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Abstract: Dysregulation of mechanisms that govern the control of epithelial cell polarity, morphology and plasticity are
emerging as key processes in tumor progression. In this study we report amplification and overexpression of PARGB,
an essential component in epithelial cell tight junction (TJ) formation and maintenance of apico-basal polarity, in
breast cancer cell lines. Analysis of chromosome 20913.13 in 11 breast cancer cell lines by fluorescence in situ hy-
bridization (FISH) identified a novel small amplicon centered at PARDGB in 5 cell lines, with copy number ranging
from 7 to 27. The presence of the PARDGB amplicon correlated with PARDGB transcript and PARGB protein abun-
dance. Expression of related isoforms PARDGA and PARD6G were detectable at significantly lower levels. PARDGB
overexpression correlated with TJ network formation in cultured cell monolayers. SiRNA-mediated inhibition of PARGB
in MCF7 resulted in loss of TJ assembly and membrane localization of atypical PKC{ (aPKC), but did not affect adher-
ens junction formation. SIRNA-mediated inhibition of CDC42 in MCF7 also resulted in loss of TJ networks, confirming
the requirement of a complete PAR6-aPKC-CDC42-PAR3 complex to activate and stabilize TJs. Immunohistochemical
analysis of PARGB expression on breast tumor microarrays indicated exquisite epithelial cell-specificity. Few quantita-
tive differences in staining were observed between normal epithelium and adjacent tumor margins. However staining
appeared reduced and cytoplasmic in more poorly differentiated tumors. We propose that quantitative imbalances in
the components of pathways governing normal epithelial cell polarity arising from gain or loss of function may radi-
cally alter epithelial cell architecture and contribute to tumor progression.
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Introduction

Asymmetric cell division and cell polarization
are fundamental traits required for both embry-
onic development and tissue remodeling. Main-
tenance of tissue architecture requires preser-
vation of cell polarity, accurate asymmetric cell
division and directional cell migration. Distur-
bance of these features of normal tissue organi-
zation is a hallmark of malignancy. In epithelial
tissues, tight junctions (TJs), adherens junctions
(AJs), gap junctions and desmosomes are all
essential complexes which mediate cell-cell
interactions required to maintain epithelial cell
polarity. TJs, the most apical component of cell-
cell junctional complexes create a physical bar-
rier which functions to selectively regulate
paracellular solute trafficking through epithelial
sheets, prevent lateral migration of lipids and

proteins between apical and basolateral mem-
brane domains, thereby maintaining compart-
mentalization and tissue homeostasis.

The physical interaction of polarized epithelial
cells with the basement membrane also en-
sures correct positioning and acts as a survival
factor for epithelial cells. Cells that lose contact
with the basement membrane undergo apop-
tosis or anoikis [1-3] however, in carcinomas,
this positional control and homeostasis is dis-
rupted or absent. Dissolution of epithelial TJs,
AJs and desmosomes, reorganization of the
actin cytoskeleton and loss of apical-basal po-
larity are events indicative of neoplastic transi-
tion from polarized epithelial cells to depolar-
ized mesenchymal cell phenotypes. Reduced
expression of several structural components of
both AJs and TJs in progressively poorly differen-
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tiated breast cancers implies a tumor suppres-
sive role for these junctional complexes. Loss of
E-cadherin, the prominent molecule localized at
Als is linked to tumor progression in epithelial
cancers including lobular breast cancer [4]. ZO-
1 and claudin-7, both components of TJs show
decreased staining in several invasive breast
cancer cell lines and in poorly differentiated
breast carcinomas [5, 6] and are becoming in-
creasingly viewed as prognostic biomarkers and
predictors of tumor grade. Loss of heterozygos-
ity of ZO-1 in a proportion of breast tumors sug-
gests Z0-1 may play a direct role in malignant
progression [6]. A large number of studies have
contributed significantly to our understanding of
the complex protein networks involved in as-
sembly and stability of TJs. The topological role
these complexes play in regulating TJs provides
mechanistic insight into how deregulation or
loss of stoichiometric co-ordination between key
components required for maintaining epithelial
cell polarity and plasticity might contribute to
tumorigenisis providing a novel avenue for the
investigation of tumor biology.

There has been considerable progress in eluci-
dating the biochemical mechanisms underlying
these processes in model organisms and in 2D
and 3D mammalian cell culture models such as
Martin-Darby canine kidney cells (MDCK),
NMuNG, EpH4 and EMT-6 mouse mammary
tumor cells [7]. This body of work has made it
clear that proteins involved in apico-basal polar-
ity and TJ formation are functionally connected
in a complex network with several other path-
ways. Three evolutionarily conserved molecular
complexes regulate epithelial cell polarization
and TJ polymerization (for review, refer to [8]):
1) integral membrane proteins that constitute TJ
strands, including occludins, claudins and Junc-
tional Adhesion Molecule; 2) Peripherally associ-
ated cytoplasmic proteins that have the ability
to organize the integral membrane TJ compo-
nents, connecting them to actin filaments and/
or other cytoplasmic proteins, completing for-
mation of the TJ molecular complex; and 3) sig-
naling proteins required for junctional assembly,
regulation of barrier function and regulation of
gene transcription. A series of molecules now
recognized as indispensable participants in es-
tablishment of apico-basal asymmetry and TJ
assembly are PARG, atypical protein kinase C
(aPKC), the RHO guanosine triphosphatase
(GTPase) CDC42 and PAR3, a PDZ (PSD95/Dlg/
Z0-1)-domain-containing membrane-scaffold
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adapter protein. This highly conserved quater-
nary complex functionally regulates asymmetric
cell division from worms to mammals, by affect-
ing cytoskeleton re-organization, post-golgi vesi-
cle trafficking and microtubule network polariza-
tion [9-13]. In mammalian epithelial cells, inter-
ference of PAR3, PARG or aPKC have been
shown to inhibit TJ but not AJ [11-13]. PARG
interacts directly with aPKC isoforms I/A and (
forming the core of this complex [14]. Binding of
CDC42+GTP to inactive PAR6-aPKC complex
induces a conformational change in PARG, lead-
ing to phosphorylation and activation of aPKC,
and subsequent binding of this complex to
PAR3 (reviewed in [15]). CDC42<GTP is re-
quired for maintaining this polarization but
alone is not sufficient to establish polarity. Stud-
ies in D. melanogaster have shown the par3
homologue bazooka, to be the pivotal compo-
nent controlling asymmetric cell division [186].
Two additional binding partners for PAR6 have
now been identified as necessary for mainte-
nance of cell asymmetry: STARDUST-CRUMBS-
PATJ [17, 18] and DLG-SCRIB-LGL [19, 20].
There are 3 PARDG6 gene family members in
mammalian cells (homologous to a single pard6
member in Drosophila and C-elegans), PARDGA,
PARDGB and PARDG6G [11]. Expression of each
PARG isoform is tissue specific [21], with appar-
ent differences in function, localization and ef-
fector interactions, which have not yet been well
defined.

PARG has recently risen as central to the co-
ordinated maintenance of cell polarity by physi-
cally linking several of the multi-component
complexes described above, converging CDC42-
and aPKC-mediated signal transduction (for
review see [22]). Recent studies have identified
an important association between PAR6 and
TGFB receptors, regulating interaction of PARG
with SMURF1, an E3 ubiquitin ligase which tar-
gets RHO GTPases for degradation leading to TJ
dissolution, TGFB -induced EMT and metastasis
[7, 23, 24]. Cai et al have demonstrated that G-
protein-activated plospholipase C-3 (PLCB) inter-
acts with both PARG and PAR3, mediating down-
stream signal transduction by hydrolysis of
phosphatidylinositol-4,5-bisphosphate, releas-
ing intracellular calcium and diacylglycerol, all
important second messengers required for cell
polarity and asymmetric cell division processes
[25]. Signaling networks impinging on the PARG
complex have been further expanded to signal-
ing through TIAM1 guanine nucleotide exchange
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factor, which is a regulator of cell motility and
invasion [26]. In addition, activation of several
oncogenes (and oncogenic signaling mecha-
nisms), including ERBB2, KRAS, RAF, FOS, JUN,
VSRC, RHO and RAC have been shown to dis-
rupt apical-basal polarity by altering the localiza-
tion of apical membrane markers [27, 28] and
references therein). While the mechanisms by
which this occurs are still under investigation,
Aranda and colleagues have shown that ERBB2
disrupts apical-basal polarity by associating di-
rectly with the PARG-aPKC core complex [27].
These studies further highlight the need to un-
derstand how extracellular effectors signal to
the polarity machinery to maintain correct cell
architecture in an appropriate biochemical and
biophysical context. Moreover, molecular aber-
rations contributing to loss of stoichiometric
equilibrium of molecules governing cell mor-
phology are likely to play a major role in progres-
sion of epithelial tumors [28].

Our laboratory and others have extensively in-
vestigated genomic DNA copy number altera-
tions as key genetic events in the development
and progression of human cancers. The advent
of microarray-based Comparative Genome Hy-
bridization (aCGH) has vastly increased the
resolution at which we can view and map re-
gions of chromosomal gain and loss in tumors
that are likely to harbor oncogenes and tumor
suppressor genes [29]. aCGH-based studies in
breast cancer [30, 31] have provided a compre-
hensive view of regions of DNA gain at
chr20g11-13 a common region of amplification
in breast cancer. In this study, a significant peak
in amplification was observed at chromosome
20013.13, a region containing the BCAS4 gene,
previously reported to be highly amplified in
breast cancer cell lines [32]. The gene immedi-
ately centromeric to BCAS4 is PARDGB. In this
study, we find amplification and overexpression
of PARDGB in a proportion of breast cancer cell
lines. Given that PARG plays a central role in TJ
assembly, maintenance of cell polarity, and is
implicated in breast tumor progression [7, 28],
including overexpression in premalignant neo-
plasms [33], we have investigated the require-
ment of PARG, CDC42 and aPKC{ to promote TJ
polymerization breast cancer cells. We also ex-
amine in situ PAR6 expression and localization
in normal polarized epithelia and epithelial
breast tumors. Our observations uncover a pre-
viously unreported mechanism for dysregulation
of PARG expression in breast cancer, and high-
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light the importance of further investigating the
disturbances of the mechanisms that control
cell polarity in cancer.

Materials and methods
Cell culture and siRNA electroporation

All cell lines were obtained from the ATCC
(Rockville, MD) and maintained at 37°C in 5 %
CO2 in ATCC-recommended growth media. Dou-
ble-stranded siRNAs were purchased from
Qiagen (Valencia, CA). 25mg siRNAs were elec-
troporated into 8x106 cells using the O05RG
electroporator from MaxCyte™ (Rockville, MD)
using proprietary conditions optimized by the
manufacturer. siRNA sequences (sense and
antisense respectively): GFP [34], gca agc uga
CCC uga agu uca u, gaa cuu cag ggu cag cuu gecc
g; P6B30, cgu auu gcg ucc uga caa c-dtdt, guu
guc agg acg caa uac g-dtdt; P6B42, gua cag gac
uau uag cug u-dtdt, aca gcu aau agu ccu gua c-
dtdt; CDC42-9, cua ugc agu cac agu uau g-dtdt,
cau aac ugu gac ugc aua g-dtdt; CDC42-11, gag
gau uau gac aga uua c-dtdt, gua auc ugu cau
aau ccu c-dtdt; CDC42-35, ggu agu gecu gua uau
ucu a-dtdt, uag aau aua cag cac uuc -dtdt.

Cell adhesion assay

siRNA- or mock-electroporated cells were
trypsinized, counted, and seeded in quadrupli-
cate in 96-well plates at a density of 50,000
cells per well for 5, 15, 30, 45 and 60 min.
Each time point was terminated by aspirating
floating cells, washing adherent cells with PBS,
and adding MTT reagent (Molecular probes,
Eugene, OR). Solubilized formazan concentra-
tion was determined at 570 nM. Assays were
repeated on cells electroporated on three sepa-
rate occasions.

Fluorescence in situ hybridization

BAC clone DNA was purified using the QIAgen
midi purification kit, and labeled with Spectrum
Orange-d-UTP using the Nick Translation Kkit
from Vysis (Downers Grove, IL). BAC clones were
obtained from Invitrogen (Carlsbad, CA).

Quantitative RT-PCR
Total RNA was prepared from cells lysed in TRI-

zol reagent (Invitrogen) as described [35]. 1 mg
total RNA was reverse transcribed using the
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Random Hexamer protocol supplied with Super-
Script™Il Rnase H- enzyme (Invitrogen). Quanti-
tative RT-PCR analysis was conducted in tripli-
cate using the 7900HT Sequence Detection
System (Applied Biosystems, Foster City, CA)
using the Qiagen SYBR Green Kit and protocol.
Parallel amplification of b-actin (ACTB) cDNA
was used to normalize cDNA concentration, and
was determined to be linearly co-amplified with
respect to all gene specific primers (data avail-
able on request). Each experiment was re-
peated three times, and each cDNA was meas-
ured in triplicate in each experiment. All gene-
specific primers are exon-spanning: PARD6EB
Fwd 5’ ggg cac tat gga ggt gaa ga Rev 5’ tcc atg
gat gtc tgc ata gc; PARDGA Fwd 5'ct ggacgt get
act tgg cta Rev 5'cag gca gta ggt cca cgt ct;
PARD6G Fwd 5’tca gac ctt geg att cta cg Rev
5’tgc aca tct gea tag cca at; ACTB Fwd 5'gca aag
acc tgt acg cca aca Rev 5’cct cgg cca cat tgt
gaac.

PARG6B antibody production

A PARGB-specific peptide (sequence
HAPDQKLLEEDGTI, amino acids 356-369) was
synthesized and purified by Sigma (St. Louis,
MO). Sera from two immunized rabbits were
tested for the presence of PARGB antibodies by
western blot from breast cancer cell lines with
known high and low PARGB expression (results
not shown). After the final immunization boost,
IgG was affinity purified from serum by Sigma.
We rigorously tested the purified antibody for
PARGB specificity as follows. A293 cells, which
express low endogenous levels of PARGB were
transiently electroporated with a constitutive
PARDGB expression construct (pCDNA3-FLAG-
PARDGB, detailed in the next section) or empty
vector control. After 24h, cell lysates were har-
vested for SDS-PAGE, and a high level of PARGB
protein was detected by western blot only in
extracts where pCDNA3-FLAG-PARDG6B had
been introduced (not shown). Accuracy of the
PARGB -immunoreactive product was verified by
probing the same extracts with an anti-FLAG
monoclonal antibody (Sigma), which recognizes
the expressed fusion protein.

Construction of pPCDNA3-FLAG-PARDG6B expres-
sion vector

cDNA was synthesized from normal adult kidney

RNA (Stratagene, La Jolla, CA) and used to am-
plify the entire coding region of PARD6B, using
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the Accuprime PCR kit (Invitrogen) with forward
primer 5’-ctttccgagatccccagtc and reverse
primer 5’-gcctattccacgtcactggt. Nested Primers
were designed with flanking restriction sites and
were used to directionally clone the full length
PARDGB cDNA into pCDNA3.1 (Invitrogen). A
Kozak sequence and N-terminal FLAG epitope
were added to this construct using synthetic
oligonucleotides. Double-stranded DNA se-
quence from pCMV-FLAG-PARDGB was obtained
to verify the in-frame fusion of the FLAG tag, and
wild type PARD6B coding sequence. Expression
of the correct size fusion protein (42 kda) was
verified by western blot using anti FLAG anti-
body (Sigma, St. Louis, MO).

Immunoblotting and immunofluorescence cy-
tostaining

Immunoblotting of whole cell lysates was per-
formed as described [35]. Fluorescent immuno-
cytostaining was conducted in chamber slides
(Nunc, Rochester, NY). Cells were washed twice
in PBS, fixed for 15 min in 4% paraformalde-
hyde, and incubated for 1 h in blocking buffer
(5% normal serum, 1% casein, 0.5% BSA, 0.1%
Triton X-100). Cells were incubated with primary
antibodies for 1 h at RT in blocking buffer,
washed 3 times with PBS with 0.1% tween-20
(PBS-T), then incubated with 2 pg/ml Cy3- or
FITC-conjugated IgG secondary antibodies
(Jackson Immunoresearch, West Grove, PA) in
blocking buffer for 1 h at RT in the dark. After 3
washes in PBS-T, slides were mounted in Vec-
tashield with DAPI (Vector Laboratories, Burlin-
game, CA) and analyzed using a fluorescence
microscope (Zeiss Axiophot). Antibodies for ZO-
1, E-cadherin and claudin 7 were from Invitro-
gen (formerly Zymed Laboratories, San Fran-
cisco, CA), and anti-alpha tubulin was pur-
chased from MP Biomedicals.

Immunohistochemistry on tissue micorarrays

Tissue Microarrays (TMA) used in this study
were as follows; High Density Breast Cancer
Array (HD-BR-1 Lot# 031003, Cytomyx Holdings
PLC, UK-Based. Formerly Clinomics Biosciences,
Inc, Fredrick, MD), and Breast Carcinoma pro-
gression Tissue Microarray (CHTNBrCaProgl
TMAOOO52, Cooperative Human Tissue Net-
work). Immunohistochemical staining was per-
formed as previously described [36]. Briefly,
slides were deparaffinized using a xylene-
ethanol series. Antigen retrieval was carried out

Am J Cancer Res 2012;2(5):478-491
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by steaming slides for 15 min in Antigen Un-
masking Solution (Cat No. H-3300 Vector Labo-
ratories, Burlingame, CA) followed by slides in-
cubation with primary antibodies overnight at
40C. Antigen-antibody reactions were revealed
with UltraVision Detection System (Cat. No: TR-
015-HD Labvisition Corporation, Fremont, CA).
Slides were counter- stained with hematoxylin
and fixed. The primary antibodies were as fol-
lows; Rabbit anti-PARGB polyclonal (this study);
Mouse anti-ZO-1 (Cat. No. 33-9100) Invitrogen
(formerly Zymed Laboratories); Rabbit 1gG (Cat.
No1-1000, Vector laboratories) was used as a
negative control. Based on scoring systems pre-
viously described [36, 37], all TMAs were re-
viewed and scored on a five-point scale, as
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RP11-687F2

from normal peripheral blood
lymphocytes to confirm signal
localization to chromosome
20q.

negative=0, no staining or
equivocal staining in <5%
of cells; weak=1+, definite
weak-moderate staining in
< 20% of cells; moder-
ate=2+, moderate staining
in  21%50% of cells;
strong=3+, moderate stain-
ing in the majority of cells;
and very strong posi-
tive=4+, strong staining in
> 50% of cells.

Results

Fine mapping of chromosome 20q13.13 in
breast cancer cells identifies a small novel am-
plicon centered at PARD6B

Recent genomic amplification studies in breast
cancer [31, 32], prompted us to conduct a more
thorough FISH analysis of gene amplification at
20013.13 - 20g13.2, surrounding the BCAS4
gene in breast cancer cells (Figure 1). We ob-
served a previously unidentified amplification
peak at 20g13.13 with a BAC FISH probe con-
taining the PARDGB gene in a number of breast
cancer cell lines (Figure 1). The most highly am-
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plified region in our FISH survey is centered at
the PARDG6B gene. In MCF7, consistent with the
FISH data, high-resolution oligonucleotide aCGH
defines a small amplicon containing only
PARDG6B and BCAS4 (data not shown). As previ-
ously reported [32, 38], BCAS4 is interrupted at
the amplicon boundary, leaving PARD6B as the
only intact gene in this small region of amplifica-
tion. One of these cell lines, BT474, also
showed multiple copies of chromosome 20 cen-
tromeres (not shown). This suggests that ampli-
fication of the PARDGB gene may be a mecha-
nism contributing to deregulated expression in
breast cancer.

PARG6B is highly expressed in luminal epithelial
breast cancer cells

We first examined the level of MRNA expression
of PARDGB in a panel of breast cancer cell lines
by quantitative RT-PCR (Figure 2A). We ob-
served a dramatic variation in expression of
PARDGB across our panel, and observed levels
were consistent with protein abundance as de-
termined by western blot from whole cell lys-
ates. The 4 cell lines which carry additional cop-
ies of the PARD6B gene (MCF7, T47D,
UACC812 and ZR751; Figure 1) all show very
high levels of PARD6B mRNA and PARGB pro-
tein expression. This suggests that PARDGB
amplification may be an important mechanism
for increased expression in these cell lines. We
were interested to note that all four of these cell
lines are luminal epithelial-derived. Low levels
of PARD6B mRNA were detected in non-
tumorigenic MCF10A and MCF12A cell lines
(data not shown), highlighting the high abun-
dance of PARDGB in a proportion of breast can-
cer cell lines. The level of mMRNA expression of
PARDGA and PARDG6G isoforms was also vari-
able across our cell line panel, but was uni-
formly very low relative to PARDGB (Figure 2B).
Immunofluoresence (IF) detection of endoge-
nous PARGB protein showed a cytoplasmic and
membrane localization pattern, clearly detect-
able in cell lines with high expression level
(examples for MCF7 and T47D shown in Figure
2C).

PARG6B expression correlates with the ability of
breast cancer cells to form tight junctions

As PARG proteins play an essential role in coor-

dinating assembly of several protein complexes
required for TJ polymerization during epithelial
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Figure 2. Survey of endogenous PARDGB expression
in breast cancer cell lines. A. Quantitative-RT-PCR
analysis was performed on 11 breast cancer cell
lines for PARDGB. Human adult kidney total RNA was
used as a positive control. PARGB protein level was
determined by western blot from breast cancer cell
line whole cell lysates. Blots were re-probed with anti
-tubulin to control for protein loading. B. Q-RTPCR for
PARDGA and PARDG6G. The level of expression is
comparable with PARD6B in Figure 2A, as data
shown in both graphs has been normalized to the
level of PARDGG expression. C. IF staining of endoge-
nous PARGB protein in MCF7 and T47D (polyclonal
antibody isolated in this study).
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Figure 3. Immunofluorescence staining survey of tight and adherens junction
proteins in breast cancer cell lines. A. MCF7 cells stained for TJ proteins zona
occludens 1 (Z0-1), claudin 7, occludin 1 (OCCL1) and adherens junction asso-
ciated protein, E-cadherin (ECAD). Nuclei are DAPI counterstained (blue). B.
Four additional breast cancer cell lines are shown from a total of 11 that were
stained separately for the presence of ZO-1 and ECAD. A strong correlation
was observed between the presence and absence of both cell junctional net-
works.

cell polarization, we con-
ducted a survey of TJ and AJ
formation in our panel breast
cancer cell lines (Figure 3).
After staining all cell lines
with TJ-associated proteins
Z0-1, occludin-1 and caludin-
7, and Al-associated protein
E-cadherin, we observed that
cell lines with abundant
PARDG6B mRNA expression
exhibited strong formation of
structured TJ networks in
confluent cell monolayers.
Cell lines consistently stain-
ing for ZO-1 showed a similar
immunoreactive pattern for
occludin-1 and claudin-7
(representative result for
MCF7 shown in Figure 3A). IF
detection of ZO-1 (for TJ) and
E-cadherin (for AJ) is shown
for 6 cell lines representative
of variable PARD6B mRNA
expression shown in Figure 3.
We observed strong TJ stain-
ing in the luminal-epithelial-
like cells, and complete lack
of TJ staining in the mesen-
chymal- or stromal-like cell
lines. Structurally complete TJ
networks were also observed
in the non-tumorigenic
MCF12A and MCF10A breast
cell lines (not shown), but
staining was relatively weak.
However this is consistent
with the low level of PARD6B
expression observed in these
cell lines. Interestingly, TJ
networks were completely
polymerized 24h after seed-
ing MCF7 cells, however all
other cell lines required at
least 48-72h for strong po-
lymerization to occur (not
shown). Together, our data
suggests PARGB protein level
may be a rate-limiting step in
TJ assembly.

To further investigate the
dynamics of TJ polymerization
in our panel of breast cancer
cell lines, we also investi-
gated RNA expression level of
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PAR3, an apico-lateral membrane-associated
scaffold protein that binds PARG, by RT-PCR in
all cell lines. We observed a moderate and rela-
tively uniform level of PAR3 expression across
all samples, (data not shown).

From our present understanding of the sequen-
tial assembly process for mammalian epithelial
cell TJs, both PAR6 and aPKC in association
with CDC42, constitute the functional core pro-
tein complex required for establishment of TJs
and maintenance of apico-basal polarization
[11-13]. Our first goal was to confirm whether
loss of one or more component(s) from this core
complex in breast cancer cells would result in a
loss of potential to form a TJ network.

Inhibition of PAR6B expression disrupts tight
junction but not adherens junction network for-
mation

To investigate the requirement of PARGB protein
isoform for TJ assembly, small interfering RNA
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P6B30 Figure 4. Inhibition of PARGB in
MCF7 cells disrupts tight junc-
tion but not adherens junction
assembly. A. Quantitative RT-
PCR analysis of PARDGB ex-
pression level in MCF7 cells
following siRNA electroporation
and 24h incubation. siRNAs
were control, and PARDGB-
spedcific P6B30 and P6B42.
Mock indicates electroporated
cells without siRNA. B. Western
blot to detect PARGB protein in
MCF7 whole cell lysate follow-
ing 24h siRNA treatment. Im-
munoblot was re-probed with
anti-tubulin antibody to control
for protein loading. C. Dual im-
munofluoresence stain of MCF7
cells for ZO-1 and E-cadherin
following siRNA electroporaiton
and 24h incubation. SiRNAs are
control or PARDGB-spedcific
P6B30. Composite images
show the merge of ZO-1 and
ECAD stains without DAPI. AJ
networks are intact following
PAR6B knockdown, whereas TJ
networks are lost. D. IF stain for
phospho-PKC{ in MCF7 cells
following siRNA-mediated
knockdown of PARGB.

(siRNA) molecules were designed to specifically
inhibit PARDGB expression (detailed in the Ma-
terials and Methods section). Two siRNAs
(P6B30 and P6B42) were designed to different
regions of the PARD6B mRNA sequence. Follow-
ing electroporation of the siRNAs into MCF7
cells, we observed a significant reduction of the
level of PARD6B mRNA and protein levels com-
pared to control non-specific siRNA or mock-
electroporated cells (Figure 4A and 4B). The
rate of endogenous PARGB protein turnover
following cycloheximide treatment of MCF7 was
determined previously by western blot to be
>90% at 24h (data not shown), indicating incu-
bation of introduced siRNAs for 24h was suffi-
cient to produce a PARG6B-deficient state in
MCF7 cells. Using IF to examine the visual ap-
pearance of junctional network proteins, siRNA-
mediated inhibition of PARGB resulted in a dra-
matic disruption in formation of TJ networks in
confluent MCF7 monolayers visualized by a very
unusual pattern of ZO-1 staining (Figure 4C),
with the majority of adjacent cells not displaying
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any structured network at all. Staining patterns
for occludin-1 and claudin-7 were very similar to
the Z0O-1 result (data not shown). Our IF staining
in MCF7 also indicated enhanced levels of ZO-1
in the cytoplasm after PARGB inhibition, indicat-
ing that loss of PARGB disrupts the appropriate
sub-cellular localization of ZO-1 rather than
leading to reduced protein levels. The same TJ-
disrupted phenotype was observed for both
P6B30 and P6B42 siRNAs (results for P6B30
only are shown) suggesting this effect of these
siRNAs is PARGB. Mock and control siRNA-
electroporated cells both exhibited visually iden-
tical TJ networks to that observed for untreated
MCF7 cells. Therefore, our results indicate that
PARGB is essential for polymerization of TJ net-
works in MCF7 breast cancer cells.

To determine whether AJs were affected by
PARGB inhibition, or whether the role of PARGB
was specific to regulation of TJ assembly, dual
IF stains were performed for both ZO-1 and E-
cadherin in MCF7 cells with and without PARGB
knockdown (Figure 4C). Inhibition of PARGB re-
sulted in a slight decrease in E-cadherin stain-
ing intensity, but did not disrupt AJ network as-
sembly. The composite images (Figure 4C)
clearly show the presence of AJs (red) between
immediately adjacent epithelial cells without TJs
(green). The result for both P6B30 and P6B42
siRNAs was identical. Our observation is consis-
tent with the current understanding that early
events in epithelial cell polarity involving forma-
tion of nectin and E-cadherin mediated cell-cell
contacts precede subsequent recruitment of
PARG-aPKC-CDC42 and PALS1/PATJ complexes
to apicolateral cell-cell contact points.

Depletion of PAR6B disrupts membrane local-
ization of activated PKCT in MCF7 cells

Our results lead us to further hypothesize that
loss of PARGB (and thus disruption of the PARG-
aPKC core complex) would result in the inability
of aPKC to become activated (phosphorylated)
and recruited to the apicolateral membrane TJ
scaffold proteins. We tested this hypothesis by
electroporating MCF7 cells with control or
PARDGB-specific siRNAs, then immunostaining
cells for the presence of phospho-aPKC{. We
observed a complete loss of phospho-aPKCC
staining at the cell membrane after PARGB
knockdown (Figure 4D), which suggests that
incorrect TJ assembly abrogates downstream
signaling from aPKCC.
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Inhibition of CDC42 expression results in loss of
tight junction formation and reduced adhesion
in MCF7

Activated CDC42 (CDC42+GTP) is a key compo-
nent required to tether the PARG-aPKC core
complex to PAR3 and JAM1 at the apico-lateral
membrane. We therefore predicted that disrup-
tion of CDC42 expression would result in loss of
TJ polymerization and establishment of cellular
asymmetry by inhibiting completion and local-
ization of the PAR3-CDC42-PAR6G-aPKC signaling
complex. Similar to our siRNA-mediated inhibi-
tion of PARGB in MCF7, we designed siRNAs to
silence CDC42. Two of the three siRNAs de-
signed were able to substantially reduce the
level of CDC42 protein in MCF7 cells (Figure 5A)
and were used in subsequent experiments.
siRNA-mediated inhibition of CDC42 in MCF7
resulted in aborted TJ formation as predicted
(Figure 5B) but not AJ formation by E-cadherin IF
staining (not shown). No change in PARGB pro-
tein level (by western blot) or subcellular local-
ization (by IF staining) was observed following
CDC42 knockdown (not shown). A significant
change in cell morphology in 2-D culture was
observed following CDC42 knockdown in MCF7.
Cells appeared rounded, tending to grow in co-
lumnar rather than radial clusters with less evi-
dence of ruffling and focal adhesion. This al-
tered cell morphology correlated with reduced
cell adhesion (Figure 5C) and is consistent with
the known role of CDC42 in regulation of actin
polymerization into filopodia. Taken together,
our siRNA knockdown results are consistent
with the predicted model that CDC42 and
PARGB each play an essential role in TJ assem-
bly and subsequent signal transduction mecha-
nisms required for normal epithelial cell homeo-
stasis.

PARG6B is present in normal epithelia and in a
large proportion of breast tumors

We lastly sought to examine the pattern of
PARGB expression in breast cancer tissue speci-
mens. We first developed and tested a poly-
clonal antibody specific to the PARGB isoform
(this study). To evaluate antibody specificity, a
mammalian expression construct containing full
length PARDGEB (this study) was cloned and tran-
siently expressed in both A293 and NIH-3T3
cells. Whole cell lysates prepared from PARD6EB-
transfeced cells showed a strong immunoreac-
tive product at 42 kda by western blot and by IF.
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Figure 5. Inhibition of endogenous CDC42 expression
in MCF7 cells disrupts tight junction formation. A.
Western blot for total CDC42 protein in MCF7 whole
cell lysates following electroporation of control or
CDC42-specific siRNAs and 24h incubation. siRNA
CDC42-35 did not reduce CDC42 levels and was not
used further. B. Immunofluoresence stain for ZO-1 in
MCF7 cells after siRNA-mediated CDC42 knockdown,
indicates the requirement of CDC42 as well as
PARGB for polymerization of TJ network. C. Cell adhe-
sion assay demonstrates significant loss of cell adhe-
sion of siRNA-mediated CDC42 knockdown in MCF7.

487

No product was observed with cells transfected
with empty vector, or with control naive rabbit
serum (data not shown). We next conducted an
immunohistochemical (IHC) survey of breast
tumor specimens from whole sections and from
commercially available normal multi-tissue and
breast tumor microarrays (TMAs) with our affin-
ity-purified PARGB antibody. Our results indicate
highly specific staining in normal epithelia from
multiple organs. Staining was moderate to very
strong in all epithelial structures with increased
staining often observed at the apical surface in
mature glandular epithelial structures (Figure
6A-C) indicative of polarized cell architecture.
Our IHC survey evaluated a total of 17 normal
samples and 133 samples of invasive ductal
carcinoma. All normal specimens stained posi-
tively for PAR6GB. Tumor staining was 90/133
(68%) 4+, 8/133 (6%) 3+, 16/133 (12%) 2+,

Figure 6. In situ analysis of PARGB epithelial cell
specificity. IHC evaluation with PARG6B isoform-
specific polyclonal antibody (this study). A, normal
breast, B, normal prostate, C, normal kidney, D,
breast ductal carcinoma in situ, E, breast invasive
ductal carcinoma, F, breast invasive lobular carci-
noma.
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6/133 (4%) 1+, 13/133 (10%) negative indicat-
ing that in the majority of cases, expression is
maintained in tumors. We did not observe dra-
matic quantitative differences in staining be-
tween normal epithelial structures and adjacent
tumor. Expression of PARGB did appear to be
less in very poorly differentiated tumors showing
no tubular or glandular features. IHC of the
same TMA series with anti ZO-1 antibody
yielded a pattern of staining consistent with the
PARGB results (data not shown) suggesting that
the presence of PARGB correlates predomi-
nantly with the presence of TJs. Additional stud-
ies on a larger number of clinically annotated
tumors (and premalignant neoplasms) with
more variable histopathology and etiology will
be necessary to investigate whether quantita-
tive level of PARGB expression might correlate
with stage, histological grade, biomarker status
(hormone receptors, ERBB2, TP53, etc) or out-
come.

Discussion

PARGB is known to play a key role in mammary
epithelial cell biology. Several studies have now
been reported which indicate deregulated
PARGB signaling contributes to malignant
epithelial cell phenotypes due predominantly to
disrupted polymerization and maintenance of
TJs [7, 27, 33]. In this study, we have identified
significant copy number amplification of
PARDGB (located at chromosome 20g13.13) in
several breast cancer cell lines, which corre-
lated strongly with overexpression of PARGB
protein. 20g13.13 has previously been reported
as amplified in a significant proportion of breast
tumors, however data in this study defines a
small amplicon common to multiple breast can-
cer cell lines centered at the PARDGB gene. We
and others hypothesize that abnormalities in
the level of PARGB protein, or quantitative im-
balances in the components of pathways gov-
erning normal epithelial polarity (through gain or
loss of function), may disrupt cell architecture
and contribute to breast cancer progression.
This study supports amplification of the
PARDGB gene as a previously unreported
mechanism contributing to PARGB overexpres-
son. While we did not observe dramatic quanti-
tative differences in PARGB staining by IHC in
breast tumors relative to adjacent normal
epithelial structures, we did observe reduced
PARGB expression in very poorly differentiated
tumors showing no tubular or glandular fea-
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tures. This finding is consistent with loss of TJs
during epithelial to mesenchymal transition
(EMT) and tumor progression.

In this study, we confirm the critical requirement
of PARGB and CDC42 to facilitate TJ assembly.
Localization of activated aPKC{ to the plasma
membrane is necessary to promote interaction
of the core PAR6B complex with PAR3, CDC42
and TJ structural proteins. Our study demon-
strates that silencing of PARGB completely
blocks the ability of activated PKCC to localize to
the cell membrane. We further demonstrate the
necessity of CDC42 to facilitate TJ assembly in
mammary epithelial cells. While depletion of
PAR3 has been shown previously to disrupt TJ
formation in MDCK cells through spatial regula-
tion of Rac activity [39], this has not yet been
demonstrated in breast cancer to our knowl-
edge. Our findings support the prediction that
altered expression level of polarity-pathway
components by either gain or loss of function, or
mislocalization will alter cell physiology, result-
ing in radical changes in epithelial cell architec-
ture.

A large number of binding partners for PARG are
now known that play essential roles in maintain-
ing epithelial cell morphology and asymmetric
division, and thus, PARG overexpression is likely
to result in aberrant spatial sequestration of key
cell polarity and cell signaling molecules, poten-
tially contributing to perturbation of the many
pathways connected to the PAR6-PAR3-aPKC
complex. Interestingly, Nolan and colleagues
have recently shown that PAR6 is not only a
regulator of cell polarity and migration, but also
a mediator of cell proliferation [33]. In their
study, PARG expression was shown to induce
epidermal growth factor (EGF)-independent pro-
liferation of normal mammary epithelial cells by
promoting activation of mitogen-activated pro-
tein kinase (MAPK) signaling. This function was
found to be dependant on the ability of PARG to
interact with aPKC and CDC42 [33]. Given that
PARG is overexpressed in premalignant breast
neoplasms [33] and has been proposed to pay
a role in TGFB-mediated EMT [7], this highlights
the significant impact that dysregulation of es-
sential polarity proteins such as PAR6 may have
on both carcinogenesis and tumor progression.

The diversity of binding partners for PAR6 and

the stoichiometric importance of this molecule
in accurate modulation of several key cellular
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functions, suggest several possibilities that may
be disease promoting upon dysregulation. With
respect to altered cell polarity, the main effec-
tors in the PAR3-PARG-aPKC-CDC42-PLC[3 com-
plex are aPKC and PLCB. Transduction of ex-
tracellular signals by G-protein coupled recep-
tors, and hydrolysis of PIP2 by activated PLC(
releases second messengers essential for cal-
cium homeostasis and dynamic rearrangement
of the actin cytoskeleton via the SRC- and RHO-
dependant pathways. The specific targets of
activated aPKC affecting cell asymmetry are not
yet clear, however our studies show a significant
degree of phosphorylated aPKC resides com-
plexed with PARG at cell junctions in polarized
epithelial cells indicating a specific spatial re-
quirement for this activated molecule in TJ
maintenance. Yue and colleagues [40] have
shown PLCP to be a possible phosphorylation
target of aPKC. The known spatial proximity of
these two enzymes suggests a mechanism for
rapid modulation to balance PIP2, IP3, DAG and
intracellular calcium levels. Disrupting the inter-
action of these molecules due to imbalance of
polarity molecules such as PAR6 might predict a
direct impact cell homeostasis.

While PARG is overexpressed in premalignant
breast lesions [33], it is not yet clear whether
upregulation of PAR6 can itself provide breast
cancer cells with a selective growth advantage.
Interestingly, we and others have observed
PARG overexpression in estrogen receptor alpha
(ER) positive breast tumors [33]. Moreover,
PARG is a regulatory target of another gene am-
plified and overexpressed in MCF7, the nuclear
receptor coactivator AIB1 [41], suggesting an
important functional link between deregulated
hormone signaling and PAR6 overexpression
[42]. Regardless of the mechanism driving
PARG overexpression, previous reports have
importantly shown the ability of PARG overex-
pression to sequester PAR3 and PKC{ away
from cell boundaries, disrupt ZO-1 localization,
but not E-cadherin or b-catenin [11]. This data
suggests that overexpression of PARG and resul-
tant aberrant sequestration of crucial cell junc-
tional molecules might interfere with TJ forma-
tion and lead to disordered tissue architecture,
which could contribute to tumor progression.
These findings highlight the necessity to further
investigate in situ patterns of altered expression
and sub-cellular localization of PAR6 and PARG-
binding partners in a progression series (stage,
and histological grade) of breast cancer sam-
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ples to gain further temporal insight into which
cell polarity molecules play a role in triggering
disease progression.

The potential involvement of PARG in protein
complexes which regulate EMT also highlights
the need for accurate regulation and subcellular
localization of this molecule. Recent studies
have shown an important association of the
PARG polarity protein with TGFBRI, a key regula-
tor of EMT [7, 23, 24]. Other EMT-inducing cell
membrane receptors, such as EGFR, IGF1R and
c-MET colocalize at AlJs, have been shown to
physically interact with E-cadherin, and bi-
directional regulation between these two
classes of molecules is important for EMT [43].
Of particular interest, the association of TIAM1
with PARG establishes a connection between
the apico-basal polarity system and RAC signal-
ing which has been demonstrated to be essen-
tial for the transforming effects of RAS [26].
Moreover, while the biochemistry and structural
features of cell-cell junctional molecules have
largely been characterized, further investigation
of the role of extracellular signals (such as hor-
mones, growth factors and cytokines, and the
extracellular matrix) in the context of polarity
component disequilibrium is needed to provide
insight into possible mechanisms further con-
tributing to neoplastic EMT. It will also be neces-
sary to investigate the role that CDC42 GTPase
(activated in association with PARG) and other
small GTPases (such as RHOA, which has an
opposing action to CDC42 on the actin cy-
toskeleton, and RAC, linked to PAR6 through
TIAM1) may play in these processes. Emerging
literature describing unexpected new functional
associations between oncogenes and dysregu-
lated cell polarity genes highlights important
new areas of investigation for potential targeted
uncoupling of oncogene-mediated mechanisms
in breast cancer (for example PARG-aPKC medi-
ated disruption of ERBB2-induced apoptosis)
[27, 28].

In summary, our in vitro data strongly supports
a role for PARGB as the primary PARG isoform
regulating TJ formation in mammary epithelial
cells. Our quantitative and qualitative IHC sur-
vey of normal tissues and breast tumors with a
PARGB-specific antibody establish strong epithe-
lial specific expression for PARGB. These results
and the known involvement of other compo-
nents of cell polarity pathways in cancer sug-
gest that it may prove important to comprehen-

Am J Cancer Res 2012;2(5):478-491



PARDGB in Breast Cancer

sively investigate the role of components in po-
larity systems with respect to tumor progres-
sion. The complexity of the pathways impinged
upon by these molecules suggests a number of
mechanisms by which alterations in this system
could deregulate growth factor signaling, cell
adhesion, motility and invasion, as well as cellu-
lar organization during mitosis.
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