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Abstract

Invasive micropapillary carcinoma of the breast (IMPC) is a rare subtype of breast cancer that has a
high frequency of lymph node (LN) involvement and metastasis to distant organs. IMPC is
characterized by distinct histomorphology and unfavorable prognosis when compared with invasive
ductal carcinoma no special type (IDC-NST). However, the underlying molecular mechanisms
remain unclear. We reported here that plakoglobin, as a key component in cell adhesion, can
promote collective metastasis through facilitating IMPC clusters formation. In comparing the
clinicopathological features of 451 IMPC patients and 282 IDC-NST patients, our results showed
that tumor emboli were significantly higher in IMPC patients and were associated with a high
frequency of metastasis. Both in vitro and in vivo data showed overexpression of plakoglobin in both
the cell membrane and the cytoplasm of IMPC clusters. When plakoglobin was knocked down in
IMPC cell models, the tumor cell clusters were depolymerized. Using mouse models, we validated
the metastatic potential of tumor clusters was higher than single cells in vivo. Further analysis showed
that higher expression of plakoglobin was able to promote activation of the PI3K/Akt/Bcl-2 pathway,
which might protect the clusters from anoikis. Our data indicate that plakoglobin promotes tumor
cluster formation in IMPC and downregulates apoptosis in the cell clusters through activation of
PI3K/Akt/Bcl-2 signaling. These results provide a convincing rationale for the high metastatic
propensity seen in IMPC.
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Introduction

Breast cancer is the most common malignancy
globally for women. It is a heterogeneous disease with
substantial diversity in histological and molecular
characteristics. Invasive micropapillary carcinoma of
the breast (IMPC) accounts for 5 % of all breast
cancers, and displays relatively uncommon and
distinct histomorphological features [1]. This subtype
often has a poor prognosis with the 5 y disease

survival rate being 40 % versus 88 % for invasive
ductal carcinoma no special type (IDC-NST). This is
due to the high propensity of lymph node (LN)
involvement as well as early regional and distant
metastasis seen in IMPC [1-5]. Many aspects of IMPC
have  previously been studied, including
clinicopathological features, analysis of prognostic
factors, and relative special markers [6-16].
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Nevertheless, a better understanding of the molecular
events underlying the metastasis of IMPC will be
important for its prevention, diagnosis, and
treatment.

Metastatic spread is responsible for the majority
of cancer-associated deaths and is affected by a
variety of factors, including the deregulation of gene
expression, signal transduction, and epigenetic
modification, as well as epithelial-to-mesenchymal
transition (EMT) and the transformation of tumor
cells into stem/ progenitor cells. Invading cancer cells
can utilize different modes of migration including
single cell migration and collective migration.
Collective migration differs from single cell migration
in that cells remain connected as they move. In
addition, studies have demonstrated that the tumor
cell clusters in circulation are neither result from the
proliferation of a single tumor cell nor the aggregation
of intravascular tumor cells, but are directly shed
from the primary disease. Considering that previous
studies have reported that IMPC displays a distinct
histomorphology with small clusters and has a high
frequency of tumor emboli within vessels, we
speculated that the adherens junctions may be the key
regulator of clusters maintain. Although in recent
years, the importance of adherens junctions in
metastasis has attracted much attention, the
pathological  relevance and  significance  of
plakoglobin overexpression in IMPC remains elusive.
Plakoglobin is a member of the Armadillo family of
proteins and is a critical constituent of both adherens
junctions and desmosomes. Both adherens junctions
and desmosomes are cadherin-based cell adhesion
complexes. In adherens junctions, plakolgobin or
[B-catenin interacts with E-cadherin intercellular
domain in a mutually exclusive manner. Additionally,
these catenin proteins play important roles in
regulating tumor morphogenesis and metastasis
progression by interacting with elements of cell
signaling pathways. It has been demonstrated that
plakoglobin can be divided into soluble and insoluble
pools according to the difference in the
phosphorylation levels in its amino acids, suggesting
that a cellular function independent of cell adhesion it
may have. High plakoglobin expression has been
reported to associate with adverse clinical outcomes
in breast cancer patients [17-20]. Evidence has shown
that the gene product of plakoglobin can be a major
determinant of tumor dissemination. In contrast,
knockdown of plakoglobin has been shown to
suppress cell aggregation and tumor metastasis
formation [21]. Thus, we speculated that plakoglobin
expression might change in IMPC clusters and
contribute to the unique mechanism of collective
metastasis in IMPC.

This study is the first to investigate the role of
plakoglobin in IMPC cluster formation and distant
metastasis. We found that plakoglobin was
upregulated in both IMPC clinical samples and cell
models. High plakoglobin expression was associated
with decreased overall survival (OS). Knockdown of
plakoglobin inhibited the cellular metastatic potential
of our IMPC cell line model. Moreover, plakoglobin
further enhanced IMPC cluster survival in vitro and in
vivo by targeting the PI3K/Akt/Bcl-2 pathway.
Inhibiting the expression of plakoglobin significantly
downregulated the expression of PI3K, Akt, and Bcl-2.
Restoration of plakoglobin expression retained the
high metastasis potential of IMPC clusters in mouse
models. Collectively, we identified that plakoglobin
functions as an oncoprotein, not only strengthening
tumor cell aggregation and cluster formation, but also
enhancing anoikis-suppression by activating the
PI3K/Akt/Bcl-2 pathway. These findings show that
plakoglobin functions as a tumor cluster regulator
and metastasis promoter in IMPC development,
which could provide a promising prognostic and
therapeutic strategy for IMPC treatment.

Materials & Methods

Patients and cohort

Breast cancer patients (451 IMPC patients and
282 IDC-NST patients) diagnosed between January
2009 to December 2013 in Harbin Medical University
Cancer Hospital (Harbin, China) were identified by
retrieving their electronic medical records. Their
pathological diagnosis, LN involvement, local
recurrence, distant metastasis, and follow-up
information were reviewed. IMPC diagnosis was
based on the morphological criteria described in the
World Health Organization (WHO) histological
classification. Follow-up information, including
tumor relapse and survival status, was available
through treatment records or personal contact with
the patients via telephone calls. This study was
approved by the Scientific and Ethical Committee of
the Cancer Hospital/Institute of Harbin Medical
University, and all patients provided written
informed consent.

Cell culture

Human breast cancer cells, T47D and MCF?7,
were obtained from the American Type Culture
Collection (ATCC). The cell lines were tested and
authenticated by the standard short tandem repeat
DNA typing methodology before use in this study.
T47D and MCF7 were cultured in RPMI-1640
(GIBCO) medium containing 10 % fetal bovine serum
(FBS, GIBCO), 100 U/mL penicillin, and 50 pg/mL
streptomycin, and grown in a 5 % CO, humidified
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incubator at 37 °C. The cells were last tested on July
2016.

Cellular spheroid formation via neutrophil
elastase

Cells were proliferated into an exponential phase
and treated with 0.25 % trypsin (1:250; GIBCO) to
detach them from the culture medium. Then FBS was
added to inactivate the trypsin and the cells were
washed once with medium. After cell counting, 5x10°
cells were added to each well of a 24-well plate
(Corning) and cultured with 20 pg/mL human
neutrophil elastase (Calbiochem) under the above
conditions. After 24-48 h of incubation, cell clusters
were observed [22-23].

Immunohistochemistry analysis and scoring
for plakoglobin

Immunohistochemistry (IHC) was performed
using the streptavidin-perosidase method with mouse
monoclonal antibodies against CD31 (Abcam), D2-40
(Abcam) and Bcl-2 (Abcam); rabbit monoclonal
antibodies against plakoglobin (CST), PI3K p85
(Abcam) and pAKT (Ser473; CST). Sections of the
tumor tissue, of 4 pm in thickness, were dewaxed in
xylene and rehydrated through graded alcohols.
Antigen retrieval was carried out using citrate buffer
(pH 6.1) at 120 °C and 111.46 kPa for 90 s. To block the
activity of endogenous peroxidase, 3 % hydrogen
peroxide was added for 20 min at 37 °C. Next, the
primary antibodies were added and the sections were
incubated at 4 °C overnight. This was followed by
washing with PBS and secondary antibody incubation
at 37 °C for 30 min. Subsequently, the sections were
dyed with 3’-diaminobenzidine (DAB). The slides
were then counterstained with hematoxylin and
covered with coverslips.

Protein expression of plakoglobin, PI3K, pAkt
and BCL-2 was assessed by IHC and scored
semiquantitatively. Tumor sections were scored based
on the following standards: the proportion score was
classified as 0 (<10%), 1 (10-30%), 2 (30-50%) or 3
(>50%), and the staining intensity was classified as 0
(absent), 1 (weak), 2 (moderate), or 3 (dense). A total
score is equal to the percentage score multiplied by
intensity score. Staining was defined as “positive” if
the total score was greater than 2; otherwise, the
staining was regarded as negative.

Immunofluorescence staining analysis

T47D cells (5%10°%) and T47D cell clusters grown
in 24-well plates were fixed with 4 %
paraformaldehyde for 30 min, then washed with PBS
three times and stored at 4 °C. After 24 h, cells were
permeabilized with 0.5 % TritonX-100 for 5 min,

followed by washing with PBS. Cells were then
incubated with an anti-human plakoglobin antibody
(CST) at 4 °C overnight. The next day, cells were
incubated with the secondary antibody (goat
anti-rabbit IgG (H+L) conjugated to cy3 Fluor dye
(Invitrogen)) for 30 min, and treated with PBS and a
gradient of ethanol for 5 min each. The cells were
incubated with DAPI for 5 min and covered with
coverslips. Finally, they were visualized and recorded
using a Leica DMi8 confocal microscope. After
secondary antibody addition, all steps were
performed in dark conditions.

Plakoglobin knockdown by shRNA transfection

To assess the effects of plakoglobin inhibition on
cluster maintenance 2 shRNAs for plakoglobin
(shRNA1 sequence 5'CCAUCGGCUUGAUCAGGA
Att-3', and shRNA2 sequence 5’GGGCAUCAUGGAG
GAGGAUtt-3) and a negative control shRNA (CTRL
shRNA sequence) (GeneChem, Shanghai, China) were
utilized. T47D and MCEF7 cell clusters were formed
and cultured in a 24-well plate as described above.
Cell clusters were infected with lentiviruses
expressing either CTRL shRNA or shRNA1/shRNA2
for knocking down plakoglobin. Transduced tumor
cell clusters were sorted by lug/mL puromycin.
shRNA2 was more efficient at knocking down
plakoglobin and was therefore used in the following
experiments.

Western blot analysis

Equal amount of cell extracts were obtained from
T47D/MCF7 single cells and T47D/MCF7 cell
clusters. These were separated by 8 % SDS-PAGE and
transferred to nitrocellulose membranes. After
blocking with 5 % nonfat dry milk/Tris-buffered
saline solution (TBS), the blots were incubated with
anti-human plakoglobin (CST), PI3K p85 (Abcam),
pAkt (phospho Ser473; CST), Bcl-2 (Abcam),
Caspase-3 (Abcam), or B-actin (Abcam) antibodies at 4
°C overnight. The antigens were visualized by
peroxidase-conjugated secondary antibodies and
densitometry was performed by Advanced Image
Data Analyzer software v4.5 (Raytek Scientific).

In vivo metastasis

A total of 20 female immunodeficient (NSG)
mice (8-weeks old) were included in the test and were
randomized into two groups (n=10; Vital River).
Equal cell numbers (2x10°) of T47D single cells and
T47D cell clusters were injected via the tail vein into
mice respectively. After 3weeks, the mice were
sacrificed and the lungs were excised. The lungs were
embedded in paraffin, subjected to serial sections and
stained with hematoxylin-eosin (H&E). Paraffin
sections from the same lobe and same location were
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selected. Five random areas per section were
photographed and counted the number of metastatic
foci. All of the procedures involving the care and use
of laboratory animals were performed in accordance
with institutional and national guidelines. Animal
studies were approved by Harbin Medical University
Institutional Animal Care and Use Committee.

Anoikis induction and flow cytometry

In order to induce anoikis, T47D (1 x10¢) cells
treated with or without neutrophil elastase were
cultured in plates coated with polyhydroxyethyl-
methacrylate (poly-HEMA, Sigma) for 24-48 h at 37
°C and 5 % CO,. After washing (PBS, 1000 rpm, 5
min), the cells were harvested and separated by cell
strainers (BD Biosciences). Next, 500 pl binding buffer
was added to each sample and they were incubated
on ice for 30 min. According to the manufacturer’s
protocol, cells were stained with propidium iodide
and with the Annexin V-FITC apoptosis detection kit
(Wan Lei bio Co.). Cells were sorted using BD FACS
Accuri C6 flow cytometry (Becton-Dickinson), and
CELLQuest (Becton-Dickinson) software was used to
analyze the data.

Statistical analysis

Results were presented as mean + SD. Pearson’s
chi-squared test was used in the analysis of
contingency tables; Fisher’s exact test was used when
needed. Comparison between two ratios was
conducted by using a test of two proportions. Overall
survival (OS) rates were estimated using the
Kaplan-Meier method and were analyzed using the
log-rank test. Multivariate analysis was performed
using the Cox risk proportion model. Hazard ratios
(HR) were presented with 95% confidence intervals
(CI). All statistical tests were two sided and results
were considered to be statistically significant at
P-values <0.05 (*p<0.05, **p<0.01, ***p<0.001). The
SPSS 17.0 software package and Graphpad Prism
were used for statistical analysis.

Results

IMPC shows a higher tumor emboli and
metastasis potential compared to IDC-NST.

In a comparison of 451 IMPC patients with 282
IDC-NST patients, we observed that the LN
metastatic rate was significantly higher in IMPC than
IDC-NST patients (66.7 % vs. 22.7 %; P<0.001).
Additionally, the mean number of metastatic LNs was
significantly higher in IMPC patients than in
IDC-NST patients, and more IMPC patients suffered
distant metastasis (P=0.038) (Table 1). When
investigating the histological features of IMPC, we
found that IMPC was characterized typically by small

clusters or a nesting papillary pattern (Figure 1A & B).
Furthermore, tumor embolism was identified in the
lymph and blood vessels by labeling with anti-D2-40
and anti-CD31 antibodies (Figure 1C & D). The
positive rate of tumor emboli in the IMPC group was
significantly higher than that in the IDC-NST group
(259 % vs. 124 %; P<0.001) (Table 1). These results
suggest that IMPC patients have higher rates of LN
and distant metastasis involvement than IDC-NST
patients. Furthermore, these suggest that the tumor
cell clusters were the main mode of metastasis, which
is probably related to their high tumor emboli.

Table 1. Comparison of clinical pathology features between
IMPC and IDC-NST

IMPC (n=451) IDC-NST (n=282)
Characteristics n % n % P-values
Mean LN 5.25 3.62
LN-pos 301 66.7 64 22.7 <0.001
DM 111 24.6 49 174 0.038
TM-pos 117 25.9 35 124 <0.001

LN: lymph node; LN-pos: lymph node positive; DM: distant organ metastasis;
TM-pos: tumor emboli positive (intravascular tumor emboli).

Plakoglobin is overexpressed in IMPC.

Plakoglobin expression was detected in 48 IMPC
patients and 50 IDC-NST  patients via
immunohistochemistry, and results showed higher
plakoglobin expression in IMPC samples compared to
IDC-NST samples (Figure 2A-D), especially in
metastatic  LNs  (Figure 2E & F). The
clinicopathological features of 98 samples are
summarized in Supplementary Table 1. Of the 48
patients with IMPC, 34 samples (70.8 %) were
observed to be positive for plakoglobin. By contrast,
only 21 cases (42 %) of IDC-NST were positive, which
is a significant statistical difference (P=0.004; Figure
2G). Represented images of IHC staining of
plakoglobin with various intensity displayed in
Supplementary Figure 1. To estimate the clinical
significance of various prognositic factors (including
plakoglobin expression) that may influence all
survival in IMPC, we performed multivariate Cox
regression analysis. As shown in Table 2, the
multivariate Cox proportional hazards regression
analysis revealed that distant metastasis (P=0.021;
HR=3.35, 95% Cl 2.76-4.32), lymph node status
(P=0.037; HR=2.62, 95% CI 1.78-3.86) and plakoglobin
expression (P=0.042; HR=1.49, 95% CI 1.07-2.43) were
independent prognostic factors for the OS of patients
with IMPC (Table 2). In addition, Kaplan-Meier
survival analysis showed that plakoglobin
upregulation in IMPC was closely related to poor
patient survival (P=0.002; Figure 2H), suggesting an
important role of plakoglobin in IMPC.

http://lwww.jcancer.org



Journal of Cancer 2019, Vol. 10

2804

v om0y -
IR TR -
& - .

P - * v
T A P s -

Figure 1. IMPC histomorphology feature and tumor emboli. A-B: Representative microscope images of an IMPC primary lesion with small solid-nests stained with H&E
(1A: 100%, 1B: 400%). C-D: CD31 and D2-40 staining of IMPC showing tumor embolism in lymphatic and blood vessels (400%).

Table 2. Multivariate survival analysis by Cox regression model
for OS of IMPC

IMPC samples  P-value HR 95% CI

DM 0.021 3.35 2.76-4.32
LN 0.037 2.62 1.78-3.86
ER 0.071 0.44 0.21-1.07
T stage 0.149 1.07 0.87-1.45
Plakoglobin exp 0.042 1.49 1.07-2.43

HR: hazard ratio; DM: Distant metastasis; LN: lymph node status; ER: estrogen
receptor; T stage: tumor stage; Plakolgobin exp: plakolgobin expression.

Plakoglobin is correlated with IMPC clusters
and contributes to IMPC metastasis.

To identify whether plakoglobin played a role in
IMPC clusters, T47D/MCF7 cell clusters were
constructed using neutrophil elastase to imitate IMPC
cells in vitro, and plakoglobin expression was assessed
by western blotting and immunofluorescence
staining. Figure 3A & 3B show a higher level of
plakoglobin in T47D/MCF7 cell clusters compared
with T47D/MCF7 single cells. In addition,
plakoglobin (shown in red via the cy3 Fluor dye) was
strongly expressed between cell-cell connections in
T47D cell clusters. However, there was only weak
expression in T47D single cells (Figure 3C). We then
introduced 2 plakoglobin shRNAs (shRNA1 and
shRNA2) into T47D cell clusters to knockdown
plakoglobin as well as a non-target shRNA control.
We observed that suppression of plakoglobin by

shRNAs triggered disruption of cell-cell contacts
(Figure 3D-E). Furthermore, we performed in vivo
studies by injecting T47D cell clusters or single cells
respectively into immunodeficient mice via tail vein
injections. As shown in Figure 4A to 4D, mice injected
with T47D cell clusters displayed more lung
metastasis than the controls by histopathological
analysis with statistically significance (P<0.001, Figure
4E). Overall, these results demonstrate that
plakoglobin is probably involved in IMPC cluster
formation and might contribute to the distant
metastasis of IMPC.

Tumor clusters formation inhibits anoikis

Anoikis resistance is considered as a hallmark of
metastatic cancer cells. We analyzed whether IMPC
cluster formation enhanced their anti-anoikis ability
while in circulation. To assess anoikis, the apoptotic
rate of T47D cell clusters and single cells cultured in
poly-HEMA coated plates was carried out by flow
cytometry (Figure 5A & B). The apoptotic rate of T47D
cell clusters were significantly reduced compared to
the apoptotic rate of T47D single cells. In addition, an
increase in caspase-3 expression was detected in T47D
single cells compared to T47D cell clusters under
suspension conditions (Figure 5C). These results
indicated that the formation of clusters greatly
suppresses anoikis and prolongs the survival of cells
under anchorage-independent conditions.
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Figure 2. Plakoglobin is overexpressed in IMPC and correlates with poor prognosis. A-B: Overexpression of plakoglobin in the cytoplasm and membrane of IMPC
cells (2A: 100%, 2B: 200%). C-D: Negative expression of plakoglobin in IDC cells (2C: 100%, 2D: 200x). E-F: Immunohistochemistry of plakoglobin overexpression in metastatic
LNs (2E: 100x, 2F: 200x). G: Bar graph displaying the positive rate of plakoglobin staining in IMPC and IDC (*¥p<0.01). H: Kaplan-Meier curves for the effect of plakoglobin

expression on OS rate (p=0.002).

High plakoglobin in IMPC antagonizes anoikis
via the PI3K/Akt/Bcl-2 pathway

As mentioned above, aggregated tumor cells
have a lower apoptotic rate. Additionally, we have
shown that high levels of plakoglobin are detected in
metastatic lesions (Figure 2E & F), which indicates
that this metastasis was directly derived from IMPC
clusters. To further investigate whether this high level
of plakoglobin was involved in maintaining the

vitality of IMPC clusters, plakoglobin in T47D cell
clusters was knocked down by shRNA and proteins
relative to anoikis, including PI3K-p85, pAkt (Serd73),
and Bcl-2, which were examined by western blotting.
The level of plakoglobin, PI3K-p85, pAkt and Bcl-2
were all reduced by plakoglobin shRNA transfection
(Figure 3A & B). The above results have also been
varified in the MCF7 cell line and shown in Figure 3C
& D. To further compare the expression profiles of
PI3K-p85, pAkt (Ser473) and Bcl-2 in IMPC and
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IDC-NST, we conducted immunohistochemical
staining for PI3K-p85, pAkt (Ser473) and Bcl-2 in
IMPC and IDC-NST specimens. Higher expression
rates of PIBK-p85, pAkt (Ser473) and Bcl-2 were
observed in IMPC than IDC-NST specimens. A
correlation analysis demonstrated that the expression
of plakoglobin in IMPC had a positive correlation
with the expression of PI3K-p85, pAkt and Bcl-2 (P <
0.001) (Supplementary Table 2). These results indicate
that plakoglobin overexpression might protect IMPC

clusters from anoikis through activating the
PI3K/ Akt/Bcl-2 pathway.
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Discussion

Recurrence and metastasis are the most common
causes for breast cancer fatality, which generally
occurs within 5 years. IMPC has been well
documented as a rare breast cancer subtype with a
unique histomorphology and a high risk of recurrence
and metastasis. However, the underlying mechanism
behind the propensity of metastasis is still largely
unknown. Previous studies have reported that cell
migration is a key process of tumor metastasis, and
there are many different migration patterns that exist
in diverse biologic contexts. Among them, cluster
migration (or “collective” cell migration) is one of the

I T47D

Il T47D cluster shCTRL

I T47D cluster shRNA1
T47D cluster shRNA2

W MCF7

Il MCFT7 cluster shCTRL

I MCFT cluster shRNA1
MCF7 cluster shRNA2

Figure 3. Plakoglobin is required for IMPC cluster formation and activates the PI3K/Akt/BCL2 pathway. A: Representative immunoblot showing the expression
levels of plakoglobin, PI3K p85, pAkt, and Bcl-2 in T47D single cells as well as T47D cell clusters expressing control (shCTRL) or plakoglobin shRNAs (shRNAT and shRNA2).
B-Actin was used as a loading control (left). Error bars represent SEM. n=3; *p<0.05 **p <0.01 by student’s t test (right). B: The immunoblot results were verified in the MCF7
cell line (left). Error bars represent SEM. n=3 (right). C: Representative confocal immunofluorescence images of T47D cell clusters and T47D single cells (CTRL) stained for
plakoglobin (red) and DAPI (nuclei, blue). D-E: Representative image of T47D cell cluster in vitro (3D). Its corresponding depolymerized form caused by plakoglobin shRNA

transfection (3E).
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Figure 4. Lung metastatic lesions in mice injected with T47D cell clusters or T47D single cells. A-B: Representative images of lungs from mice injected with T47D
cell clusters (4A) or T47D single cells (4B) via tail vein injections. Arrow indicates tumor nodule. C-D: Representative images of the lung tissues from mice injected T47D cell
clusters (4C: 100%) or T47D single cells (4D: 100%) stained with H&E. Arrow indicates tumor nodule. E: The number of lung metastases was recorded to evaluate the metastasis.
Each dot represents the mean number of lung metastasis assessed by histopathological analysis per field of view. Horizontal bars indicate the median value in each group. The

Student’s t test was used for statistical analysis, **p< 0.001 (n = 10 mice per group).

main strategies in epithelial tumor metastasis [24]. In
our comparison of the clinicopathological features
between 451 IMPC and 282 IDC-NST patients, we
have demonstrated that the incidence of tumor emboli
and metastasis was statistically higher in IMPC
patients. Previous studies have observed that the
epithelial-mesenchymal transition (EMT) was
occurred in IMPC cell clusters and may contribute to
the invasion and metastasis of IMPC in clustered form
[25-26]. Given that the histopathological morphology
of IMPC is very similar to intravascular tumor emboli,
we speculated that the tumor emboli, which derived
from primary lesion, could be associated with the
change of adherens junctions in IMPC.

Plakoglobin, a key component in cell adhesion,
contributes to both adherens junctions and
desmosomes. It has been reported that plakoglobin
has oncogenic activity, and is correlated with poor
prognosis in patients [17-20]. Furthermore, there is
evidence that plakoglobin plays a more important role
in tumor cells than in normal epithelial cells [21].
Studies have shown that cadherin/catenin family
proteins are associated with cell cluster formation
[27-29]. Therefore, we speculated that plakoglobin in
IMPC primary lesions may be a key regulator and
promote tumor cluster formation. To validate this
hypothesis further, we investigated the expression
pattern of plakoglobin in IMPC tissues and a
simulated cell model (T47D cell clusters) by
immunohistochemistry and immunofluorescence.
Plakoglobin was found to be overexpressed both in
cytoplasm and cell connections of IMPC clusters.

Importantly, when plakoglobin was knocked down
by shRNAs, the IMPC clusters were depolymerized
and scattered as single cells. Moreover, the increased
metastatic propensity of tumor clusters in our mouse
model together with the adverse prognosis of IMPC
patients with abundant tumor emboli, further support
an important role for IMPC cell clusters in cancer
metastasis. Although we have also noted that several
studies have shown that the decreased plakoglobin in
tumors and cell lines is associated with increased
metastasis, survival rate, migration, invasion etc.
However, in this study, we emphasized that
plakoglobin promoting tumor metastasis is based on
the unique histomorphology of IMPC. Overall, the
heterogeneous expression pattern of adhesion
molecules in the primary lesion may lead to the
generation of endogenous tumor clusters, facilitating
cancer metastasis.

It is known that anoikis can be induced by loss of
cell-cell or cell-extracellular matrix interactions, and
the vast majority of tumor cells die during this process
[30]. However, resistance to anoikis allows a small
fraction of malignant cells to survive and initiate
tumor metastasis [31]. Whether tumor emboli are
more likely to resist anoikis and promote metastatic
progression and what the role of plakoglobin is in this
process was unclear. Our data in this study showed
that the apoptotic ratio was higher in T47D single cells
than in T47D cell clusters when -cultured in
poly-HEMA coated plates and measured by flow
cytometry. Consistent with this, T47D single cells in
suspension conditions displayed more caspase-3
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Figure 5. Tumor cells in clusters have a survival advantage under anchorage-independent conditions. A-B: Representative images of apoptotic ratios for T47D
cell clusters (5A) and single cells (5B) under suspension conditions assessed by flow cytometry. Annexin-V positive and Pl negative (at the bottom right in the bivariate correlation
plot) are considered as apoptotic cells. C: Immunoblot of cell lysates for T47D single cells or T47D cell clusters analyzed for caspase-3 activation when cultured either in
adhesive or suspension plates. D: Error bars represent SEM. n=3; **p<0.01 by student’s t test. E: Images of positive expression of PI3K-p85 (left), pAkt (medium), and Bcl-2
(right) on IMPC cells (200%). F: Images ofnegative expression of PI3K-p85 (left), pAkt (medium), and Bcl-2 (right) on IDC-NST cells (200x). G: Bar graph displaying the positive

rate of PI3K-p85, pAkt, and Bcl-2 staining in IMPC and IDC (*p < 0.05).

activity than T47D cell clusters. This further confirms
the prolonging survival of tumor clusters in
circulation. In other words, tumor cells in clusters are
superior to single cells for anoikis resistance. Finally,
plakoglobin overexpression was observed in the
metastatic LNs of IMPC, suggesting that metastasis is
most likely derived from IMPC clusters rather than
single cells. Although we cannot exclude the
possibility that single tumor cell migration could also
contribute to metastasis, our results suggest that high
expression of plakoglobin within small clusters of the
primary tumor improves the possibility of tumor cells
entering the circulation in clusters and retaining their
viability.

In addition to regulating cell-cell adhesion, the
catenin proteins can also participate in the regulation
of cell signaling through interacting with various

intracellular molecules. As a member of the Armadillo
family of proteins, plakoglobin has well-defined
oncogenic and anoikis-resistant potential [32-35]. In
Shenhav et.al study, they demonstrated that the
plakoglobin binds to the PI3K p85 and promotes
PI3K/ Akt signaling [36]. Moreover, higher expression
of plakoglobin has been shown to induce Bcl-2
expression by promoting nuclear localization of
B-catenin, which activates Myc and EF2 expression.
EF2, in turn, binds to the promoter of and activates
Bcl-2 expression [37-39]. It is well documented that
plakoglobin can change the level and localization of
B-catenin [40]. Specifically, plakoglobin can replace
B-catenin in the cadherin-catenin complex. The
cadherin independent/cytoplasmic {-catenin can
then translocate into the nucleus and regulate the
expression of genes involved in proliferation,
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migration, invasion etc. Furthermore, -catenin can
activate receptor tyrosine kinases, which in turn
activate PI3K/Akt pathway that leads to increase
signalling P-catenin levels. Therefore, we presumed
that the overexpression of plakoglobin might be
involved in the tumor progression. Thus, we
evaluated the activity of anoikis-suppression related
proteins through western blotting. As expected,
results showed that PI3K-p85, pAkt and Bcl-2 were
significantly increased in IMPC clusters. By contrast,
the plakoglobin level and the activity of the
PI3BK/Akt/BCL-2 pathway were reduced after
transfection with plakoglobin shRNAs. These results
indicate that plakoglobin can prevent apoptosis by
directly and/or indirectly activating the anti-anoikis
pathway. In conclusion, these results provide novel
insights into the function of plakoglobin in IMPC
metastasis. The high metastatic propensity of IMPC
may result from its unique histomorphology of small
clusters. The up-regulation of plakoglobin in IMPC
might be the culprit that facilitates tumor cluster
formation and Dbenefits cluster survival by
anoikis-suppression contributing to the process of
collective metastasis.
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