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Objective: The dishevelled-associated activator of morphogenesis 1 (DAAMI1) has been
reported to be closely associated with human cancers. However, its involvement in human
gastric cancer (GC) remains largely unexplored. This study aimed to investigate the clinical
significance and biological roles of Daaml in human GC.

Methods: Daam1 protein expression was examined in 124 cases of gastric adenocarcinomas
using immunohistochemistry. Daam1 plasmid and siRNA transfection were carried out in
SGC7901 and AGS cell lines. CCK-8, colony formation, Annexin V/PI, JC-1 staining, and
Western blotting were used to explore the biological functions and potential underlying
mechanisms of Daam1 in GC cells.

Results: Our results showed that Daaml was overexpressed in GC specimens. A high
Daaml level was associated with tumor-node-metastasis (TNM) stage, T status, nodal
metastasis, and poor patient survival. Analysis of the Oncomine dataset revealed upregula-
tion of Daaml mRNA in GC tissues. Western blot showed that Daam1 protein expression
was higher in GC cell lines compared to the normal GES-1 cell line. CCK-8 and colony
formation assays showed that ectopic Daam1 expression upregulated the cell growth rate and
colony number in SGC-7901 cells, while Daam1 siRNA knockdown downregulated the
growth rate and colony number in AGS cells. CCK-8 and Annexin V/PI apoptosis assays
demonstrated that Daam1 overexpression decreased cisplatin sensitivity and downregulated
cisplatin-induced apoptosis. JC1 staining showed that Daam1 overexpression upregulated,
while Daam1 depletion downregulated mitochondrial membrane potential. Mechanistically,
Daaml overexpression downregulated p21 and upregulated p-ERK and p-AKT. The
increased proliferation rate and decreased cisplatin sensitivity/apoptosis induced by ectopic
Daaml were reversed after treatment with AKT and ERK inhibitors.

Conclusion: Taken together, our results showed that Daam1 overexpression was associated
with poor prognosis and promoted malignant activity via regulation of ERK and AKT
pathways in GC cells, indicating Daam1 is a malignant biomarker and potential therapeutic
target in GC.
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Introduction

Gastric cancer (GC) is one of the most common types of malignant cancer and the
leading cause of cancer-related deaths.' Despite introduction of more effective
detection methods and therapeutic regimens, the prognosis for advanced gastric
cancer remains poor.” During GC treatment, the effect of traditional chemother-

apeutic drugs is limited, probably due to the development of chemoresistance.’*
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Thus, identifying the mechanisms underlying the develop-
ment of chemoresistance and developing novel therapeutic
targets is of great importance.

Dishevelled-associated activator of morphogenesis 1
(DAAM1) is a formin protein that mediates cytoskeletal
regulating  Wnt/PCP
pathway.” Daaml is a regulator of filopodia formation

rearrangement  via signaling
and phagocytosis via regulation of actin filament network
and related biological behaviors.”” DAAMI can also sta-
bilize epithelial junctions by restraining lateral membrane
motility.® Recent studies have found that Daaml expres-
sion is dysregulated in various cancers. Daaml overex-
pression correlates with metastasis and predicts poor
prognosis in breast cancer.’” Daaml promotes Wnt5a-
induced invasion in breast cancer and glioblastoma
cells.'®!" Daam1 also mediates cancer migration and inva-
sion in ovarian cancer cells.'? However, the involvement
of Daam1 in GC has not been elucidated. In this study, we
examined the clinical significance of Daam1 in GC tissues
and explored its biological roles in GC cell lines.

Methods and Materials

Patients and Specimens

This study was approved by the Institutional Review
Boards of the Shengjing Hospital of China Medical
University and was conducted following the principles
expressed in the Declaration of Helsinki. Written informed
consent was obtained from all patients. The paraffin-
embedded GC
Pathology archives of the Shengjing Hospital of China

specimens were obtained from the

Medical University, which contained specimens no longer
required to be maintained.

Immunohistochemistry

Sections (4-um thick) were firstly prepared by the
Department of Pathology. Sections were deparaffinized in
xylene to de-paraffinize, followed by treatment with
graded ethanol to rehydrate. Endogenous peroxidase was
blocked by H,O, solution. Antigen retrieval was per-
formed in citrate buffer (pH=6.0). After incubation with
Daaml antibody (1:400, Proteintech, USA), the sections
were treated using the Elivision plus Polymer HRP IHC
Kit (Maixin Biotech, Fuzhou, China). The sections were
stained by DAB kit and counterstained with hematoxylin.
Cytoplasmic and membrane staining was regarded as posi-
tive staining. The intensity of staining was scored as 0
negative/weak; 1 moderate; and 2 strong. The percentage

of cells with positive expression was categorized as: 1
(<25%); 2 (25-50%); 3 (50-75%); and 4 (75-100%).
The final scores were obtained by multiplying the intensity
score times the percentage of positive expression. Samples
with scores <4 were considered as low expression.
Samples with scores between 4 and 8 were considered as
high expression.

Cell Culture and Transfection

Human gastric cancer cell lines (AGS, SGC-7901, NCI-
N87, BGC-823) and the human normal gastric mucosa cell
line GES-1 were obtained from Shanghai Cell Bank,
Chinese Academy of Sciences. All these cell lines were
incubated in PRIM-1640 medium supplemented with 10%
fetal bovine serum (Gibco, USA).

The Daaml overexpression plasmid and the corre-
sponding negative control plasmid (pCMV6) were
obtained from Origene (Rockville, USA). Transfection
was performed using Lipofectamine 3000 (Invitrogen,
USA). Daaml small interfering siRNA was purchased
from Dharmacon (siRNA1 target sequence: GAGAUA
AGUUUGUGUCUGU; siRNAZ2 target sequence: GUACG
AAUGUUGGUUAAUG) (Horizon, Lafayette, CO, USA).
siRNA transfection was performed using Dharmafectl.

Western Blotting

Total protein lysate was harvested using RIPA cell lysis
buffer with protease inhibitors. Forty micrograms proteins
were separated by SDS-PAGE and transferred to PVDF
membranes (Millipore, USA). The PVDF membranes
were incubated with primary antibodies against Daaml
(1:1000, Proteintech, USA), p21, p-ERK, ERK, p-AKT,
AKT (1:1000, Cell Signal Technology, USA), Actin
(1:2000, Santa Cruz, USA). The PVDF membranes were
washed with TBS-T buffer and incubated with anti-mouse
/rabbit peroxidase-conjugated secondary antibodies. Protein
visualization was performed using a chemiluminescence
ECL detection kit (Thermo, USA) and Bio-Rad
Biolmaging system.

Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent. After
quantification, RNA was reverse transcribed using
PrimeScript RT Master Mix Kit (Takara, Dalian, China).
SYBR select master Mix Kit (Thermo, MA, USA) was
used for qPCR, and the reaction was conducted as follows:
96°C for 3 min followed by 40 cycles at 96°C for 20 s and
62°C for 30 s. Relative expression of Daaml was
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normalized to GAPDH and calculated according to 2724,

The experiments were repeated in triplicate. The
sequences of primers were as follows:

Daaml for 5-ACAGAGAAGCCATGTTTGCACT-3,
rev 5'-AGAATTCAGGCCAACTTGTAGCTC-3’; GADPH
for 5-GAAATCCCATCACCATCTTCCAG-3',

GAGCCCCAGCCTTCTCCAT-3".

rev 5'-

CCK-8 and Colony Formation Assays

For cell viability, cells were plated in 96-well plates (3000
cells/well). CCK-8 reagent (10 pL; Dojindo, Japan) was
added into each well. After incubation for 2 hours, absor-
bance was examined using a microplate reader (wave-
length: 450 nm). For colony formation capacity, cells
were seeded in 6-cm plates (concentration: 1000 cells/
plate) and cultured for about 2 weeks. The cells were
then stained using Giemsa and colonies were counted
under a microscope. The experiment was repeated three
times.

Apoptosis Analysis

For apoptosis assay, cells were stained with 5 mg/mL
propidium iodide (PI) together with Annexin V/FITC
(BD Bioscience, USA). The cell solution was incubated
in the dark for 15 minutes, and flow cytometry (ACEA,
USA) was used to detect the fluorescence.

JC-1 Staining
Mitochondrial membrane potential was measured using
JC-1 staining followed by flow cytometry. Cells were
treated with JC-1 staining solution at a concentration of
5 uM (Abcam) for 30 minutes in the incubator. Then,
stained cells were washed twice and examined for
green/red  fluorescence flow

(ACEA, USA).

using a cytometer

Statistical Analysis

Statistical analysis was carried out using the software
package SPSS, version 16.0 (SPSS, Chicago, IL). A y2
test was used to analyze the possible associations between
Daaml expression and clinicopathological parameters.
Overall survival was visualized using Kaplan—-Meier sur-
vival analysis and compared by Log rank test. Differences
in gene expression, proliferation capacity, and apoptosis
rate were assessed using the Student’s ¢-test. P < 0.05 was
considered to indicate statistical significance.

Results
Daam| is Overexpressed in Gastric

Cancer

Daaml protein levels were examined in 124 cases of GC
samples and 16 cases of normal gastric mucosa by immu-
nohistochemistry (IHC). Daam1 showed weak cytoplasmic
staining in the normal gastric mucosa (Figure 1A), while
50 of the 124 (40.3%) GC cases showed elevated Daaml
staining (Figure 1B-D), which was mainly located in the
cytoplasmic and membranous compartments of cancer
cells. As shown in Table 1, high Daaml levels were
associated with higher T-N-M stage (p=0.0041), T status
(p=0.0073), and positive nodal metastasis (p=0.0193). In
addition, Kaplan—Meier analysis showed that a high
Daam]1 level was associated with poor patient prognosis
(p=0.035, Figure 1E). Daam1 expression did not correlate
with histological subtypes or relapse.

We also analyzed data from the Oncomine database.
The Chen dataset showed that Daam! level was higher in
diffuse gastric adenocarcinoma compared with normal
gastric mucosa (Figure 2A). Cho gastric dataset showed
that Daam1 expression was higher in gastric mixed ade-
nocarcinoma compared with gastric tissues (Figure 2B).
DErrico gastric dataset of Oncomine showed that Daam1
expression in gastric intestinal adenocarcinoma was higher
than in gastric mucosa (Figure 2C). Wang gastric dataset
indicated that Daam1 was higher in GC tissues compared
with gastric tissues (Figure 2D). The Cancer Gene Atlas
(TCGA) data also indicated that patients with higher
Daaml levels tended to have shorter survival compared
to those with lower Daaml levels (p=0.0438, Figure 2E).

Daam| Promotes GC Cell Proliferation

Next, we examined Daaml protein levels in the normal
gastric mucosa GES-1 cell line and in four cancer cell lines,
including NCI-N87, AGS, SGC-7901 and BGC-823. As
shown in Figure 3A, the normal GES-1 cell line expressed
a relatively low level of Daam1. Endogenous expression of
Daam! was relatively higher in GC cell lines, especially in
AGS cell line. We performed Daaml plasmid transfection
and siRNA knockdown in SGC-7901 and AGS cell lines,
respectively. We screen Daam1 siRNA1 and 2 efficiency in
AGS cell line. siRNA1 showed better knockdown efficiency,
which was used in the following experiments (Supplementary
Figure 1A). Transfection efficiency was confirmed by RT-
gPCR and Western blot (Figure 3A). We then performed
CCKS8 and colony formation assays. CCK-8 assays showed
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Figure | Expression of Daam| in gastric cancers. (A) Weak Daam| staining in normal gastric mucosa. (B) Weak Daam| staining in a gastric mucinous adenocarcinoma. (C)
Strong cytoplasmic and membraneous Daam| staining in a case of gastric tubular adenocarcinoma. (D) Strong cytoplasmic Daam| staining in a case of signet-ring cell
carcinoma. (E) Kaplan—Meier curves showed that high Daam| expression in gastric cancer associated with poor cumulative survival (p=0.035, Log rank test).

that Daam1 depletion downregulated the growth rate, while
Daaml plasmid transfection increased the cellular growth rate
(Figure 3B). Colony formation assays demonstrated that
Daaml knockdown decreased colony formation ability,
while Daam1 transfection upregulated colony formation abil-
ity (Figure 3C). In addition, the effect of Daaml was also
validated in NCI-N87 and BGC-823 cell lines. As shown in
Supplementary Figure 1B-D, CCK-8 and colony formation

assay showed that Daam1 knockdown decreased growth rate

and colony number in NCI-N87 cell line. Daam1 overexpres-
sion increased growth rate and colony formation ability in
BGC-823 cell line.

Daam| Regulates Cisplatin Sensitivity and
Apoptosis
Although Daaml has been shown to regulate invasion and

migration in various cells, its involvement in apoptosis and
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Table | Correlation of DAAMI Expression with Clinicopathological Characteristics in Gastric Cancer

Characteristics Numbers DAAMI Low Expression | DAAMI High Expression P

Gender
Male 93 58 35 0.2905
Female 31 16 15

Age
<60 64 39 25 0.7677
260 60 35 25

Differentiation
Poor-moderate 69 44 25 0.2983
Well 55 30 25

T status (T)
TI+T2 42 32 10 0.0073
T3+T4 82 42 40

Lymph node metastasis
Absent 45 33 12 0.0193
Present 79 41 38

TNM stage
| 22 19 3 0.0041
1] 35 23 12
1} 67 32 35

Histology
Tubular adenocarcinoma 75 43 32 0.9221
Papillary adenocarcinoma 29 18 I
Mucinous adenocarcinoma 14 9
Signet ring cell carcinoma 6 4

Relapse
Yes 58 38 20 0.2140
No 66 36 30

drug sensitivity has not been fully explored. Cisplatin is one
of the most common drugs used in GC chemotherapeutic
regimens. We therefore explored the involvement of Daam1
in the regulation of cisplatin sensitivity of GC cells.

Using CCK-8 cell viability assays, we examined
changes in the 50% inhibitory concentration (IC50) after
Daaml overexpression and knockdown. AGS cells with
Daaml depletion showed increased cisplatin sensitivity
and decreased IC50 value compared with the control
group (Figure 4A). SGC-7901 cells with ectopic Daaml
expression showed decreased sensitivity and increased
IC50 compared with the control. CCK-8 assay also
showed that Daam!l knockdown increased the cisplatin
inhibition rate, while the Daam1 overexpression decreased
it after 24 and 48 h of treatment (Figure 4B). Annexin V/
PI staining showed that Daaml depletion increased the

rate of cisplatin-induced apoptosis in AGS cell line,
while Daaml overexpression decreased the cisplatin-
induced apoptosis in SGC-7901 cell line (Figure 4C). We
also tested if Daam1 could change inhibition rate of GC
cells treated by 5-Fu. As shown in Supplementary
Figure 2, Daam1 knockdown increased the 5-Fu inhibition
rate, while Daaml overexpression decreased it after 24
and 48 h of 5-Fu treatment.

Cisplatin sensitivity is closely related to the status of
mitochondria. Thus, we checked for changes in mitochon-
drial membrane potential using JC-1 staining with flow
cytometry, which showed red fluorescence under normal
conditions and green fluorescence when mitochondrial
membrane potential was decreased.

As shown in Figure 4D, ectopic Daam! expression
downregulated the rate of green fluorescence, suggesting
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Figure 2 Daam| expression in GC tissues using analysis from Oncomine and TCGA databases. (A) Analysis of Chen Oncomine dataset suggested that Daam| mRNA was
increased in diffuse gastric adenocarcinoma compared with normal gastric mucosa. (B) Analysis of Cho gastric dataset of Oncomine showed that Daam| expression was
higher in gastric mixed adenocarcinoma compared with gastric tissues. (C) Analysis of DErrico gastric dataset of Oncomine showed that Daam| expression in gastric
intestinal adenocarcinoma was high than that in gastric mucosa. (D) Analysis of the Wang gastric dataset demonstrated that Daam| showed higher expression in GC tissues
compared with gastric tissues. (E) Analysis of TCGA data indicated that patients with higher Daam| levels tended to have shorter survival compared to those with lower
Daaml levels (p=0.0438).
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Figure 3 Daam| positively regulates GC cell proliferation. (A) Western blot showed
that Daam| protein was low in gastric mucosa GES-1 cell line and higher in GC cell lines
NCI-N87, AGS, and BGC-823. Transfection and siRNA knockdown efficiencies were
confirmed by Western blot and RT-qPCR in SGC-7901 and AGS cell lines, respectively.
(B) CCK8 showed that growth rate was increased in SGC-7901 cells with Daam|
overexpression, while the cell growth rate was decreased in AGS cells after Daam|
siRNA knockdown. (C) Colony formation assay demonstrated that colony counts
were higher in SGC-7901 cells with Daam| overexpression. Daam| knockdown
downregulated colony numbers formed by AGS cell line. *p<0.05.

that Daam1 upregulated mitochondrial membrane poten-
tial in SGC-7901 cells treated with cisplatin. On the other
hand, Daaml depletion downregulated mitochondrial
membrane potential in AGS cells treated with cisplatin.

Daam| Positively Regulates ERK and AKT
Pathways in GC Cells

To determine the possible mechanism of Daaml in GC
cells, we explored potential downstream proteins and

pathways. Western blotting showed that Daam1 decreased
p21 protein levels, while Daam1 depletion increased p21
expression (Figure 5A). We further confirmed that ectopic
Daaml1 expression significantly enhanced p-ERK and
p-AKT in SGC-7901 cells without significant change in
total ERK and AKT. In contrast, Daam1 depletion down-
regulated p-ERK and p-AKT protein in AGS cells
(Figure 5A).

To further validate that ERK and AKT signaling path-
ways were involved in GC cell proliferation and cisplatin
sensitivity regulated by Daaml, we treated Daaml trans-
fected SGC7901 cells with AKT inhibitor LY294002 (20
uM) and ERK inhibitor U0126 (20 uM). CCK-8 assay
demonstrated that increased proliferation rate induced by
Daaml was abolished by treatment with U0126 and
LY294002 (Figure 5B). In addition, AKT and ERK inhi-
bitors also reversed the effect of Daam1 on cisplatin sen-
sitivity (Figure 5C). Annexin V/PI apoptosis assay showed
that ERK and AKT inhibition upregulated cisplatin-
induced apoptosis rate that was decreased by Daaml
(Figure 5D). Moreover, the combination effect of ERK
and AKT inhibition was greater than either inhibitor
alone. The effect of Daaml on apoptosis reduction was
largely abolished in cells treated with combination of ERK
and AKT inhibitor. These results indicated that Daaml
regulated GC growth and drug sensitivity through ERK
and AKT signaling.

Discussion

Recent studies have reported that Daaml functioned as
cancer-related protein and participates in cell migration
and invasion in various types of cancers such as breast
cancer, ovarian cancer and glioblastoma.'®'? As the role
of Daaml on carcinogenesis has mainly focused on its
regulation of invasion and migration
studies,'* 13

as chemo-sensitivity, has not been fully investigated. For

in previous
its impact on other biological activity, such

the first time to our knowledge, our study has shown the
involvement of Daaml in the regulation of proliferation
and chemo-sensitivity in GC cells.

It has been recently reported that Daam1 upregulation
correlated with poor prognosis in breast cancer.” However,
its expression in gastric cancers remains unexplored. Here,
our clinical data showed Daam1 overexpression in 40.3%
of human GC specimens, which was positively associated
with TNM stage, T stage and lymph node metastasis. In
addition, we demonstrated that high Daaml expression
status was associated with poor patient prognosis. Our
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Figure 4 Daam| regulates cisplatin sensitivity and apoptosis. (A) The 50% inhibitory concentration (IC50) of cisplatin in SGC-7901, SGC-7901/Daam|, AGS, and AGS/
Daam KD cells 48 h after cisplatin treatment. Ectopic Daam| expression decreased IC50 level in SGC-7901 cell line while Daam| knockdown increased IC50 in AGS cell
line. (B) CCK8 cell viability assay showed that Daam| knockdown increased the cisplatin (10pM) inhibition rate while Daam| overexpression decreased it after 24 and 48
h of treatment. (C) Annexin V/PI results showed that the cisplatin induced apoptosis rate was decreased in SGC-7901 cells transfected with Daam| plasmid. Daam|
depletion upregulated cisplatin induced apoptosis in AGS cell line. (D) JC-I staining showed that ectopic Daam| expression upregulated the mitochondrial membrane
potential by decreasing green fluorescence percentage in SGC-7901 cells treated with cisplatin. Daam| knockdown downregulated the mitochondrial membrane potential by

increasing green fluorescence in AGS cells treated with cisplatin. *p<0.05.

results were further supported by analyses of TCGA and
Oncomine, indicating that Daam1 could be a promising
biomarker for the diagnosis of aggressive gastric cancer.
To explore the biological roles of Daaml, we upregu-
lated Daam1 and knocked down Daam1 in GC cell lines.
CCK-8 and colony formation assays indicated that Daam1
positively regulated GC cell proliferation. Previous studies
cited above reported that Daam1 participated in oncogenic
processes including migration and invasion. However, its

involvement in chemo-sensitivity and apoptosis remains
unclear. Cisplatin is currently one of the most widely used
chemotherapeutic drugs for GC treatment. Common regi-
mens such as ECF (epirubicin, cisplatin and fluorouracil)
and ECX (epirubicin, cisplatin and capecitabine) contain
cisplatin. We found that Daam1 overexpression downre-
gulated cisplatin sensitivity and cisplatin-induced apopto-
sis, while Daam1 depletion increased cisplatin sensitivity
and apoptosis. Our data showed, for the first time, the
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Figure 5 Daam| regulates ERK and AKT signaling pathways. (A) Western blotting showed that ectopic Daam| expression downregulated p2| and upregulated p-ERK,
p-AKT. Daam| depletion upregulated p21 and downregulated p-ERK and p-AKT, without significant change in total ERK and AKT. (B) SGC-7901 cells transfected with
control and Daam| plasmid were treated with AKT inhibitor LY294002 (20 uM), ERK inhibitor U0126 (20 M) and a combination of both inhibitor. CCK-8 showed that
Daam| overexpression increased cell viability, while the increased proliferation rate induced by Daam| was abolished after treatment with U0126 and LY294002.
Combination of both inhibitors showed a stronger effect than either inhibitor alone. (C) AKT and ERK inhibitors reversed the effect of Daam| on cisplatin sensitivity.
(D) Apoptosis assay showed that ERK and AKT inhibitors upregulated cisplatin-induced apoptosis rate which was decreased by Daam|. The combination of both inhibitors
had a stronger upregulatory effect than either inhibitor alone. *Daam|+U0216 vs Daam|, p<0.05. **Daam | +LY294002 vs Daam |, p<0.05. ***Daam | +U0216+ LY294002 vs

Daaml, p<0.05.

involvement of Daaml in chemo-sensitivity of cancer
cells. The pathways of chemotherapeutic drugs, such as
cisplatin, which induce apoptosis are mainly dependent on

changes in mitochondrial function."*"!” Using JC-1 stain-
ing, we showed that Daaml was able to increase mito-
chondrial membrane potential in GC cells treated with
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cisplatin, suggesting Daam1 could stabilize mitochondrial

function.

We further explored the underlying mechanisms by

which Daaml regulated proliferation and chemosensitivity.

After screening a series of possibly related proteins, we

found that Daaml overexpression upregulated both AKT

and ERK signaling pathways. ERK and AKT signaling

have been reported to be crucial for proliferation and che-

moresistance in various cancers, including GC. ERK signal-

ing can lead to activation of the proto-oncogenes c-Fos,

C-

Jun, and c-Myc, which coordinates growth signals.'®

AKT signaling regulates the cell cycle through GSK3 phos-

phorylation and cell survival through Bcl family proteins.

4,19

In addition, ERK and AKT signaling cooperate to transla-

tionally regulate Survivin protein, an important inhibitor of
drug-induced apoptosis.”’ Our data further showed that
enhanced proliferation and decreased chemo-sensitivity

induced by Daaml were greatly impaired by AKT and
ERK inhibitors. The combination of AKT and ERK inhibi-
tors in Daaml-overexpressing SGC-7901 cells showed

a greater effect than either inhibitor alone. These results

indicated that Daam1 modulated cancer cell proliferation

and cisplatin sensitivity at least partly through regulation of
ERK/AKT signaling.

In conclusion, the present study revealed the clinical

significance and biological functions of Daam! in human

gastric cancer. Our results indicated that Daam1 overex-

pression promoted proliferation and reduced cisplatin sen-

sitivity in GC. We also linked its oncogenic effects with

ERK/AKT signaling, suggesting the therapeutic possibility

of targeting Daaml in GC.
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