SCIENTIFIC REPLIRTS

Loss of DLG5 promotes breast
cancer malignancy by inhibiting the
Hippo signaling pathway
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Discs Large Homolog 5 (DLG5) plays an important role in the maintenance of epithelial cell polarity.
Recent research showed that DLG5 is decreased in Yes-associated protein (YAP)-overexpressing cells.
However, the exact relationship between DLG5 and YAP is not clear. In this study, we showed that
loss of DLG5 promoted breast cancer cell proliferation by inhibiting the Hippo signaling pathway and
increasing nuclear YAP expression. Furthermore, depletion of DLG5 induced epithelial-mesenchymal
© transition (EMT) and disrupted epithelial cell polarity, which was associated with altered expression
. of Scribble, ZO1, E-cadherin and N-cadherin and their mislocalization. Interestingly, we first reported
* that loss of DLGS5 inhibited the interaction of Mst1 and Lats1 with Scribble, which was crucial for YAP
© activation and the transcription of TEA domain (TEAD) family members. In summary, loss of DLG5
expression promoted breast cancer malignancy by inactivating the Hippo signaling pathway and
increasing nuclearYAP.

. The Hippo signaling pathway is an evolutionarily conserved kinase cascade involved in organ size control, tissue
. homeostasis and cancer'? Yes-associated protein (YAP) is a major effector of Hippo signaling; it interacts with
. the DNA-binding transcription factor TEAD and is closely related to cell proliferation, survival, migration, and
invasion**. Studies have shown that inactivation of the Hippo signaling pathway and YAP nuclear localization
are closely associated with multiple epithelial malignancies, such as breast cancer>®. However, genomic analyses
of common epithelial cancers have provided no evidence of an increased number of mutations in known compo-
nents of the Hippo signaling pathway®’. Therefore, alterations in the Hippo signaling pathway in human cancer
might be caused by mutations in genes associated with this pathway but not by mutations in its own components.
Discs large homolog 5 (DLG5) is a primary member of the membrane-associated guanylate kinase (MAGUK)
family, and its expression is decreased in YAP-overexpressing cells®. DLG5 also participates in the maintenance
. of epithelial polarity by interacting with (3-catenin, the vinexin-vinculin complex and cadherin and by promoting
- the delivery of N-cadherin to the plasma membrane®!!. According to several publicly available data sets, DLG5
© is also associated with cancer development. DLG5 is highly expressed in normal tissues, but its expression is
: decreased or lost in cancer cell lines. Down-regulation of DLGS5 is highly correlated with clinical tumor stage. In
© breast cancer, knockdown of DLG5 induces cell migration, and overexpression of DLG5 inhibits cell migration®.
. However, the detailed relationship between DLG5 and YAP in human carcinogenesis has not been investigated.
We intend to verify the connection of DLG5 and YAP in breast cancer development. In our study, we first
found that loss of DLG5 inhibited the Hippo pathway by decreasing the phosphorylation of MST1/2, LATSI, and
MOBI and by increasing YAP nuclear localization; loss of DLG5 also promoted the transcription of TEAD-target
genes. Interestingly, loss of DLG5 expression promoted cell proliferation, which was associated with the
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down-regulation and mislocalization of Scribble and decreased interaction of MST1 and Lats1 with Scribble.
Our study revealed that knockdown of endogenous DLG5 inhibited the Hippo signaling pathway, induced EMT,
disrupted epithelial cell polarity, and enhanced cell migration and invasiveness, thereby promoting breast cancer
malignancy.

Materials and Methods

Patients and tissue specimens. This work was conducted in accordance with the Code of Ethics of the
World Medical Association. With the approval of the Ethics Review Committee of the First Affiliated Hospital of
Xian Jiaotong University College of Medicine, a total of 75 breast cancer tissue specimens and adjacent normal

control tissues were obtained from the First Affiliated Hospital of Xi’an Jiaotong University College of Medicine
(sTable 1).

Antibodies and Reagents. Antibodies used in this study included anti-DLG5 (Sigma), anti-N-cadherin
(BD transduction), anti-E-cadherin (BD Biosciences), anti-vimentin (Sigma), anti-ZO1 (Sigma) and Hippo
Signaling Antibody Sampler Kit (CST).

Cell culture. MCF10A cells were cultured as previously described!2. MCF7, T47D and MDA-MB-231 cells
were grown according to the recommendations of American Type Culture Collection (ATCC).

Three-dimensional (3D) morphogenesis assay. MCF10A cells were cultured in Growth
Factor-Reduced BD Matrigel™ (BD Biosciences) in a 4-well chamber slide (Corning) as previously described!>!%.

Lentivirus packaging and infection. The lentivirus system included the pLKO.1, VSVG and pCMV
ARS8.9 plasmids for expressing short hairpin RNA (shRNA); these plasmids were transfected into HEK-293T
cells. Then, virus-containing culture medium was harvested. The target cells were incubated with harvested
medium containing polybrene (Sigma). Then, colonies were isolated, expanded, and maintained.

Immunofluorescence microscopy. The cells were fixed, permeabilized, blocked and incubated with pri-
mary antibodies. The cells were stained with Alexa Fluor-labeled secondary antibody (Invitrogen). Fluorescence
images were obtained using a confocal laser scanning microscope (Leica TCS SP5).

Immunohistochemistry (IHC). IHC images were obtained using a microscope slide scanner (Leica MP,
SCN400). DLG5 expression levels in tissue were assessed based on positive staining and rated as 0 (negative), 1
(weakly positive), 2 (moderately positive), or 3 (strongly positive).

Western blotting. Cells were harvested in RIPA buffer containing protease inhibitors. Cell lysates were
loaded onto gels, and proteins were separated and then transferred onto PVDF membranes (Millipore). Bands
were developed with western blotting luminol reagent (Millipore).

Flow cytometry analysis. Flow cytometry analysis was used to examine cell cycle characteristics. Cells
were fixed and stained with propidium iodide (PI). Cell cycle analysis was performed with a BD FACSCanto II
flow cytometer at 488 nm, and data were analyzed using ModFit LT (BD Biosciences).

BrdU incorporation assay. The assay was performed as previously described and analyzed by flow
cytometry'®.

Luciferase assay. Luciferase and Renilla reporters were co-transfected into cells, which were analyzed with
the Dual-Luciferase® Reporter Assay and Dual-Luciferase® Reporter 1000 Assay Systems (Promega).

Animals and xenotransplantation. All animal experimental protocols were approved by the Institutional
Animal Care and Use Committee of the First Affiliated Hospital of Xi'an Jiaotong University. In addition, the
methods were in accordance with the approved guidelines. A total of 5 x 10° resuspended cells were injected
subcutaneously into the fat pad of six-week-old female nude mice (Centre of Laboratory Animals, The Medical
College of Xi'an Jiaotong University, Xi’an, China). Tumor volume was calculated using the following formula:
(long axis x short axis?)/2.

Statistical analysis. Each experiment was repeated at least three independent times. The results are pre-
sented as the mean & SD or SEM as indicated. Statistical analysis was conducted using GraphPad Prism 5, and the
results are presented as follows: *p < 0.05, **p < 0.01 or ***p < 0.001.

Results
Distribution of DLG5 expression in breast epithelial cells, breast cancer cells, breast cancer tis-
sues and para-cancerous tissues. To identify the relationship between DLG5 and breast cancer, we exam-
ined the expression of DLGS5 in breast cancer tissues. DLG5 showed stronger staining in normal mammary tissues
than in breast cancer tissues. Low-grade cancer tissues had higher expression of DLG5 than high-grade cancer
tissues (Fig. 1A,F). Nearly 76% of stage I breast cancer, 55% of stage II breast cancer, and 23% of stage III breast
cancer samples showed moderate or strong DLGS5 staining. Of the stage III breast cancer tissues, 50% were weakly
positive, and 27% were negative (sTable 2). To summarize, stage I and stage II breast cancer tissues demonstrated
reduced DLGS staining, while stage III tissues showed loss of or reduced DLGS5 staining.

Estrogen receptor (ER) and progesterone receptor (PR) status is a biomarker for breast cancer therapy and
prognosis'®!”. DLG5 expression showed a significant positive correlation with ER and PR status in breast cancer.
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Figure 1. DLG5 expression in tissues and cell lines. Tissues were stained with a DLG5 antibody. Low-power
scale bar, 150 um; high-power scale bar, 50 um. (A) From left to right: normal breast epithelial tissues, stage I
breast cancer tissues, stage II breast cancer tissues, and stage III breast cancer tissues. (B) Immunostaining of
DLG5 in ER+++ and ER+ breast cancer tissues. (C) Immunostaining of DLG5 in PR+++ and PR+ breast
cancer tissues. (D) Immunostaining of DLG5 in Ki67—/+ and Ki67+ breast cancer tissues. (E) Immunostaining
of DLG5 in p53+ and p53—/+ breast cancer tissues. (F) Distribution of specimens at different stages (stage I/11/
III) according to DLGS5 expression levels. (G,H,LJ) Distribution of breast cancer specimens according to DLG5
expression levels and ER/PR, Ki67 and p53 status. (K) Western blot analysis of DLG5 expression in different
breast cancer cell lines. (L) Western blot results quantified using scanning densitometry are presented as a ratio
relative to GAPDH. (M) DLG5 mRNA levels in different breast cancer cell lines were analyzed by real-time

PCR. N. DLG5 and E-cadherin localization in MCF10A cells was analyzed by immunofluorescence staining
(scale bar, 25 um).

Nearly 60% of ER+++ tissues showed strong or moderate DLG5 staining, while over 50% of ER—/+- tissues
showed weak or negative DLGS5 staining (Fig. 1B,G; sTable 2). Similarly, PR-positive tissues showed stronger
DLGS staining than PR-negative tissues. Strong DLGS5 staining was present in more than 25% of PR 44+ tissues
but in only 7% of PR—/+ tissues. Nearly 50% of PR—/+ tissues displayed weak or negative staining for DLG5
(Fig. 1C,H; sTable 2). The results suggest that DLG5 might be associated with breast cancer therapy and prognosis.
P53 is a tumor suppressor that is important in cell cycle arrest'®1°. Ki67 is a well-known diagnostic marker
for various cancers; its expression is positively associated with cell growth and reflects cell proliferation®**!. We
observed stronger DLG5 staining in p53+- tissues than in p53—/+ tissues (Fig. 1D,I; sTable 2). Meanwhile, DLG5
staining was weak or negative in Ki67+ tissues but moderate or strong in Ki67—/+ tissues (Fig. 1E,J; sTable 2).
These results suggest that loss of DLG5 expression might be associated with breast cancer cell proliferation.
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Breast cancer cell lines showed similar results. A non-transformed breast epithelial cell line (MCF10A) and
low-grade breast cancer cell lines (MCF7, T47D and BT474) showed higher DLG5 protein and mRNA expres-
sion levels than high-grade breast cancer cell lines (MDA-MB-468, MDA-MB-231 and MDA-MB-453). DLG5
expression was higher in breast cancer cell lines of the luminal subtype than in those of the basal-like subtype
(Fig. 1K,L,M). Additionally, DLG5 and E-cadherin co-localized at MCF10A cell-cell junctions (Fig. 1N), which
further verified the important role of DLG5 in the maintenance of epithelial cell polarity. These results suggest
that DLG5 might participate in breast cancer development.

Loss of DLG5 promotes cell proliferation. Classical DLG proteins and ZO subfamily members such
as DLG1?%, DLG3%, Z01, Z02 and ZO3%*?> have been reported to be associated with cell proliferation. DLG5
possesses a structure similar to classical DLG proteins and ZO subfamily members?*?’, suggesting that DLG5
may also play a role in cell proliferation. To prove our hypothesis, we constructed DLG5-knockdown MCF10A
and MCF?7 cell lines (MCF10A-shDLG5 and MCF7-shDLG5), a DLG5-overexpressing MDA-MB-231 cell line
(MDA-MB-231-0xDLG5) and respective negative control (NC) cell lines by lentivirus-mediated shRNA interfer-
ence (Fig. 2A). Analyses using a Live Cell Imaging System and by cell counting showed that DLG5-knockdown
cells had a higher growth rate than NC cells. After 24 hrs, there were nearly twice as many MCF7-shDLGS5 cells as
NC cells. After 48 hrs, MCF7-shDLGS5 cells were at almost 100% confluence, but NC cells were at approximately
50% confluence. The opposite results were observed in MDA-MB-231-0xDLGS cells (Fig. 2B,C; supplementary
movies 1, 2).

A subsequent study in MCF10A-shDLG5 and MCF7-shDLGS5 cells revealed an increased percentage of
cells in S phase and G2/M phase and a decreased percentage in G1 phase; conversely, DLG5 overexpression
in MDA-MB-231 cells inhibited cell cycle progression (Fig. 2D,E). MCF10A-shDLG5 and MCF7-shDLGS5 cells
showed a higher rate of BrdU incorporation than NC cells. In contrast, percentage of BrdU positive cells in
MDA-MB-231-0xDLGS5 cells was lower than that of NC cells (Fig. 2F,G). The results indicate that loss of DLG5
may promote cell proliferation by increasing DNA synthesis during S phase.

We also examined the expression of cell proliferation-associated proteins following a change in DLG5
expression. Loss of DLG5 expression induced the up-regulation of cyclin D1 expression and the significant
down-regulation of p21, p27 and p53 expression in MCF10A-shDLG5 and MCF7-shDLGS5 cells, while overex-
pressing DLG5 resulted in reduced cyclin D1 expression and increased p21, p27 and p53 expression in MDA-MB-
231-0xDLGS5 cells (Fig. 2H).

Extracellular signal-regulated kinase (ERK) 1/2 participates in the Ras-Raf-MEK-ERK signal transduction
cascade and is involved in regulating cancer development and progression, cell adhesion, cell proliferation, and
cell migration?. We found that MCF10A-shDLG5 and MCF7-shDLGS5 cells showed higher ERK1/2 phospho-
rylation levels than their respective NC cells. In contrast, up-regulating DLG5 expression in MDA-MB-231 cells
reduced ERK1/2 phosphorylation levels (Fig. 2G). The results imply that DLG5 potentially accelerates cell pro-
liferation by up-regulating cyclin D1; down-regulating p21, p27 and p53; and enhancing Ras-Raf-MEK-ERK
signaling.

DLG5 knockdown disrupts breast cell acinar polarity. The morphogenesis of NC and MCF10A-DLG5
cells in 3D culture was studied to determine the exact role of DLG5 in the maintenance of cell polarity. Under
3D culture conditions, MCF10A cells proliferate and organize into spheroids, commonly called “acini”'2 These
acini have a central lumen and are lined by layers of polarized epithelial cells. We cultured MCF10A-shDLG5
cells and NC cells in 3D culture for 16 days. DLG5-knockdown cells failed to form acini or formed acini with
disordered morphogenesis compared with NC cells (Fig. 3A,B). E-cadherin exhibited a continuous ring-like dis-
tribution on the outer layer of the acini formed by MCF10A-NC cells. DLG5 knockdown induced a partial loss
of E-cadherin expression and discontinuous E-cadherin distribution on the outer layer of the acini (Fig. 3C).
GM130 is regarded as a biomarker of the orientation of the Golgi apparatus toward the lumen in 3D morphogen-
esis studies; therefore, GM130 mislocalization represents a change in cell polarity?. In response to loss of DLG5
expression, GM130 was translocated to the outside surface of the acini (Fig. 3D). These results indicate that DLG5
plays an important role in the maintenance of cell polarity of breast acini.

Loss of DLG5 induces EMT and promotes cell migration and invasion. Failure to maintain cell
polarity is always accompanied by EMT?**!. To investigate the role of DLG5 in EMT in breast cancer cells, we
compared the expression of EMT makers in MCF10A-shDLG5, MCF7-shDLG5 and NC cells. We found that
DLGS5 knockdown altered the expression of certain EMT markers; the expression of the mesenchymal markers
N-cadherin and vimentin was increased, that of the epithelial marker ZO1 was decreased, and that of the epi-
thelial marker E-cadherin did not change. In MDA-MB-231-0xDLGS5 cells, there was a notable increase in ZO1
and E-cadherin expression and a decrease in N-cadherin and vimentin expression (Fig. 4A). Additionally, ZO1,
E-cadherin and N-cadherin localized at both cell-cell junctions and in the cytoplasm after DLG5 knockdown
(Fig. 4B). The results indicate that loss of DLG5 might partially induce EMT.

In our experiments, we noticed that MCF7-shDLGS5 cells exhibited greater mobility than NC cells (supplemen-
tary movies). To identify the role of DLG5 in cell mobility, we performed monolayer wound healing and transwell
assays with MCF10A-shDLG5 and MCF7-shDLGS5 cells. DLG5 knockdown led to increased cell migration without
an effect on cell proliferation (Fig. 4C,D). Loss of DLG5 expression also increased the invasive ability of MCF10A
and MCF?7 cells compared with NC cells (Fig. 4E,F). Overexpressing DLG5 in MDA-MB-231 cells decreased migra-
tion (Fig. 4C,D) and invasion (Fig. 4E,F). As shown in Fig. 1, DLG5 was more highly expressed in the luminal sub-
type cell lines (MCF7, T47D and BT474) than in the basal-like metastatic cell lines (MDA-MB-468, MDA-MB-231
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Figure 2. Knockdown of DLG5 promotes cell proliferation. (A) Immunoblot analysis of DLG5 expression in
NC, MCF10A-shDLG5, MCF7-shDLG5 and MDA-MB-231-0xDLGS5 cells. (B) The cells were counted at 24, 48
and 72 hrs. (C) NC and MCF7-shDLGS5 cells were photographed every 8 hrs using a Live Cell Imaging System.
Scale bar, 50 pm. (D,E) NC, MCF10A-shDLG5, MCF7-shDLG5 and MDA-MB-231-0xDLGS cells were stained
with PI and analyzed by flow cytometry (BD FACSCanto II) at 488 nm. (FEG) NC, MCF10A-shDLG5, MCF7-
shDLG5 and MDA-MB-231-0xDLGS5 cells were stained with BrdU-PerCP and analyzed by flow cytometry
(FACSCanto II) at 488 nm. (H) The expression of cell proliferation-associated proteins, including cyclin D1,

p21, p27 and p53, and the phosphorylation of ERK1/2 in NC, MCF10A-shDLG5, MCF7-shDLG5 and MDA-
MB-231-0xDLGS5 cells were analyzed by western blot.

and MDA-MB-453). Taken together, loss of DLG5 expression induced partial EMT and enhanced cell migration and
invasion; DLG5 might also be involved in regulating the metastatic progression of breast cancer.

Loss of DLG5 inactivates the Hippo signaling pathway. Scribble is required for Hippo signaling
pathway activity in both Drosophila and mammalian cells*’. Knockdown of Scribble leads to increases in YAP
nuclear localization and TEAD transcription owing to the absence of the interactions of Mst1/2 and Lats1/2 with
Scribble, which ultimately inactivates the Hippo signaling pathway****. ZO2 is also a member of the MAGUK
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Figure 3. Loss of DLGS5 disrupts acinar morphogenesis in 3D culture. (A,B) MCF10A cells were cultured
in matrigel and imaged after 16 days (scale bar, 50 pm). (C,D) Immunofluorescence analysis of E-cadherin and
GM130 in 3D acini. Scale bar, 50 pm.

family and is crucial in cell-cell interactions; activation of the PDZ domain in ZO2 can facilitate the nuclear
localization of YAP®. DLG5 has a similar structure as ZO2 and contains 4 PDZ domains. In our study, Scribble
showed significantly decreased expression in MCF10A-shDLG5 and MCF7-shDLGS cells and increased expres-
sion in MDA-MB-231-0xDLGS5 cells (Fig. 5A). Additionally, we observed increased mislocalization of Scribble in
MCF10A-shDLGS5 cells (Fig. 5B). Interestingly, co-IP assays showed that DLG5 interacted with Scribble (Fig. 5C).
Loss of DLG5 expression impaired the interactions of Mst1/2 and Lats1/2 with Scribble. The results suggest that
DLG5 might be an upstream regulator of the Hippo signaling pathway.

To ascertain whether DLG5 has an effect on YAP expression and localization, a downstream effector of the
Hippo signaling pathway, we examined the expression of the major members of the Hippo signaling pathway
in MCF10A-shDLG5 and MCF7-shDLGS5 cells. We found that loss of DLG5 expression decreased the levels
of p-MST1/2, SAV1, p-MOBI, p-LAST1, p-YAPS!?” and p-YAPS*” (Fig. 5D). YAP phosphorylation on Ser127
was also decreased, which resulted in reduced YAP-14-3-3 binding and YAP cytoplasmic retention®. A sub-
sequent study revealed apparently increased nuclear YAP and TEAD transcription in MCF10A-shDLG5 and
MCEF7-shDLGS cells compared with NC cells (Fig. 5E,EG). Furthermore, loss of DLG5 expression increased the
expression of CTGF and CYRG, two genes downstream of TEAD (Fig. 5H). As predicted, knockdown of YAP in
MCF10A-shDLG5 cells decreased TEAD transcriptional activity (Fig. 5L]).

Interestingly, loss of DLG5 not only increased YAP expression but also decreased p-YAPS*” levels (Fig. 5D). A
recent report showed that 3-Trcp recognizes YAP phosphorylation on Ser397 and triggers YAP degradation®. We
detected a significant decrease in 3-Trcp expression in MCF10A-shDLGS cells (Fig. 5K). In contrast, in NC cells,
loss of DLG5 promoted YAP stabilization when protein synthesis was not blocked with cycloheximide (CHX).
Additionally, YAP accumulated in NC cells, but not in shDLGS5 cells, indicating that loss of DLG5 expression
might inhibit YAP degradation (Fig. 5L). Taken together, these data demonstrate that loss of DLG5 expression
inhibits the Hippo signaling pathway and increases the expression and nuclear localization of YAP.

In vivo studies showed similar results. MCF7-NC or MCF7-shDLGS5 cells were subcutaneously injected into nude
mice. Knockdown of DLGS5 increased tumor weight and volume (Fig. 6A,B,C) and elicited a remarkable increase in
YAP and a decrease in Scribble (Fig. 6D,E). Both the in vitro and in vivo results showed that knockdown of DLG5
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Figure 4. Knockdown of DLG5 induces EMT and cell migration and invasion. (A) Western blot analysis
of EMT makers. (B) Immunofluorescence analysis of ZO1 and E-cadherin localization in NC and MCF10A-
shDLGS cells and of ZO1 and N-cadherin localization in NC and MCF7-shDLGS5 cells. Scale bar, 25 pm.
Monolayer wound healing assay (C,D: scale bar, 100 pm) and transwell assay (E,F: scale bar, 50 pm) of NC,
MCF10A-shDLG5, MCF7-shDLG5 and MDA-MB-231-0xDLGS5 cells.

inactivated the Hippo signaling pathway by decreasing Scribble expression and leading to its mislocalization in the
cytoplasm, consequently inducing EMT, loss of cell polarity, cell migration and cell proliferation (Fig. 6F).

Discussion

We are the first to report that loss of DLG5 increased YAP nuclear localization, inhibited YAP degradation,
down-regulated Scribble expression, and mislocalized Scribble from the membrane to the cytoplasm; these
findings provide insight into the mechanism underlying breast cancer progression. Specifically, loss of DLG5
down-regulated and mislocalized Scribble, inhibited the Hippo signaling pathway by decreasing the interaction of
Scribble with Mst1 and Lats1, and increased YAP nuclear localization and TEAD transcription, thereby promot-
ing the proliferation of breast epithelial cells and breast cancer cells, inducing EMT, disrupting the maintenance
of cell polarity, and increasing cell migration and invasion.

DLGS5 was highly expressed in normal breast tissues/cells and low-grade breast cancer tissues/cells, but its
expression was reduced or lost in high-grade breast cancer tissues/cells. Obviously, DLGS5 is closely related to
breast cancer development. In addition, we showed that DLG5 expression is positively associated with ER/PR
status, an important indicator for breast cancer therapy and prognosis. Previous studies have reported that DLG5
is a primary target of progesterone and shows high expression in luminal breast cancer®*®. These results suggest
that DLG5 may be correlated with cancer therapy and prognosis.

In 1998, Nakamura et al. reported that DLG5 may regulate cell proliferation®, but these researches did not
ascertain the detailed role of DLGS5 in this process. We found that DLG5 expression positively correlated with
P53 expression and was negatively associated with Ki67 expression. Both p53 and Ki67 are notable markers of
cell proliferation'”. Interestingly, we also observed that DLG5-knockdown cells grew faster than NC cells. Our
results verified the conclusion by Nakamura et al. that DLG5 regulates cell proliferation. p53 has been reported
to play a paramount role in inducing G1 and G2/M arrest. Loss of p53 expression causes cells to avoid cell cycle
progression checkpoints and induces cell proliferation and tumorigenesis's. p21 and p27 are important inhibitors
of G1 progression and hallmarks of cell overgrowth*. Overexpression of cyclin D1 enables cells to pass the G1/S
checkpoint and thus increases the percentage of cells in S phase*'. According to previous reports, overexpression
of cyclin D1 and loss of p53, p21 and p27 expression induce cell overgrowth and are significant markers of malig-
nant cancer'®4#, Our study generated similar results; DLG5 knockdown reduced p53, p21 and p27 expression
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Figure 5. Loss of DLGS5 inhibits the Hippo signaling pathway. (A) Western blot analysis of SCRIB in NC,
MCF10A-shDLG5, MCF7-shDLG5 and MDA-MB-231-0xDLGS5 cells. (B) Immunofluorescence analysis of SCRIB
localization in NC and MCF10A-shDLGS cells. Scale bar, 25 pm. (C) Co-IP assay and western blot analysis of the
interaction of DLG5, MST1, and Lats1 with SCRIB in NC and MCF10A-shDLGS cells. (D) Western blot analysis
of Hippo signaling pathway components in NC, MCF10A-shDLG5, MCF7-shDLG5, and MDA-MB-231-0xDLG5
cells. (E,F) Western blot analysis and immunofluorescence analysis of the nuclear and cytoplasmic distribution

of YAP in NC and MCF10A-shDLGS5 cells. Scale bar, 25um. (G) TEAD activity was analyzed by luciferase assay.
(H) The relative mRNA levels of CTGF and CYR61 were analyzed by RT-PCR. I. Western blot analysis of YAP
expression following siRNA-mediated YAP knockdown. (J) TEAD activity was analyzed by luciferase assay
following siRNA-mediated YAP knockdown. (K) Western blot analysis of 3-Trcp expression in NC and MCF10A-
shDLGS5 cells. (L) NC and MCF10A-shDLGS5 cells were treated with MG132 (5uM) and/or CHX (100 pg/ml) for 8,
16, and 24 hrs. Extracts were analyzed by western blot.
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Figure 6. Loss of DLG5 induces tumor proliferation in vivo. (A) NC or MCF 7-shDLGS5 cells (5 x 10°) were
subcutaneously injected into nude mice. Tumors were excised, and images were taken after 12 days. Tumor
weight (B) was measured after 12 days, and tumor volume (C) was recorded every two days after tumor
inoculation. (D). YAP and SCRIB localization was analyzed by immunostaining. Low-power scale bar, 150 um;
high-power scale bar, 50 um. (F) Schematic of the role of DLGS5 in breast cancer progression to malignancy.

and increased cyclin D1 expression in MCF10A-shDLG5 and MCF7-shDLGS5 cells. Taken together, loss of DLG5
promotes tumor malignancy by regulating cell overgrowth.

DLGS is involved in regulating the maintenance of epithelial polarity, EMT, and cell migration and invasion®.
We found that DLG5 co-localized with E-cadherin at cell-cell junctions in the MCF10A breast epithelial cell
line. Knockdown of DLGS5 disrupted breast cell acinar polarity by inducing the mislocalization of E-cadherin
and GM130. Additionally, loss of DLG5 expression induced EMT by altering the localization and expression of
EMT markers, specifically by decreasing ZO1 expression and increasing N-cadherin and vimentin expression.
However, E-cadherin expression did not change in response to changes in DLG5 expression. Our results suggest
that loss of DLG5 might disrupt the maintenance of cell polarity, accompanied by partial EMT.

The Hippo signaling pathway is an evolutionarily conserved regulator of cell proliferation, cell polarity mainte-
nance and tumor suppression. Alterations in this pathway are increasingly recognized to be associated with cancer
development>>**. The mammalian core kinase components comprise MST1/2, SAV1, LATS1/2 and MOB13*#4,
YAP is a downstream effector of the Hippo pathway, and nuclear YAP is involved in regulating cell proliferation,
EMT, and cell polarity maintenance®. Phosphorylation of YAP on Serine 127 is crucial for promoting its associ-
ation with 14-3-3 protein and its subsequent cytoplasmic sequestration and inactivation®. YAP phosphorylation
on Ser397 is recognized by 3-Trcp, an F-box protein that participates in the ubiquitination and degradation of
YAP ¥. Previous research showed that DLG5 expression is down-regulated in YAP-overexpressing cells®. Recent
studies revealed that many cell polarity proteins, such as LKB1 and ZO2, play an important role in regulating the
Hippo signaling pathway?>4¢. Thus, we were curious whether DLG5 expression has an effect on the Hippo signal-
ing pathway. We first found that loss of DLG5 expression decreased the levels of p-MST1/2, SAV1, p-MOBI, and
p-LAST1, resulting in inactivation of the Hippo signaling pathway. Loss of DLG5 expression decreased p-YAPS!?
and p-YAPS*” levels, thereby inhibiting YAP degradation and increasing YAP nuclear localization.

A recent report showed that Scribble acts downstream of LKB1 to regulate the Hippo signaling pathway?.
Scribble expression and localization to the plasma membrane are key factors in the activation of the Hippo sig-
naling pathway. Impaired interactions of Mst1 and Lats1 with Scribble inhibit the Hippo signaling pathway and
induce the nuclear localization of YAP. We found that loss of DLG5 expression inhibited Scribble expression and
induced its mislocalization to the cytoplasm. The interactions of Mstl and Lats1 with Scribble were decreased in
MCF10A-shDLG5 and MCF7-shDLGS5 cells. Taken together, loss of DLG5 expression promoted breast cancer
malignancy by inactivating the Hippo pathway and increasing nuclear YAP.

In conclusion, loss of DLG5 expression (1) inhibits the Hippo pathway by inducing the mislocalization of
Scribble and decreasing its expression; (2) increases YAP nuclear localization; and (3) suppresses p21, p27 and
p53 expression. In general, loss of DLG5 expression promotes cell proliferation, EMT, maintenance of cell polar-
ity, and cell migration and invasion by inactivating the Hippo signaling pathway. We expect that our findings may
offer a potential therapeutic target for breast cancer.

Ethical approval and consent to participate. All patients signed informed consent forms, and the study
was approved by the Ethics Review Committee of the First Affiliated Hospital of Xi'an Jiaotong University College
of Medicine. All animal experiments were conducted according to the guidelines of the Institutional Animal Care
and Use Committee of the First Affiliated Hospital of Xi'an Jiaotong University.

SCIENTIFIC REPORTS | 7:42125 | DOI: 10.1038/srep42125 9



www.nature.com/scientificreports/

References

1.
2. Pan D. The hippo signaling pathway in development and cancer. Dev Cell. 19, 491-505 (2010).

3.

4. Zhao B., Lei Q. Y. & Guan K. L. The Hippo-YAP pathway: new connections between regulation of organ size and cancer. Curr Opin

o

10.
11.

12.

13.
14.

15.
16.
17.
18.
19.

20.
. Dowsett M. et al. Assessment of Ki67 in breast cancer: recommendations from the International Ki67 in Breast Cancer working

22.
23.
24.
25.
26.
27.
. Caunt C. J. et al. MEK1 and MEK?2 inhibitors and cancer therapy: the long and winding road. Nat Rev Cancer. 15, 577-92 (2015).
29.
30.
. Hanahan D. & Weinberg R. A. Hallmarks of cancer: the next generation. Cell. 144, 646-74 (2011).
32.
33.
34.
35.
36.
37.

38.

Harvey K. E, Zhang X. & Thomas D. M. The Hippo pathway and human cancer. Nat Rev Cancer. 13, 246-57 (2013).
Schlegelmilch K. ef al. Yap1 acts downstream of alpha-catenin to control epidermal proliferation. Cell. 144, 782-95 (2011).

Cell Biol. 20, 638-46 (2008).

. YuE X,, Zhao B. & Guan K. L. Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer. Cell. 163, 811-28 (2015).
. Steinhardt A. A. et al. Expression of Yes-associated protein in common solid tumors. Hum Pathol. 39, 1582-9 (2008).
. Zhou D. et al. Mstl and Mst2 maintain hepatocyte quiescence and suppress hepatocellular carcinoma development through

inactivation of the Yap1 oncogene. Cancer Cell. 16, 425-38 (2009).

. Smolen G. A. et al. A genome-wide RNAi screen identifies multiple RSK-dependent regulators of cell migration. Genes Dev. 24,

2654-65 (2010).

. Nechiporuk T., Fernandez T. E. & Vasioukhin V. Failure of epithelial tube maintenance causes hydrocephalus and renal cysts in

Dlg5-/- mice. Dev Cell. 13, 338-50 (2007).

Sarrio D. et al. Epithelial-mesenchymal transition in breast cancer relates to the basal-like phenotype. Cancer Res. 68, 989-97 (2008).
Wakabayashi M. et al. Interaction of Ip-dlg/KIAA0583, a membrane-associated guanylate kinase family protein, with vinexin and
beta-catenin at sites of cell-cell contact. J Biol Chem. 278, 21709-14 (2003).

Debnath J., Muthuswamy S. K. & Brugge J. S. Morphogenesis and oncogenesis of MCF-10A mammary epithelial acini grown in
three-dimensional basement membrane cultures. Methods. 30, 256-68 (2003).

Debnath J. & Brugge J. S. Modelling glandular epithelial cancers in three-dimensional cultures. Nat Rev Cancer. 5, 675-88 (2005).
LiJ. et al. Loss of LKB1 disrupts breast epithelial cell polarity and promotes breast cancer metastasis and invasion. ] Exp Clin Cancer
Res. 33,70 (2014).

Liu P. et al. Replication licensing promotes cyclin D1 expression and G1 progression in untransformed human cells. Cell Cycle. 8,
125-36 (2009).

Nguyen P. L. et al. Breast cancer subtype approximated by estrogen receptor, progesterone receptor, and HER-2 is associated with
local and distant recurrence after breast-conserving therapy. J Clin Oncol. 26, 2373-8 (2008).

Chen X. S. et al. Molecular subtype approximated by quantitative estrogen receptor, progesterone receptor and Her2 can predict the
prognosis of breast cancer. Tumori. 96, 103-10 (2010).

Kruiswijk E, Labuschagne C. F. & Vousden K. H. p53 in survival, death and metabolic health: a lifeguard with a licence to kill. Nat
Rev Mol Cell Biol. 16, 393-405 (2015).

Dauch D. et al. A MYC-aurora kinase A protein complex represents an actionable drug target in p53-altered liver cancer. Nat Med.
22, 744-53 (2016).

Romero Q. et al. A novel model for Ki67 assessment in breast cancer. Diagn Pathol. 9, 118 (2014).

group. ] Natl Cancer Inst. 103, 165664 (2011).

Roberts S., Delury C. & Marsh E. The PDZ protein discs-large (DLG): the ‘Jekyll and Hyde’ of the epithelial polarity proteins. FEBS
J.279, 3549-58 (2012).

Liu Z. et al. Gene expression profiling analysis reveals that DLG3 is down-regulated in glioblastoma. ] Neurooncol. 116, 465-76
(2014).

Qiao X. et al. Different effects of ZO-1, ZO-2 and ZO-3 silencing on kidney collecting duct principal cell proliferation and adhesion.
Cell Cycle. 13, 3059-75 (2014).

Gonzalez-Mariscal L. et al. ZO-2, a tight junction scaffold protein involved in the regulation of cell proliferation and apoptosis. Ann
N'Y Acad Sci. 1257, 133-41 (2012).

de Mendoza A., Suga H. & Ruiz-Trillo I. Evolution of the MAGUK protein gene family in premetazoan lineages. BMC Evol Biol. 10,
93 (2010).

Liu J. et al. DLGS5 in cell polarity maintenance and cancer development. Int J Biol Sci. 10, 543-9 (2014).

Zhan L. et al. Deregulation of scribble promotes mammary tumorigenesis and reveals a role for cell polarity in carcinoma. Cell. 135,
865-78 (2008).
Martin-Belmonte F. & Perez-Moreno M. Epithelial cell polarity, stem cells and cancer. Nat Rev Cancer. 12, 23-38 (2012).

Bilder D., Li M. & Perrimon N. Cooperative regulation of cell polarity and growth by Drosophila tumor suppressors. Science. 289,
113-6 (2000).

Grzeschik N. A. et al. Lgl, aPKC, and Crumbs regulate the Salvador/Warts/Hippo pathway through two distinct mechanisms. Curr
Biol. 20, 573-81 (2010).

Cordenonsi M. et al. The Hippo transducer TAZ confers cancer stem cell-related traits on breast cancer cells. Cell. 147, 759-72
(2011).

Oka T. et al. Functional complexes between YAP2 and ZO-2 are PDZ domain-dependent, and regulate YAP2 nuclear localization
and signalling. Biochemical Journal. 432, 461-472 (2010).

Zhao B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control.
Genes Dev. 21, 2747-61 (2007).

Zhao B. et al. A coordinated phosphorylation by Lats and CK1 regulates YAP stability through SCF(beta-TRCP). Genes Dev. 24,
72-85 (2010).

Purmonen S. et al. HDLG5/KIAA0583, encoding a MAGUK-family protein, is a primary progesterone target gene in breast cancer
cells. Int ] Cancer. 102, 1-6 (2002).

. Nakamura H. et al. Identification of a novel human homolog of the Drosophila dlg, P-dlg, specifically expressed in the gland tissues

and interacting with p55. FEBS Lett. 433, 63-7 (1998).

. Toyoshima H. & Hunter T. p27, a novel inhibitor of G1 cyclin-Cdk protein kinase activity, is related to p21. Cell. 78, 67-74 (1994).
. Tesio M. & Trumpp A. Breaking the cell cycle of HSCs by p57 and friends. Cell Stem Cell. 9, 187-92 (2011).

. Zlotorynski E. Tumour suppressors: The dark side of p21. Nat Rev Cancer. 16, 481 (2016).

. Zhao H. et al. Skp2 deletion unmasks a p27 safeguard that blocks tumorigenesis in the absence of pRb and p53 tumor suppressors.

Cancer Cell. 24, 645-59 (2013).

. Zhao B. et al. TEAD mediates YAP-dependent gene induction and growth control. Genes Dev. 22, 1962-71 (2008).
. Zhang X. et al. The Hippo pathway transcriptional co-activator, YAP, is an ovarian cancer oncogene. Oncogene. 30, 2810-22

(2011).

. Mohseni M. et al. A genetic screen identifies an LKB1-MARK signalling axis controlling the Hippo-YAP pathway. Nat Cell Biol. 16,

108-17 (2014).

SCIENTIFIC REPORTS | 7:42125 | DOI: 10.1038/srep42125 10



www.nature.com/scientificreports/

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Nos 81272342, 81502620 and
81502413).

Author Contributions

JL,J.L,PPL, Y.C.W, J.M.Z, ].Y. and PJ.L. participated in the design of the study and drafting the manuscript.
J.L. and J.L. carried out most of the experiments, including the in vitro and in vivo experiments. PPL., Z.Y.L.,
Y.N.J,, J.L, CE,RQW, H.C. and C.Z. participated in the immunoassays and the statistical analysis. All authors
have read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liu, J. et al. Loss of DLG5 promotes breast cancer malignancy by inhibiting the Hippo
signaling pathway. Sci. Rep. 7, 42125; doi: 10.1038/srep42125 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
CEm o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:42125 | DOI: 10.1038/srep42125 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Loss of DLG5 promotes breast cancer malignancy by inhibiting the Hippo signaling pathway

	Materials and Methods

	Patients and tissue specimens. 
	Antibodies and Reagents. 
	Cell culture. 
	Three-dimensional (3D) morphogenesis assay. 
	Lentivirus packaging and infection. 
	Immunofluorescence microscopy. 
	Immunohistochemistry (IHC). 
	Western blotting. 
	Flow cytometry analysis. 
	BrdU incorporation assay. 
	Luciferase assay. 
	Animals and xenotransplantation. 
	Statistical analysis. 

	Results

	Distribution of DLG5 expression in breast epithelial cells, breast cancer cells, breast cancer tissues and para-cancerous t ...
	Loss of DLG5 promotes cell proliferation. 
	DLG5 knockdown disrupts breast cell acinar polarity. 
	Loss of DLG5 induces EMT and promotes cell migration and invasion. 
	Loss of DLG5 inactivates the Hippo signaling pathway. 

	Discussion

	Ethical approval and consent to participate. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ DLG5 expression in tissues and cell lines.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Knockdown of DLG5 promotes cell proliferation.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Loss of DLG5 disrupts acinar morphogenesis in 3D culture.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Knockdown of DLG5 induces EMT and cell migration and invasion.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Loss of DLG5 inhibits the Hippo signaling pathway.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Loss of DLG5 induces tumor proliferation in vivo.



 
    
       
          application/pdf
          
             
                Loss of DLG5 promotes breast cancer malignancy by inhibiting the Hippo signaling pathway
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42125
            
         
          
             
                Jie Liu
                Juan Li
                Pingping Li
                Yaochun Wang
                Zheyong Liang
                Yina Jiang
                Jing Li
                Chen Feng
                Ruiqi Wang
                He Chen
                Can Zhou
                Jianmin Zhang
                Jin Yang
                Peijun Liu
            
         
          doi:10.1038/srep42125
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep42125
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep42125
            
         
      
       
          
          
          
             
                doi:10.1038/srep42125
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42125
            
         
          
          
      
       
       
          True
      
   




