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High dysadherin expression has been recognized as a biological
predictor of metastasis and poor prognosis for many different
cancer types; however, the molecular mechanisms of how
dysadherin affects cancer progression are still poorly understood.
In this study, we examined whether AKT signaling could link
dysadherin expression with downstream events that promote the
metastatic potential of human breast cancer cells. Immunohisto-
chemical analysis of breast cancer tissues showed that dysadher-
in expression was highly associated with elevated expression of
phospho-AKT. The introduction of dysadherin cDNA into BT-474,
MCF-7 and T-47D breast cancer cell lines enhanced their levels of
AKT phosphorylation, while knockdown of dysadherin in
MDA-MB-231 and Hs578T breast cancer cell lines suppressed AKT
phosphorylation. Treatment with the AKT inhibitor triciribine
suppressed dysadherin-mediated pro-metastatic effects, including
epithelial–mesenchymal transition, cell motility and drug resis-
tance. These findings suggest that dysadherin might contribute
to breast cancer progression through AKT activation. (Cancer Sci
2012; 103: 1280–1289)

B reast cancer is one of the most commonly detected malig-
nancies in women worldwide.(1) The latest advances in

cancer diagnosis and therapy have greatly improved survival
of breast cancer patients. Metastasis is a destructive conse-
quence of cancer progression and is the most common cause
for treatment failure and death in breast cancer.(2) There is
much to discover about the biological and molecular mecha-
nisms that control the metastatic process.
Dysadherin is a cancer cell membrane-associated glycopro-

tein that has been recognized as a prognostic indicator of
metastasis and/or poor survival in many different cancer
types.(3–5) The presence of dysadherin expression contributes
causally to cancer metastasis in a number of ways, including
downregulation of E-cadherin-mediated cell adhesion, upregu-
lation of tumor-promoting chemokine production and enhance-
ment of cancer stem-cell properties.(5–7) Based on these
findings, dysadherin might represent a molecular target for the
treatment of advanced cancer. The detailed molecular mecha-
nisms that link dysadherin expression to downstream events
that promote cancer metastasis have not been fully clarified.
The elucidation of dysadherin signaling mechanisms in specific
aspects of metastasis might lead to the development of effec-
tive therapies for treating advanced cancer.
Nam et al.(5) show, in a breast cancer model system, that

NF-jB transcriptional activity is enhanced by dysadherin
expression. Specifically, NF-jB regulates the expression of
genes involved in many cellular processes that play a key role
in the development and progression of cancer.(8) NF-jB is inti-
mately intertwined with cancer growth and metastasis;(9) the
NF-jB transcription factor has been identified as a target of
the AKT signaling pathway.(10) AKT is a serine/threonine
kinase that plays a critical role in cell survival by negatively

interacting with proteins that promote apoptosis and by
interacting with proteins involved in cell proliferation, cell
growth, cell motility and invasion.(11) Increased AKT protein
expression and activity have been detected in various types of
cancers, including those of the stomach, prostate, ovary, breast
and brain.(12,13) The detection of activated AKT in breast
cancer patients is associated with poor prognosis, with a higher
probability of relapse accompanied by distant metastasis.(14)

Clinical data suggest that AKT is involved in a broad spectrum
of chemoresistance, as well as radioresistance, in breast cancer;
therefore, AKT is considered to be an important target for
advanced breast cancer therapies.(15,16)

Collectively, these studies prompted us to ask whether there
is a possible link between dysadherin expression and AKT sig-
naling in cancer progression. In the present study, we intro-
duce dysadherin to breast cancer cell lines to clarify the
involvement of AKT signaling in mediating the pro-metastatic
effect of dysadherin. The purpose of this work is to gain a bet-
ter understanding of the molecular mechanisms of dysadherin
for development of improved anti-cancer strategies.

Materials and Methods

Cell culture and reagents. The human breast cancer cell lines
BT-474, MCF-7, T-47D, MDA-MB-231 and Hs578T were cul-
tured in DMEM (Welgene, Daegu, Korea) containing 10% FBS
and 1% penicillin/streptomycin (Invitrogen, Grand Island, NY,
USA), as previously described.(5,17) Paclitaxel and AKT inhibi-
tor triciribine were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and Calbiochem (La Jolla, CA, USA), respectively.

Quantitative RT-PCR (qRT-PCR). Real-time qRT-PCR was car-
ried out using the ABI 7300 Real-Time PCR system with the
SYBR green dye (Applied Biosystems, Foster City, CA, USA).
First-strand cDNA was prepared from total RNA using a
RevertAid first-strand synthesis kit (Fermentas, Hanover, MD,
USA). The qRT-PCR was performed in triplicate. Human
dysadherin mRNA levels were normalized with human cyclo-
philin A (PPIA) mRNA. The primer sets used in this study are
as follows: Dysadherin, 5′-TCCCACTGATGACACCACGA-3′
(forward) and 5′-AAAACCAGATGGCTTGAGGGT-3′ (reverse);
PPIA, 5′-TGCCATCGCCAAGGAGTAG-3′ (forward) and
5′-TGCACAGACGGTCACTCAAA-3′ (reverse).

Immunoblot analysis and immunofluorescent staining. Immu-
noblot analysis and immunofluorescent staining were performed,
as previously described.(18) Antibodies to the following proteins
were used: Dysadherin (NCC-M53; provided by Dr Setsuo
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Hirohashi, National Cancer Center, Tokyo, Japan),(19) PI3K-
p85, pPI3K-p85, AKT, phospho-AKT (pAKT), GSK-3b and
pGSK-3b (Cell Signaling Technology, Beverly, MA, USA),
b-actin (Sigma-Aldrich), E-cadherin, Fibronectin, N-cadherin
and Vimentin (BD Biosciences, San Jose, CA, USA). Human
breast cancer tissue arrays (AccuMax Array, cat. no. A312)
were purchased from Isu Abxis (Seoul, Korea). Rhodamine-
phalloidin (Cytoskeleton, Denver, CO, USA) was used to visu-
alize F-actin. Dysadherin and pAKT expression were measured
as the intensity of fluorescence divided by the area of the
nucleus, as determined by DAPI staining, in three randomly
selected fields for each specimen using the Image-Pro Plus
program (Media Cybernetics, Silver Spring, MD, USA). Cli-
nico-pathological characteristics of breast tissue samples that
were used in this analysis are described in Supporting informa-
tion Table S1.

Generation of dysadheirn-knockdown cells and dysadherin-
overexpressing stable cells. Cells were transduced with lentivi-
ral-based plasmids containing shRNA targeting dysadherin
using dysadherin-coding siRNA oligos(5) or transfected with
dysadherin expression vector (pcDNA-L3HSV; provided by Dr
Setsuo Hirohashi, National Cancer Center, Tokyo, Japan).(3)

The knockdown or overexpression of the Dysadherin gene was
confirmed by qRT-PCR and immunoblot analysis. Stably trans-
fected cells were isolated and expanded under puromycin
(knockdowns) or G418 selection (overexpressors).

Cell proliferation and apoptosis analysis. Cell proliferation
was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetra-zolium bromide (MTT; Sigma-Aldrich) assay and cell
cycle assay, as previously described.(7) Apoptosis was detected
by the FACS assay for annexin V (BD Biosciences) and the
immunoblot analysis for cleaved poly-ADP ribose polymerase
(PARP; Cell Signaling Technology).

Cell motility and wound-healing migration analysis. Cell motility
was assessed using the HitKit HSC reagent kit (Cellomics,
Pittsburgh, PA, USA), as previously described.(20) Briefly, fluo-
rescent microspheres were covered on 96-well plates that had
been coated with type I collagen (BD Bioscience). After incu-
bation for 16–18 h at 37°C, the cells were fixed in formalde-
hyde and were stained with rhodamine-conjugated phalloidin.
Track and cell areas were analyzed using the Cellomics Array
Scan HCS reader (Cellomics). Cell motility was calculated by
dividing the track area by the cell area, which was performed
for each visual field from three independent experiments. A
wound-healing migration assay was performed, as previously
described.(21) Briefly, cells were seeded on 6-well plates. When
cells were confluent, wounds were made on the cell monolayer
using a micropipette tip. Cells were subsequently washed with
PBS, replenished with DMEM with 1% FBS, and photo-
graphed using an inverted microscope (Nikon, Tokyo, Japan).
Dishes were placed in the incubator for 48–92 h and the
matched wound regions were photographed.

Statistical analysis. All experiments were conducted in tripli-
cate (n = 3) or greater, and the results are presented as the
mean ± SD. Statistical analyses of these data were conducted
via unpaired parametric Student’s t-test or nonparametric
Mann–Whitney U-test.

Results

Modification of the Dysadherin gene in breast cancer cell
lines. Before modification of Dysadherin in breast cancer cells,
we confirmed the expression profile of dysadherin in breast
cancer cells. Specifically, qRT-PCR and immunoblot analysis
showed that BT-474, MCF-7 and T-47D breast cancer cells
possessed little or no dysadherin expression. Conversely, meta-
static MDA-MB-231 and Hs578T breast cancer cells had high
dysadherin expression (Fig. 1A,B), which is consistent with

previous findings.(5) In the present study, we introduced
dysadherin cDNA (Dys) into BT-474, MCF-7 and T-47D cells.
Through qRT-PCR and immunoblot analysis, we observed that
expression of dysadherin was efficiently increased in breast
cancer cells transfected with Dys compared with the parental
cells (none, non-transfected cells) and cells transfected with
empty vector (mock). In addition, we stably knocked down
dysadherin expression in MDA-MB-231 and Hs578T cells
using lentiviral shRNA. The qRT-PCR and immunoblot
analyses showed that expression of dysadherin was efficiently
suppressed in breast cancer cells transfected with dysadherin
shRNA (shDys), whereas the parental cells (none, non-trans-
fected cells) and cells transfected with control shRNA (shCon)
preserved dysadherin expression (Fig. 1C,D).

Role of dysadherin in breast cancer progression. To investi-
gate the functional role of dysadherin in breast cancer progres-
sion, we determined whether dysadherin expression regulates
cell proliferation, invasion potential and apoptosis inhibition.
First, we examined the cell proliferation rates of both the
dysadherin overexpressing and knockdown cells by MTT assay
and cell cycle analysis. We found that overexpression or
knockdown of dysadherin itself did not influence cell prolifera-
tion (Fig. 2A,B).
Second, we investigated whether modification of Dysadherin

was able to regulate the invasiveness of breast cancer cells
in vitro. Cell motility assay showed that dysadherin overex-
pression significantly increased the motility of the cancer cells,
and the knockdown of dysadherin expression significantly
reduced the motility of the cancer cells compared with control
counterparts (Fig. 3A). The wound-healing assay also showed
that dysadherin-expressing MCF-7 cells possessed a more
enhanced closure, and dysadherin-knockdown MDA-MB-231
cells showed delayed closure compared with control counter-
parts (Fig. 3B). These findings are supported by previous
observations that the knockdown of dysadherin significantly
reduces the invasion of breast cancer cell lines through Matri-
gel (BD Biosciences Discovery Labware).(5) The actin cyto-
skeleton is thought to be an important mediator of cell
migration in the process of cancer cell invasion.(22) Observa-
tion by confocal microscopy demonstrated that dysadherin
overexpression increased the cortical actin layer at the edges
of MCF-7 cells, and dysadherin knockdown decreased actin at
the edges of MDA-MB-231 cells compared with their control
counterparts (Fig. 3C). The epithelial–mesenchymal transition
(EMT) is considered a critical biological process in epithelial
tumor invasion.(23) Therefore, we examined whether modifica-
tion of Dysadherin was able to influence EMT. An immunoflu-
orescent study demonstrated that dysadherin expressing MCF-7
cells showed a decrease of E-cadherin and an increase of fibro-
nectin but no change in N-cadherin and vimentin expression
compared with control counterparts. Dysadherin-knockdown
MDA-MB-231 cells showed a decrease in fibronectin expres-
sion but no change in E-cadherin, N-cadherin and vimentin
compared to control counterparts (Fig. 3D).
Third, we determined whether modification of Dysadherin

was able to regulate anti-apoptotic capacity. Paclitaxel is used
widely in the treatment of breast cancer;(24) therefore, we deter-
mined the rate of paclitaxel-induced apoptosis in the dysadher-
in-expressing or dysadherin-knockdown breast cancer cells
after the cells were cultured with paclitaxel for 6–18 h. Apop-
tosis analysis showed that the dysadherin overexpression signif-
icantly reduced the rate of paclitaxel-induced apoptosis, and
dysadherin knockdown significantly enhanced the rate of paclit-
axel-induced apoptosis compared to the control cells (Fig. 3E).

Identification of AKT signaling as a downstream target of
dysadherin. Our previous findings suggest that the dysadherin
expression is associated with the enhanced activity of the NF-
jB pathway in a breast cancer model system.(5) The activation
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of NF-jB has been recognized as a key target of AKT signal
pathway.(10) To investigate whether dysadherin can propagate
the AKT signal within the cancer cells, we first analyzed the
correlation between dysadherin and pAKT in breast cancer
samples. Immunofluorescent staining showed that both dysadh-
erin and pAKT expression were highly elevated in cancerous
tissues compared with non-cancerous tissues from the same
breast cancer patient. In cancerous tissues, the pAKT expres-
sion increased when dysadherin expression was strongly pres-
ent (Fig. 4A). Analysis of fluorescent intensity also showed
that increased expression of dysadherin was significantly corre-
lated with pAKT expression in clinical breast cancer speci-
mens (Supporting information Fig. S1, Supporting information
Table S1).
AKT is recruited to the plasma membrane by increased

phosphoinositide 3-kinase (PI3K) signaling. Subsequently,
AKT is phosphorylated and transferred to several subcellular
locations, where it can phosphorylate downstream targets in
various pathways. PI3K is a heterodimer composed of a p85
regulatory and a p110 catalytic subunit of which there are
several isoforms. The p85 subunit is known to control the
sequential activation of PI3K.(25) Glycogen synthase kinase-3b
(GSK-3b) is known as a downstream molecule associated with
AKT activation.(11) To determine whether dysadherin
expression influences AKT signaling in breast cancer cells, we
examined PI3K-p85, AKT and GSK-3b expression in dysadh-
erin-expressing or dysadherin-knockdown cells. Modification

of Dysadherin in breast cancer cells did not affect the expres-
sion of PI3K-p85 and pPI3K-p85, or total expression of AKT.
Dysadherin overexpression in breast cancer cells increased
pAKT and activation of the downstream molecule, pGSK-3b.
In contrast, dysadherin knockdown in breast cancer cells
suppressed pAKT and pGSK-3b compared with the control
cells (Fig. 4B). These results demonstrate that dysadherin
might enhance AKT activation in breast cancer cell lines.

Treatment with an AKT inhibitor can suppress dysadherin-med-
iated pro-metastatic effects. The above observation prompted
us to ask whether AKT signaling is related to dysadherin-med-
iated pro-metastatic effects, including invasive activity and
resistance to apoptosis. To investigate this possibility, dysadh-
erin-expressing or dysadherin-knockdown breast cancer cells
were cultured with the AKT inhibitor triciribine, and cell
motility, actin organization, EMT and anti-apoptosis were
assessed. Before these assays were conducted, we determined
the cytotoxic concentration of triciribine in MCF-7 and MDA-
MB-231 cells. MTT analysis showed that triciribine did not
induce growth inhibition of human breast cancer cells at con-
centrations of up to 100 nM (Supporting information Fig. S2);
therefore, concentrations of <100 nM were used to study of
the effect of triciribine on the dysadherin-mediated pro-meta-
static effects. In addition, to rule out the possibility that triciri-
bine treatment might have any unexpected effect on
dysadherin expression, we analyzed the change in dysadherin
protein expression in MCF-7 cells after transfection with mock

Fig. 1. Modification of Dysadherin in breast cancer cell lines. (A,B) qRT-PCR and immunoblot analysis for dysadherin in breast cancer cell lines.
(C,D) qRT-PCR and immunoblot analysis for dysadherin in control (none, non-transfected cells), mock (empty vector), Dys (Dysadherin cDNA),
shCon (control shRNA) or shDys- (Dysadherin shRNA) transfected cells. Dysadherin mRNA were normalized with peptidylprolyl isomerase A mRNA
in each sample. b-actin was used as a loading control in the immunoblot analysis. Data are the mean ± SD (n = 3). *P < 0.01. NS, not significant.

1282 doi: 10.1111/j.1349-7006.2012.02302.x
© 2012 Japanese Cancer Association



or Dys following 48 h treatment with 100 nM triciribine. Tric-
iribine treatment did not affect the dysadherin protein expres-
sion (Supporting information Fig. S3).
Fig. 5A). Second, F-actin staining showed that triciribine treat-

ment decreased the ability of dysadherin to enhance the cortical
actin layer at the cell membrane of MCF-7 cells (Fig. 5B). These
results suggest that the ability of dysadherin to promote tumor cell
invasion in vitro is dependent on AKT activation. Third, to test
whether triciribine treatment influences dysadherin-induced EMT,
dysadherin expressing MCF-7 cells were cultured with tricirbine.
Immunofluorescent staining showed that dysadherin-expressing
cells had a decrease of E-cadherin and an increase of fibronectin but
no change in N-cadherin and vimentin. Tricirbine treatment reversed
dysadherin-induced EMT (Fig. 5C). qRT-PCR analysis showed that
tricirbine treatment did not affect E-cadherin mRNA level in
MCF-7 cells after transfection with mock or Dys (Supporting
information Fig. S4). Therefore, these results support the possi-
bility that dysadherin-mediated AKT activation downregulates
expression of E-cadherin through a post-transcriptional mecha-
nism and enhances the EMT phenotype.
To test whether triciribine treatment influences dysadherin-

induced apoptotic resistance to paclitaxel, dysadherin-expressing
or dysadherin-knockdown cells were cultured with triciribine
and paclitaxel for 72 h. MTT and immunoblot analysis showed
that the presence of dysadherin protected breast cancer cells
from apoptosis induced by paclitaxel treatment compared with

control cells. Triciribine treatment reversed dysadherin-medi-
ated protection from apoptosis by paclitaxel treatment
(Fig. 5D). These data suggest that AKT activity might mediate
the anti-apoptotic effects of dysadhrein.

Discussion

Dysadherin is recognized as an important player in cancer
metastasis;(6) however, the signaling pathways downstream of
dysadherin in the metastatic process remain largely uncharac-
terized. To the best of our knowledge, our study is the first
experimental report showing that AKT activation plays an
important role in mediating the pro-metastatic effects of dy-
sadherin in breast cancer.
The in vitro phenotype of cell motility reflects the metastatic

potential of the cancer cell in vivo. High dysadherin expression
in human pancreatic and breast cancer cell lines facilitated cell
motility by the recruitment of filamentous actin at the cell
membrane.(4,5) Despite these observations, the signal transduc-
tion downstream of dysadherin expression that promotes cell
motility is still poorly understood. Our work is the first evi-
dence that AKT activation may mediate the ability of dysadh-
erin to promote cell motility in breast cancer.
Dysadherin overexpression promoted breast cancer invasive-

ness by a mechanism that involves the upregulation of
chemokine (C–C motif) ligand 2 (CCL2).(5) Therefore, we

Fig. 2. Effect of dysadherin on breast cancer cell proliferation. (A) MTT assay of breast cancer cells after modification of the Dysadherin gene.
Data are the mean ± SD (n = 3). AU, arbitary units. (B) Cell cycle analysis of breast cancer cells after modification of the Dysadherin gene. PI, pro-
pidium.
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investigated the interaction between CCL2 production and dy-
sadherin-mediated AKT activation in human breast cancer cell
lines. In preliminary studies, qRT-PCR analysis showed that
triciribine treatment suppressed the CCL2 mRNA expression
in MDA-MB-231 and Hs578T breast cancer cell lines (Sup-
porting information Fig. S5). The addition of recombinant
CCL2 protein did not reverse the effect of dysadherin knock-

down to attenuate ATK phosphorylation in MDA-MB-231
cells (Supporting information Fig. S6). Therefore, these results
support the possibility that the production of tumor-promoting
chemokine, CCL2, might be a downstream target of dysadher-
in-mediated AKT activation in human breast cancer cells.
Epithelial–mesenchymal transition is implicated in the con-

version of early-stage tumors into invasive malignancies.(23) A

Fig. 3. Effect of dysadherin on cell motility, cell migration, actin organization, epithelial–mesenchymal transition (EMT) and anti-apoptotic
capacity in breast cancer cell lines. (A) Cell motility assay of breast cancer cells after modification of the Dysadherin gene. Blue line represents
the track area of a cell. Green line represents the cell area. Data are the mean ± SD (n = 3). Scale bar, 100 lm. (B) Cell migration assay of breast
cancer cells. Confluent cell cultures were scraped (“wounded”) with a micropipette tip (top). Cells were photographed at 48–92 h after wound-
ing by phase contrast microscopy (bottom). (C) Immunofluorescent analysis of F-actin in breast cancer cells. All nuclei were counterstained with
DAPI (blue). Scale bar, 100 lm. (D) Immunofluorescent analysis of EMT-related protein expression in breast cancer cells. All nuclei were counter-
stained with DAPI (blue). Scale bar, 50 lm. (E) Analysis of apoptosis in breast cancer cells after treatment with 10 and 100 nM paclitaxel (PTX)
for 6–18 h. Apoptosis was measured using the annexin V assay. Data are the mean ± SD (n = 3). * P < 0.01. NS, not significant.
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hallmark of EMT is the loss of E-cadherin expression; the loss
of E-cadherin increases tumor-cell invasiveness in vitro and
contributes to the transition of adenoma to carcinoma in animal
models.(26) A body of clinical data suggests that dysadherin
expression has significant negative correlation with E-cadher-
in expression in many different cancer types.(6) Experimental
data also suggest that the transfection of Dys into PLC/
PRF/5 liver cancer cells causes the change in E-cadherin
protein expression and function without affecting its expres-
sion on the mRNA level;(3) however, the regulatory mecha-
nism governing this process still remains unclear. This study
provides the first evidence that AKT activation may be a
signal by which dysadherin can alter E-cadherin function.
Dysadherin overexpression had no effect on cell prolifera-

tion, but supported cell survival. These results suggest that
dysadherin might not affect RAS-MAPK signaling. Therefore,
we investigated whether the dysadherin expression affects the
level of pMEK expression, a downstream molecule of RAS-
MAPK signaling. Immunoblot analysis showed that overex-
pression or knockdown of the Dysadherin gene did not cause

the change in pMEK protein expression in breast cancer cells
(Supporting information Fig. S7). Therefore, these results sup-
port the possibility that dysadherin contributes to cell survival
through a mechanism that does not involve the activation of
RAS signaling.
Development of chemoresistance is a serious problem during

the treatment of cancer. Drug resistance in cancer is recog-
nized as the doorway for cancer recurrence and metastasis.
Elevated expression of dysadherin is associated with sensitivity
to combined chemotherapy with irinotecan and 5-fluorouracil
in the treatment of colorectal cancer.(27) The transfection of
Dys into PLC/PRF/5 liver cancer cells enhances resistance to
doxorubicin-induced apoptosis.(7) The present work shows the
involvement of dysadherin in paclitaxel chemoresistance of
human breast cancer cells. This regulatory mechanism indi-
cates that AKT activation might mediate the ability of dysadh-
erin to promote chemoresistance in breast cancer cells. NF-jB
transcriptional activity is reported to inhibit apoptosis and to
induce drug resistance in cancers.(28) We have previously
shown that expression of dysadherin is associated with

Fig. 3. (continued)
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enhanced activity of the NF-jB pathway. In preliminary
promoter-reporter studies, inhibition of AKT activity sup-
pressed the ability of dysadherin to promote the activation of
the NF-jB pathway (Supporting information Fig. S8). To
further explore whether inhibition of NF-jB signaling affects
dysadherin-mediated AKT activation, we examined the change
in AKT phosphorylation in T-47D cells after transfection with
mock or Dys following 24 h treatment with 1 lM 6-amino-4-
(4-phenoxyphenylethylamino)quinazoline (NF-jB inhibitor).
Immunoblot analysis showed that inhibition of NF-jB activity
slightly decreased the level of pAKT expression in mock-
expressing T-47D cells, but did not affect the level of pAKT
expression in dysadherin-overexpressing T-47D cells (Support-
ing information Fig. S9). Therefore, these results support that
NF-jB activation might be a downstream signaling of dysadh-
erin-mediated AKT activation. Deregulation of the AKT path-

way is associated with resistance to doxorubicin and 4-
hydroxyl-tamoxifen, which is a chemotherapeutic drug and
estrogen receptor (ER) antagonist used in breast cancer ther-
apy.(29) These data suggest that dysadherin status may be
worth evaluating as a useful predictor of drug response for
breast cancer.
Some breast cancer cell lines including MCF-7 and MDA-

MB-231 harbor activating mutations of PIK3CA gene resulted
in AKT activation.(30) Therefore, first, we determined whether
modification of the Dysadherin gene affects PIK3CA expres-
sion in breast cancer cells. Immunoblot analysis showed that
overexpression or knockdown of the Dysadherin gene did not
affect the expression of PIK3CA at protein level in breast can-
cer cells (Supporting information Fig. S10). Second, we exam-
ined the change in AKT phosphorylation in MCF-7 cells after
transfection with mock or Dys following 1 h treatment with

Fig. 4. Correlation between dysadherin and phospho-AKT (pAKT) expression in breast cancer tissues and cell lines. (A) Immunofluorescent stain-
ing of dysadherin (green) and pAKT (red) in breast cancer tissues compared with matched normal breast tissues. Arrows indicate the colocaliza-
tion of dysadherin and pAKT in breast cancerous tissue. All nuclei were counterstained with DAPI (blue). Scale bar, 100 lm. (B) Immunoblot
analysis of dysadherin and AKT downstream signaling in breast cancer cell lines after modification of the Dysadherin gene. b-actin was used as a
loading control.
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10 lM LY294002 (PIK3CA inhibitor). Immunoblot analysis
showed that LY294002 treatment largely decreased the level of
pAKT expression in dysadherin-negative MCF-7 cells, but
slightly decreased the level of pAKT expression in dysadherin-
overexpressing MCF-7 cells (Supporting information Fig. S11).
These results suggest that PIK3CA activation might not be
required for dysadherin-mediated AKT activation.
Collectively, these mechanistic links between dysadherin

and AKT in cancer progression suggest new approaches to the
treatment of advanced breast cancer. Our present work does
not fully elucidate whether AKT activation is a primary or sec-
ondary effect of dysadherin expression; therefore, further
research is necessary to determine the molecular mechanisms
through which dysadherin modulates AKT activation. One pos-
sible mechanism by which dysadherin modulates AKT activa-
tion is via its unusually long extracellular domain, which may
facilitate interactions with other membrane proteins or with

extracellular matrix components and may affect signaling
dynamics. This hypothesis is supported by several reports. The
expression of Episialin (MUC1), a cell membrane glycopro-
tein, downregulated E-cadherin-mediated cell–cell adhesion by
means of its highly glycosylated extracellular domain.(31)

Treatment with benzyl-a-GalNAc, a modulator of O-glycosyla-
tion, upregulated E-cadherin expression in dysadherin-trans-
fected PLC/PRF/5 liver cancer cells but did not affect
E-cadherin expression in mock expressing cells.(32) Given
these observations, additional systematic analysis of the
dysadherin protein interactome would be helpful for insight
into possible mechanisms through which dysadherin modulates
AKT activation. The other possible mechanism is that effects
on the NaK-ATPase may mediate the pro-metastatic effect of
dysadherin. Dysadherin is a member of the FXYD family
(FXYD5), a family of proteins expressed in a tissue-specific
manner that regulate the function of NaK-ATPase.(3) NaK-

Fig. 5. Effect of AKT inhibitor on dysadherin-mediated metastatic potential in breast cancer cell lines. (A) Motility assay of breast cancer cells
after modification of the Dysadherin gene following 16–18 h treatment with 1, 10 and 100 nM triciribine. Data are the mean ± SD (n = 3). Scale
bar, 100 lm. (B) Immunofluorescent analysis of F-actin in MCF-7 cells after transfection with mock (empty vector) or Dys (Dysadherin cDNA) fol-
lowing 24 h treatment with 1 nM triciribine. All nuclei were counterstained with DAPI (blue). Scale bar, 100 lm. (C) Immunofluorescent analysis
of epithelial–mesenchymal transition-related proteins in MCF-7 cells after transfection with mock or Dys following 72 h treatment with 1 nM tric-
iribine. All nuclei were counterstained with DAPI (blue). Scale bar, 50 lm. (D) Immunoblot analysis of cleaved poly-ADP ribose polymerase (PARP)
and MTT assay in breast cancer cells after modification of the Dysadherin gene following 72 h treatment with paclitaxel and triciribine. Data are
the mean ± SD (n = 3). *P < 0.01. NS, not significant. b-actin was used as a loading control.
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ATPase has been shown to act as a signal transducer in addi-
tion to being an ion pump.(33,34) Barwe and colleagues report
that NaK-ATPase is associated with the regulatory subunit of
PI3-kinase that modulates phosphorylation of AKT. The inhibi-
tion of NaK-ATPase in highly motile Moloney sarcoma virus-
transformed Madian–Darby canine kidney cells suppresses cell
motility.(35) These findings support the possibility that dysadh-
erin might contribute to AKT activation through mechanisms
involving changes in NaK-ATPase; therefore, these molecular
details are under active investigation.
Estrogen-receptor-negative breast cancer is generally more

aggressive and has a poorer prognosis than ER-positive breast
cancer. The experimental restoration of ER-a to the ER-nega-
tive cell line MDA-MB-231 resulted in a reduction of dysadh-
erin expression.(5) The ER-dependent signaling pathway has
been shown to be involved in the activation of AKT and the
downstream molecules.(36) Therefore, further investigating a
possible link between ER-status and dysadherin-mediated AKT
activation will surely lead to a better understanding of the
dysadherin biology in breast cancer progression.

In summary, we have shown that dysadherin might play an
important role in breast cancer by promoting invasion and
metastasis through a mechanism that involoves enhanced AKT
activation. Dysadherin could potentially be exploited as a new
molecular target for the visualization, prevention or treatment
of advanced cancer.
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