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Purpose: The purpose of this study was to investigate the clinical significance of LIMD1 and
its biological roles in gastric cancer (GC).

Materials and methods: The prognostic value of LIMD1 in GC patients was determined by
the online tool Kaplan—Meier Plotter. The biological functions of LIMD1 in GC were examined
by in vitro assays, including proliferation, anchorage-independent growth, migration, invasion,
and epithelial to mesenchymal transition (EMT) assays. The levels of downstream YAP1 regulated
by LIMD1 were measured by Western blot analysis, and the sub-localization of YAP1 in GC
cells was visualized by immunofluorescence staining. Differential expression levels and copy
number levels of LIMD1 between GC and normal tissues were compared using the Oncomine
database. A correlation of LIMD1 mRNA level and the copy number level was depicted by
cBioPortal. We also evaluated the methylation status around the LIMD1 genes by Wanderer.
Results: The expression level of LIMD1 positively correlated with the prognosis of GC patients
regardless of tumor stage, size, lymph node, metastasis, Lauren’s classification, differentiation,
gender, treatment, and FRBB2 amplification status. Overexpression of LIMD1 impeded the
tumor growth, cell motility, invasiveness, and metastasis, and knockdown of LIMD1 promoted
these phenotypes in GC cells. Mechanistically, YAP1 was one of the downstream effectors of
LIMD1; LIMD1 suppressed the expression of YAP1 as well as its intracellular translocation.
Furthermore, we found that LIMD1 expression was reduced in some of the GC profiling
datasets. Gene deletion, instead of DNA methylation, contributed to the reduced expression
of LIMD1 in GC.

Conclusion: Our results identified LIMDI1 as a convincing prognostic marker as well as a
potentially therapeutic target for GC.
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Introduction

Gastric cancer (GC) is an aggressive disease that has substantial impact on global
health. Despite a gradual decline in GC incidence in the developed countries recently,
it still has been the fifth most common cancer but the third leading cause of cancer-
related death worldwide.!? The diagnosis of GC is frequently made when the disease
is unresectable, due to the lack of specific symptoms and sensitive screening methods
at the early stages.’ Besides, tumor recurrence occurs in approximately 60% of the
patients who received curative resection.** Patients with advanced disease have a
dismal outcome, with the 5-year survival rate of about 20% and a median OS (mOS)
of <1 year.3¢8
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Palliative therapy is the only operable treatment for
advanced GC.’ Due to the elusive heterogeneity of GC tissues,
patients received limited benefit from chemotherapy with low
efficiency and drug resistance.’ Targeted therapy has poor
efficacy due to the lack of powerful targets.'” Trastuzumab
(anti-HER2 monoclonal antibody [mAb]), in combination
with chemotherapy, is accepted to improve disease-free
survival (DFS) and OS in patients in Phase III randomized
ToGA trial, but its usage is confined to the small proportion
of patients with HER2 overexpression, which only accounts
to 7.3-20.2%."! Apatinib, a small molecule tyrosine kinase
inhibitor that blocks VEGFR-2, can significantly prolong
OS and progression-free survival (PFS) in GC patients.'?
However, its usage is limited in patients experiencing progres-
sion after two or more lines of chemotherapy.'? In contrast,
several targeting agents that had promising effects in other
types of cancers failed in Phase III randomized trials of GC.
For example, the addition of cetuximab (anti-EGFR mAb)
provided no extra benefit to chemotherapy alone in the first-
line treatment of advanced GC.!* The AVAGAST study, in
which the efficacy of bevacizumab (anti-VEGF-A mAb) was
evaluated in the first-line treatment of advanced GC, did not
reach a significantly prolonged OS.!* Besides, the mTOR
inhibitor, everolimus, did not improve OS for advanced GC
that progressed after one or two lines of previous systemic
chemotherapy, either.!

The invasion and metastasis of GC are complex processes,
including lowered cell adhesion, extracellular matrix degrada-
tion, cell migration, secondary colonization, angiogenesis, and
the corresponding changes in tumor microenvironments. The
underlying mechanisms involve multiple signal transduction
pathways controlled by various proteins such as adhesion
molecules, matrix protease, and cytokines.!® Nevertheless,
these mechanisms have not been fully elucidated so far. There-
fore, further understanding of the molecular mechanisms of
GC carcinogenesis and progression is critical for identifying
valuable prognostic markers and candidate intervention targets
to provide novel strategies for early diagnosis and treatment
of GC and ultimately improve the prognosis of GC patients.

LIMD1 is a member of the Ajuba family of the LIM
domain-containing proteins.!”!® It is encoded at chromo-
some 3p21.3, a region frequently deleted in many solid
malignancies and the so-called the common eliminated
region 1 (C3CERI1)." This region contains multiple tumor
suppressor genes involved in the oncogenesis of lung cancer,
breast cancer,? cervical carcinoma,?! bladder cancer,?? and
renal cancer.”® LIMDI acts as a protein—protein scaffold to

facilitate signaling transductions from the cytoplasm into
the nucleus and has functional redundancy with other Ajuba
LIM proteins.?*2¢ Its interaction partners include pRB,” p62/
TRAF6/a-PKC complex,? elF4E,> LATS/Warts,® WW45/
Sav,® and Snail/Slug.?® These proteins play indispensable
roles in regulating a range of cellular functions, such as cell
fate determination, cytoskeletal organization, osteoclast
development, cell—cell adhesion, cell differentiation, prolif-
eration, and migration. As a tumor suppressor gene, LIMD1
is downregulated in non-small-cell lung cancers and leads
to misregulation of pRB and cell cycles.?”?* Delocalization
of LIMDI1 from the nucleus may contribute to breast can-
cer metastasis due to the fact that nuclear LIMDI1 acts as a
Snail corepressor of E-cadherin expression.?s*° LIMD]1 also
interacts with BRCA2 to suppress abnormal cell divisions
in esophageal cancer cells.’' Despite the role of LIMDI in
mediating these physiological and oncogenic processes,
the biological significance of LIMD1 in GC has remained
unclear.

Hippo signaling pathway is a conserved regulator of cell
growth, homeostasis, apoptosis, commitment, differentiation,
and senescence.’> The key components consist of a set of
kinase cascade, including WW45, MST1/2, and LATS 1/2,
in mammals.** When this pathway was suppressed, the final
effector, YAP1, was dephosphorylated and translocated from
the cytoplasm into the nucleus to regulate multiple transcrip-
tional outcomes.**** In the stomach, multiple researches on
clinical samples and cell lines indicate that YAP1 acts as a
potent oncogene.*> In a recent study, LIMD1 was reported
to inhibit phosphorylation of Yki (homolog of YAP1) by
interacting with Warts (homolog of LATS) and Sav (homolog
of WW45).28

In the present study, we investigated the expression pat-
tern and possible tumor suppressor role of LIMDI and its
clinical significance in GC. We also explored its downstream
effectors as well as the defective regulatory mechanisms of
LIMD1 expression in GC.

Materials and methods

Cell culture

The human GC cell lines, including BGC823, SCC7901,
MKN45, and MKN28, were purchased from the Cell Bank,
Chinese Academy of Science (Shanghai, China). All cell
incubations were maintained in the incubator at 37°C, with
arelative humidity of 90% and 5% CO,. Cells were passaged
when the confluence reached 80—90%. Exponentially grow-
ing cells were used for all experiments.
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Transfection

The siRNA targeting LIMD1 (Santa Cruz Biotechnology Inc.,
Dallas, TX, USA) was used for knockdown experiments, with
a scramble siRNA (Santa Cruz Biotechnology Inc.) as nega-
tive control. LIMD1 overexpression plasmid was a generous
gift from Dr Jixin Dong from the University of Nebraska
Medical Center, Omaha, NE, USA. The transfection processes
were conducted according to the manufacturer’s instructions.
In brief, a volume of 10 uLL siRNA or 4 pg plasmid was mixed
with 5 pL Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) and 500 pL of OPTI-MEM (Thermo
Fisher Scientific). Then, the mixture was added to the cells
with 1.5 mL Roswell Park Memorial Institute (RPMI)-1640
(Thermo Fisher Scientific), and the supernatant was replaced
with normal medium after 6-hour incubation.

Western blotting

Samples containing 30 ug proteins were separated using
10% SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes (Thermo Fisher Scientific). The rabbit
antihuman LIMD1 mAb, mouse antihuman E-cadherin mAb,
rabbit antihuman N-cadherin mAb, and rabbit antihuman
YAP1 mAb were purchased from Cell Signaling Technology
(Danvers, MA, USA). The rabbit antihuman Vimentin mAb
was obtained from Abcam (Cambridge, UK). The mouse
antihuman B-actin mAb was obtained from Sigma-Aldrich
Co. (St Louis, MO, USA). The immunoreactive bands were
visualized using the MiniBIS Pro gel imaging system (DNR
Bio Imaging Systems, Jerusalem, Israel).

Proliferation assay

Cells were seeded into 96-well plates at approximately 1x10*
cells/well. After culturing for 0, 24, 48, 72, 96, and 120 hours
at 37°C, the medium was replaced with 100 pL fresh medium
and 10 pL cell counting kit-8 (CCK-8; BestBio, Shanghai,
China) solution and incubated for 2 hours. The OD values of
the solutions were determined at 450 nm with an absorbance
reader (Thermo Fisher Scientific). Each point was replicated
three times independently.

Colony formation assay

Cells were digested into single cell suspensions, and 1,000
of them were seeded in each well of six-well plates. Two
weeks later, cells were fixed with methanol and stained with
crystal violet. The colony-forming efficiency was defined
as the number of colonies obtained divided by the number
of cells seeded.

Invasion and migration assays

Invasion and migration assays were performed using a Tran-
swell system (8 um pore size; Corning Incorporated, Corning,
NY, USA) according to the manufacturer’s instructions. The
upper chamber was coated with Matrigel (BD Biosciences,
San Jose, CA, USA) for invasion assay. Serum-free RPMI-
1640 (Thermo Fisher Scientific) containing 6x10* (for
migration assay) and 8x10* cells (for invasion assay) was
seeded in the upper chamber. The lower chamber contained
RPMI-1640 medium with 10% FBS (Sciencell, San Diego,
CA, USA). After 48 hours of incubation, the invasive and
migratory cells were fixed with methanol, stained with crystal
violet (Beyotime, Shanghai, China), and photographed under
microscopy.

Cell immunofluorescence staining

BGC823 cells were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich
Co.). The cells were incubated overnight at 4°C with the
rabbit antihuman E-cadherin, N-cadherin, and Vimentin
mADb for epithelial to mesenchymal transition (EMT) assay
or YAP1 mAb for YAP translocation study. Then, the Alexa
Fluor 594-conjugated anti-rabbit IgG was added. The stained
cells were fixed and observed under an inverted fluorescence
microscope (Olympus Corporation, Tokyo, Japan) in the
presence of DAPI.

In silico analysis

The survival data were performed by the online tool
Kaplan—Meier (KM) Plotter* (http://kmplot.com/). KM
survival plots, patient number, HRs and 95% CIs, and log-

rank P-values were extracted from the webpage. The data
of expression and copy number variations in GC cohorts
were extracted from the Oncomine database. The correla-
tion between mRNA and copy number levels was depicted
by cBioPortal (http://www.cbioportal.org/). The methylation
status around LIMD] gene and the difference between GC
and normal tissues were calculated by Wanderer (http://

maplab.imppc.org/wanderer).

Statistical analyses

GraphPad Prism 6 and Microsoft Excel were used for graphs
and statistics. The methylation status was generated from the
online tool Wanderer. Unpaired #-test was used to evaluate
statistical significance of the mean values. Log-rank test
was used to compare the survival data. A P-value <0.05 was
considered to indicate statistical significance.
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Results

The mRNA level of LIMDI positively
correlates with prognosis in patients

with GC

To define the biological significance of LIMDI1 in GC,
we first explored its prognostic value using an online
tool KM Plotter.* This database contains expression
profile and survival data of a total of 631 GC patients,
thus providing considerable reliable evidence. We chose
the Affymetrix probe 222762_x_at, the only best and the

Figure | The mRNA level of LIMDI correlates with prognosis in patients with GC.

most recommended probe set according to the website.
The survival analysis that included all patients showed an
mOS of 80.0 months in the LIMD1 high expression group
vs 28.8 months in the LIMD1 low expression group, with
a significant survival extension of >50 months. The HR for
death in the LIMD1 high expression group was 0.57 (95%
CI: 0.46-0.71, P<0.0001), which statistically decreased
by 43% compared with the LIMD1 low expression group
(Figure 1A). Similarly, the LIMD1 high expression group
also showed a longer median PFS (mPFS) than the LIMD1
low expression group (50.0 vs 18.9 months, P<0.0001;

Notes: (A) KM plots of PFS and LIMD| expression are shown. (B) KM plots of OS and LIMD | expression are shown. The expression data were interrogated from the GEO
datasets including GSE14210, GSE|5459, GSE22377, GSE29272, GSE38749, GSES5 | 105, and GSE62254, and the results were downloaded from KM Plotter (http:/kmplot.
com/). (C) The HRs for OS and PFS in LIMD| high-expressing and low-expressing patients are compared in the forest plot. The mOS, mPFS, HRs, and 95% Cl are listed for
each subgroup. (D-F) KM plots of OS and LIMD| expression for patients in the subgroups of different stages (D), Lauren’s classification (E), and HER2 amplifications (F)

are shown. *P<0.05; **P<0.0|; ***P<0.0001.

Abbreviations: GC, gastric cancer; KM, Kaplan—-Meier; mOS, median OS; mPFS, median PFS; PFS, progression-free survival; GEO, gene expression omnibus.
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HR: 0.56; 95% CI: 0.44-0.73), with the recurrence risk
decreased by 44% (Figure 1B).

The consistency of the prognostic value across the data-
set is summarized in the forest plot for subgroup analysis
(Figure 1C). The mOS and mPFS in the LIMD1 high expres-
sion group were generally prolonged in contrast to the LIMD1
low expression group, with a significant statistical survival
extension in groups of stage III, T2 and T3, intestinal and
diffuse type, surgery alone, all N stage, all M stage, all gender,
and all HER2 amplification status (Figure 1C). The survival
differences between the LIMD1 high and low expression
groups were especially prominent in subgroups of stage III
(mOS: 70.4 vs 20.5 months, HR: 0.44; mPFS: 34.7 vs 15.4
months, HR: 0.56), N2 (mOS: 35.9 vs 17.0 months, HR: 0.35;
mPFS: 21.9 vs 11.1 months, HR: 0.40), MO (mPFS: 34.7 vs
15.4 months, HR: 0.56), Lauren’s intestinal-type (mOS: 113.0
vs 21.4 months, HR: 0.37; mPFS: 81.4 vs 24.7 months, HR:
0.59), male (mOS: 89.4 vs 26.2 months, HR: 0.48; mPFS:
49.5 vs 13.9 months, HR: 0.51), and HER2 non-amplification
(mOS: 89.4 vs 29.5 months, HR: 0.57; mPFS: 74.9 vs 24.3
months, HR: 0.61) groups (Figure 1C).

The combination of LIMDI expression and other prog-
nostic markers showed a better prediction effect. For example,
groups of both LIMD1 high expression and stage II (mOS:
78.6 months), Lauren’s intestinal type (mOS: 113.0 months),
male (mOS: 89.4 months), or HER2 non-amplification (mOS:
89.4 months) showed a rather optimistic prognosis (Figure
1D-F). At the same time, LIMD1 itself showed a stronger
prognostic prediction effect than those well-known survival
factors mentioned earlier. Surprisingly, the patients in the
stage III, LIMD1 low subgroup exhibited a similar survival
as short as the stage IV, LIMDI high patients, while the
stage IV patients have been considered to have much worse
prognosis than stage III patients due to distant metastases
(Figure 1D). Similarly, there was no significant survival dif-
ference between the intestinal subtype and the diffuse subtype
in the LIMD1 low expression group (Figure 1E). Further-
more, regardless of the HER2 amplification status, patients
with low expression of LIMD1 also indicated a shorter mOS
than those with high expression of LIMDI1 (Figure 1F).

LIMDI impedes tumor growth in GC
cells

To investigate the role of LIMD1 in tumor growth, we exam-
ined the levels of LIMDI in four GC cell lines, including
BGC823, SGC7901, MKN45, and MKN28. The former three
cells expressed LIMD1 at different levels, while the expres-
sion of LIMD1 in MKN28 was barely probed (Figure 2A).

Cell models of LIMD1 overexpression and downregula-
tion were successfully established based on BGC823 and
SGC7901 cells (Figure 2B-D). As expected, LIMD1
overexpression impeded cell proliferation in both cell lines
(P<0.05; Figure 2E and F). In contrast, the downregulation
of LIMD1 by siRNA significantly stimulated the proliferation
of BGCS823 cells (P<0.05 from the third day; Figure 2G).
We further performed proliferation assay on MKN45 and
MKN28 cell lines (Figure S1A and B), and the results also
indicated that LIMD1 impeded cell proliferation in these cell
lines (Figure S1C and D).

Anchorage-independent growth was evaluated by colony
formation assays. The LIMD1-overexpressing cells lost
partial anchorage-independent growth ability, with fewer
numbers of colonies than the wild type in both cell lines (Fig-
ure 2H and I). LIMD1 overexpression significantly reduced
their colony-forming efficiencies from 31.9% (empty vector
group) to 21.3% (LIMDI1 knocked-in group) in BGCS823
cells (P=0.0317) and from 31.5% to 18.6% (P=0.0033) in
SGC7901 cells, respectively (Figure 2H and I). Again, the
LIMD1-downexpressing BGC823 cells showed a superior
ability in colony formation (P=0.0229; Figure 2J). The anti-
growth effect of LIMD1 was also confirmed in MKN45 and
MKN28 cell lines (Figure S1E and F). Taken together, these
data strongly suggested that LIMD1 impeded tumor growth
and proliferation in GC cells.

LIMD | inhibits cell motility and

invasiveness of GC cells
Migration and invasion are essential steps for tumor metas-
tasis. Therefore, we examined the role of LIMDI in cell
motility of GC. In BGC823 cells, the overexpression of
LIMD1 significantly reduced the number of migrating and
invading cells in migration (P<0.0001) and invasion assay
(P=0.002), compared with the cells transfected with empty
vectors (Figure 3A and D). The upregulation of LIMD1 led
to similar results in SGC7901 cell line, with inferior ability to
migrate (P=0.0045) and invade (P=0.0013) in the respective
assays (Figure 3B and E). In accordance, the downregula-
tion of LIMD1 by siRNA resulted in a significant increase
in the number of invading and migrating cells in BGC823
cells (P=0.0342 and 0.0097, respectively; Figure 3C and F).
We also observed the same effect of LIMD1 in MKN45 and
MKN?28 cell lines (Figure S1G-J). These data indicated that
LIMD1 tended to inhibit the metastasis of GC cells.

We further investigated the impact of LIMD1 on
EMT by probing the related markers. We found that the
epithelial marker E-cadherin was both downregulated in
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Figure 2 LIMD| impedes tumor growth in GC cell lines.

Notes: (A) Western blot shows the expression level of LIMDI in four GC cell lines, including BGC823, SGC7901, MKN45, and MKN28, (B, C) Western blot shows the
LIMDI expression levels in BGC823 and SGC7901 cells transfected with LIMD| overexpression vector and empty vector. (D) LIMDI expression levels in BGC823 cells
transfected with LIMD Isi and NCsi. (E-G). Proliferation curves of BGC823 and SGC790I cells transfected with LIMD| overexpression vector (E and F) and LIMD |-siRNA
(G). (H-)). Colony formation assay of BGC823 and SGC7901 cells transfected with LIMD| overexpression vector (H and I) and LIMD I-siRNA (J). The representing plates
are shown on the left, and the quantification bars are shown on the right. Each panel represents at least three independent experiments. ¥P<0.05; **P<0.01. LIMDI, LIMDI

overexpression vector; pc3.1, empty vector.

Abbreviations: GC, gastric cancer; LIMD Isi, LIMD |-siRNA; NCsi, negative control siRNA; NS, no significance.

LIMD1-expressing GC cell lines and upregulated in the
siRNA-treated BGC823 cells (Figure 3G-I). Surprisingly,
the mesenchymal markers, N-cadherin and Vimentin, were
also reduced by LIMD1 in both cell lines (Figure 3G-I).
The regulatory effect of LIMDI1 on Snail was not consis-
tent in two cell lines; expression of Snail was enhanced in
BGC823 cells (Figure 3G and I) but reduced in SGC7901
cells (Figure 3H). Alternation of LIMD1 did not lead to sig-
nificant morphological change of BGC823 cells (Figure 3J).
The changes of EMT markers on BGC823 cells caused by
LIMDI1 alternation were also confirmed by immunofluores-
cence assay (Figure 3K). Taken together, there is no sufficient
evidence presently to demonstrate that LIMD1 inhibits GC
cell metastasis through EMT.

LIMD| suppresses YAP| expression and
its translocation from the cytoplasm into
the nucleus

YAP1 is the major final effector of the Hippo signaling
pathway: a tumor suppression pathway that is involved
in oncogenesis of many types of cancers, including GC.
When dephosphorylated and activated, YAP1 translocated
from the cytoplasm into the nucleus and, in combination
with p73, activated the oncogenic genes. Therefore, we
tested whether LIMD1 exerted its biological significance
in GC by regulating the Hippo-YAP1 pathway. Western
blot analysis showed that LIMD1 negatively regulated
total YAP1 expression in BGC823 and SGC7901 cells;
the LIMD1-overexpressing cells had a decreased level
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Figure 3 LIMDI inhibits cell migration and invasion in GC cells.

Notes: (A-C). Cell migration assays of BGC823 and SGC7901 cells transfected with LIMD| overexpression vector (A and B) and LIMDsi (C) are shown (40%). (D-F)
Cell invasion assays of BGC823 and SGC7901 cells transfected with LIMD| overexpression vector (D and E) and LIMDsi (F) are shown (40x). (G-I) LIMD|1 alters EMT
markers. Western blot analysis with the indicated antibodies in LIMD | -overexpressing (G and H) and LIMD |-downexpressing (I) GC cells is depicted. Cell morphology of
BGC823 cells with altered LIMDI is depicted in (J) (10%). Immunofluorescence assay of EMT markers, including E-cadherin, N-cadherin, and Vimentin, is shown in (K) (40x).
*P<0.05; *¥P<0.01; ****P<0.0001. LIMDI, LIMD| overexpression vector; pc3.l, empty vector.

Abbreviations: EMT, epithelial to mesenchymal transition; GC, gastric cancer; LIMD Isi, LIMD | -siRNA; NCsi, negative control siRNA.
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of YAPI1 (Figure 4A and B), and the cells with siRNA
treatment showed an upregulated YAP1 (Figure 4C). To
determine whether LIMD1 regulates Hippo signaling
pathway, BGC823 cells transfected with LIMD1 siRNA
and scramble siRNA were used to examine the subcel-
lular localization of YAP1. The siRNA-treated cells had
prominent nucleus translocation of YAP1 compared with
the control group (Figure 4D). These results indicated
that LIMD1 performed its tumor-suppressing function,
at least partially, by regulating the Hippo pathway in
GC cells.

The reduced expression of LIMDI in GC
was a result of gene deletion rather than
DNA methylation

We analyzed the mRNA microarray data that were generated
from 346 tissues and deposited in four datasets in Oncomine

tool (www.oncomine.org; Figure 5A). The expression of
LIMD1 was significantly downregulated in GC tissues com-
pared to normal tissues in two of the four datasets (DErrico’s
and Wang’s; Figure 5A). However, there was no significant
difference between cancer and normal tissues in the other
two datasets (Cho’s and Cui’s; Figure SA).

Figure 4 LIMD| suppresses YAP| expression and translocation from the cytoplasm into the nucleus.

Notes: (A-C) YAP| expression in LIMD | -overexpressing (A and B) and LIMD | -downexpressing (C) GC cells is shown. The names of the cell lines are indicated below the
panels. (D) Localization of YAPI in BGC823 cells transfected with scramble siRNA and LIMD siRNA is shown by immunostaining of YAPI. Each panel represents at least
three independent experiments. LIMDI, LIMD| overexpression vector; pc3.1, empty vector.

Abbreviations: GC, gastric cancer; LIMD Isi, LIMD |-siRNA; mAb, monoclonal antibody; NCsi, negative control siRNA.
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Figure 5 Gene deletion contributes to the reduced expression of LIMDI.

Notes: (A) LIMD| expressions in mMRNA profile datasets are shown. The names of the datasets are on the top of the figures. All the datasets were extracted from the
Oncomine database. (B) Copy number variations in normal tissues and GC tissues with different pathological types are shown. The data were taken from TCGA database
and extracted from Oncomine database. (C) LIMD| levels between GC patients with and without LIMD | deletions in tow cohorts are compared. The data were taken from
TCGA database and extracted from cBioPortal database. *P<0.05; **P<0.01; ****P<0.0001. (D) Methylation levels throughout the region around LIMD| gene between normal

tissues and GC tumors are compared. Green probes indicate GpC islands.

Abbreviations: AC, adenocarcinoma; GC, gastric cancer; NS, no significance; TCGA, The Cancer Genome Atlas.

To explore the mechanism of reduction in LIMDI in
some GC cohorts, we investigated the copy number varia-
tion of LIMD] gene, with respect to its location within the
C3CERI1 region. We analyzed the public TCGA data using the
Oncomine tool and found that almost all pathological types

of gastric adenocarcinoma, including undifferentiated, dif-
fuse, intestinal, mucinous, tubular, and signet ring cell type,
carried significantly fewer copy numbers of LIMD1 than the
normal tissues (Figure 5B). Analyzed by the cBioPortal tool
(http://www.cbioportal.org/), the patients with the deletion
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of LIMD]1 gene showed significantly lower expression level
compared with those with no deletion in two TCGA data-
sets (Figure 5C). DNA methylation is another major cause
of decreased expression of LIMDI1 in some other cancers.
Therefore, we also analyzed the methylation status of LIMD]
gene from TCGA database using the online tool Wanderer
(http://maplab.imppc.org/wanderer).*! No significances were

detected in the LIMD] region with 27 probes, including six
for the CpG islands, between GC and normal tissues (Figure
5D). These data indicated that the deletion of LIMDI gene,
rather than DNA methylation, may contribute to the low
expression of LIMD1 in patients with GC.

Discussion
GC is a common malignant tumor, with relatively high rates
of morbidity, metastasis, and mortality as well as low rates
of early diagnosis, radical resection, and 5-year survival.'?
Due to the lack of specific symptoms and the tendency to
metastasize early with obscure mechanism, the diagnosis is
frequently made at an advanced stage, and the patients lose
the chance of radical treatment. In addition, the prevalence of
heterogeneity in GC tissues resulted in limited value of many
common prognostic predictors. LIMD1 is a tumor suppressor
that has been found recently to inhibit tumor metastasis and
is downregulated in many human tumors. The mechanism
is mainly based on genetic changes such as promoter meth-
ylation, gene deletion, gene mutation, and gene silencing.
It is closely related to the poor prognosis in breast cancer®
and head and neck squamous cell carcinoma (HNSCC).*
However, studies of LIMD1 in GC have not been reported.
In this study, the LIMD1 upregulation correlated with a
superior prognosis, with respect to both OS and PFS in GC.
The prognostic role of LIMD1 was significant regardless of
the stage, tumor size, lymph node, metastasis, Lauren’s clas-
sification (except for the mixed type), differentiation, gender,
treatment, and ERBB2 amplification status. Particularly,
LIMD1 shows a significant predictive efficacy over previous
indicators. In addition, the combination of LIMD1 expression
and commonly used pathological parameters can screen out
predominant populations with better prognosis of GC. These
results show that LIMD1 has a superior prognostic power for
GC and may exceed most of the biomarkers known to date.
Invasion and metastasis are the basic features of malig-
nant tumors, and they are also a major cause of poor prognosis
and high mortality in GC patients.? In this study, LIMDI
reduced the aggressiveness of GC cells by the inhibition
of cell proliferation, anchorage-independent growth, and
cell migration and invasion. The tumor-suppressing role in

regulating GC cell phenotypes was similar as in previous
studies in lung and breast cancers.?*”-?3% This highly sug-
gested that LIMD1 may play a strong inhibitory role in the
occurrence and development of GC.

In breast cancer, LIMD1 hinders the tumor’s invasiveness
by repressing Snail and inhibiting E-cadherin expression
within the nucleus.?** Delocalization of LIMD1 from the
nucleus releases this repression and contributes to breast
cancer metastasis.’>* Our results confirmed that LIMDI
inhibited the invasion and migration of GC cells in vitro,
so we first examined whether LIMD1 acts through EMT
pathway. Although LIMD1 could downregulate E-cadherin
expression, expressions of N-cadherin and Vimentin were
also suppressed. Therefore, we speculated that LIMDI1
inhibited the tumor cell metastasis not through EMT. In fact,
LIMD1 may exert its antitumor function through different
mechanisms in oncogenesis and progression. In lung cancers,
LIMD1 inhibits tumor development by interacting with pRB
to repress E2F-responsive transcriptions. Loss of LIMD1
leads to misregulation of this pathway and, as a consequence,
acceleration of the cell cycle.?” This mechanism has been
validated in the mouse carrying genotypes with LIMD1
knockout and K-Ras mutation.”

In the present study, we identified another pathway,
the Hippo signaling pathway, which is involved in tumor-
suppressing role of LIMD1 and different from those in lung
cancer and breast cancer.??"*3*YAP1 activation may lead to
opposite outcomes depending on transcription genes, either
onco-promoting or onco-suppressing. In the stomach, YAP1
silencing suppresses proliferation, colony formation, and
mobility of GC cells in vitro and in vivo.***” Moreover, YAP1
overexpression was found in GC patients and correlated with
metastasis and shortened OS.*** Therefore, the activated
YAPI, both in expression level and nuclear translocation
level, should account for the greater aggressive behavior in
LIMDI1 low-expression GC cells. The mechanisms under-
lying how LIMD1 regulates YAP1 are yet elusive. We may
draw lessons from one study in Drosophila in which Ajuba
LIMD1 and other LIM proteins interact with Warts (homolog
of LATS) and Sav (homolog of WW45) to inhibit phosphory-
lation of Yki (homolog of YAP1).2® This regulating role of
LIMDI in Hippo pathway needs to be further validated in
mammal cells.

Despite the obvious onco-promoting property of LIMD1
silencing, variation was found in the differential expression
profiles of LIMD1 between GC patients and normal controls.
LIMDI1 mRNA levels were reduced in GC tissues compared
with normal tissues in only two of four datasets. In another
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study of breast cancer, the expression level of LIMD1
was also found to be unchanged in tumors compared with
controls.* This variation may be explained by the divergence
among cohorts or detection methods, and thus larger cohorts
with reliable testing approaches are required for accurate
conclusions. The unchanged LIMD1 mRNA expression
is probably the result of a negative feedback. LIMDI1 is
regulated by tension at focal adhesions, and thus the tension
alteration among GC cells might induce LIMD1 expression
through certain pathways.* Besides, we only analyzed the
online data at mRNA level, and the LIMD1 expression at the
protein level needs to be further examined for investigating
the translation and posttranslational fates of LIMDI.

Regardless of the variation between GC and normal
tissues, an inter-tumor difference of LIMDI1 expression
exists. According to previous studies, genetic deletion is
responsible for the reduced LIMD1 expression in lung cancer
and HNSCC.?# This is theoretically reasonable due to its
location within the C3CER1 region.'” C3CER1 is known to
harbor multiple tumor suppressor genes, and deletions in this
region are common in solid malignancies, including lung,
breast, gastric, colorectal, and ovarian cancers.** We identi-
fied a similar trend in GC, and the copy number variation
indeed correlated positively with LIMD1 expression. As an
alternative, epigenetic inactivation via promoter hypermeth-
ylation on LIMD1 gene was also reported in lung cancer and
HNSCC.?# However, we did not find hypermethylation
around the region of LIMD1 gene in GC tissues.

Conclusion

LIMD1 is a positive prognostic marker in GC, and its
underexpression might be a molecular abnormality linked to
the oncogenesis and metastasis of GC. Genetic deletion of
LIMD1 may be responsible for LIMD1 downregulation, the
subsequent YAP1 activation, and tumor progression in GC.
LIMD1 and the downstream proteins could also be used as
potential predictive marker and therapeutic target to improve
the prognosis of GC patients. These conclusions are yet to be
studied and confirmed in animal models and clinical trials.
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Supplementary material

Figure S1 LIMDI impedes tumor growth in GC cell lines.

Notes: (A, B) Western blot shows that the LIMD | expression levels in MKN28 cells transfected with LIMD| overexpression vector (A) and MKN45 cells transfected with
LIMDI-siRNA (B). (C, D) Proliferation curves of MKN28 cells transfected with LJMD | overexpression vector (C) and MKN45 cells transfected with LIMD I-siRNA (D). (E,
F) Colony formation assay of MKN28 cells transfected with LIMD| overexpression vector (E) and MKN45 cells transfected with LIMD I-siRNA (F). (G, H) Cell migration
assays of MKN28 cells transfected with LIMD| overexpression vector (G) and MKN45 cells transfected with LIMDI-siRNA (H). (1, J) Cell invasion assays of MKN28 cells
transfected with LIMD | overexpression vector (I) and MKN45 cells transfected with LIMD I-siRNA (J). The representing plates are shown on the left, and the quantification
bars are shown on the right in (E-J). All the microscopy assays were pictured under 40%. Each panel represents at least three independent experiments. *P<0.05; **P<0.01.
LIMDI, LIMDI overexpression vector; pc3.1, empty vector.

Abbreviations: GC, gastric cancer; LIMD Isi, LIMD | -siRNA; NCsi, negative control siRNA; NS, no significance.
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