosine phosphatase that was found to be hypermethylated in
several cancers, including breast cancer (32), hepatomas (25), co-
lon cancer (24), and lung cancer (25). The PTPRO gene is local-
ized in the chromosomal region 12p12.3, which is characterized
by loss of heterozygosity in different types of cancers (26). In this
study, we have identified a novel role for PTPRO as a regulator of
proliferation arrest during normal mammary epithelial morpho-
genesis and have demonstrated a direct correlation between
downregulation of PTPRO expression and poor clinical prognosis
in human breast cancer. Thus, our studies not only identify
PTPRO as a regulator of mammary epithelial cell morphogenesis
but also illustrate a novel context in which to understand how
PTPRO functions as a tumor suppressor.

Our studies also demonstrated that gene expression patterns
differ between mammary epithelial cells grown in 2D or 3D cul-
ture. There is an increasing body of evidence to suggest that mam-
mary epithelial cells in 3D have distinct signaling properties (22,
28) compared to cells grown on 2D monolayer cultures, demon-
strating that culture conditions can significantly affect activation
of signaling pathways. It was not clear how cells in 2D and 3D use
different pathways to reach proliferation arrest; nevertheless,
these analyses highlight the need for further analysis for under-
standing how cells differ in 3D compared to 2D growth condi-
tions. Furthermore, as shown in this study, 3D culture platforms
enabled identification of PTPRO as a novel regulator of signaling
in breast cancer that would have been missed otherwise, thus
highlighting the need to include 3D cell culture platforms for dis-
covery and validation of cancer-relevant targets.

ErbB2 (HER2 or Neu), which is a member of the ErbB family of
receptor tyrosine kinases, is amplified or overexpressed in 	25%
of breast cancer patients, where it correlates with poor prognosis
and high invasiveness (36). In order to develop effective ways to
treat patients with ErbB2-positive cancers, it is very important to
develop a deeper understanding of the mechanisms by which the
ErbB2 signaling pathway is regulated. Although the protein ty-
rosine phosphatases (PTPs) that function in a coordinated man-
ner with ErbB2 will also be critical regulators of oncogenic signal-
ing, their identity and function have not been characterized

extensively. The PTPs may exert their effects at multiple levels.
PTPN13 (PTP-BAS) (45) and PTPN9 (MEG2) (43) have been
shown to dephosphorylate the C-terminal phosphotyrosine of
ErbB2 directly and thereby inhibit ErbB2 signaling in breast can-
cer cell lines. ErbB2 itself has been shown to induce expression of
several PTPs (44). Recently, we used an RNAi-mediated loss-of-
function screen to identify three PTPs, PTPN23, PTPRG, and
PTPRR, which inhibited mammary ErbB2-induced epithelial cell
motility, and of which PTPN23 also inhibited ErbB2-induced
mammary epithelial cell invasion (20). PTPN23 was shown to
exert its effects by recognizing E-cadherin and 
-catenin directly
as the substrates, as well as dephosphorylating the autophosphor-
ylation site in SRC, thereby inactivating the kinase. It is important
to note that PTPs may also function positively, to promote onco-
genic signaling. A receptor PTP, PTPε, has been shown to play an
important role in ErbB2/NEU-mediated transformation, exerting
its effects by dephosphorylating the inhibitory C-terminal site in
SRC, thereby activating the kinase and functioning in a manner
opposite to that of PTPN23 (12). In addition, PTP1B, which has
been reported to be overexpressed in breast cancer coincident
with overexpression of ErbB2 (40), plays a positive role in the
development and metastasis of ErbB2-positive breast tumors,
promoting ErbB2-induced signaling by a mechanism that in-
cludes dephosphorylation of p62DOK and activation of mitogen-
activated protein (MAP) kinase (1, 17). Nevertheless, the roles of
other PTPs in mammary epithelial cell tumors remain unclear. In
this study, we have identified PTPRO as a novel regulator of ErbB2
signaling. Suppression of PTPRO in MCF-10A cells enhanced cel-
lular proliferation and delayed proliferation arrest in 3D acini.
Intriguingly, we find that PTPRO directly dephosphorylates
ErbB2 and that suppression of PTPRO enhanced tyrosine phos-
phorylation of ErbB2 and promoted ErbB2-induced cell prolifer-
ation and transformation. Neither ErbB2-induced Erk1/2 nor Akt
activation was altered in cells lacking PTPRO (see Fig. S6 in the
supplemental material), suggesting that increased activation of
ERK and Akt are not the mechanisms by which loss of PTPRO
cooperates with ErbB2.

Our results identify PTPRO levels as an indicator of clinical
outcome for ErbB2-positive patients, where lower levels of
PTPRO significantly decreased relapse-free survival of patients
with ErbB2-expressing breast cancers. These observations have
major implications for breast cancer patients because amplifica-
tion and overexpression of ErbB2 is strongly associated with poor
clinical prognosis in node-positive patients. Although there are
two targeted therapies (trastuzumab and lapatinib) that are used
to treat patients with ErbB2-positive breast cancers, more than
50% of patients encounter either de novo or acquired resistance to
trastuzumab (15, 29). Furthermore, 2 to 3% of patients who re-
ceive trastuzumab have a risk of congestive heart failure (34).
Thus, there is a significant need to identify factors that are associ-
ated with good prognosis and to personalize the choice of treat-
ment strategies. In addition, identification of novel regulators of
ErbB2 signaling will facilitate the design of better ways to target the
ErbB2 pathway in breast cancer patients.
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