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Galectin-3 expression is prognostic in diffuse
type gastric adenocarcinoma, confers

aggressive phenotype, and can be targeted
by YAP1/BET inhibitors
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Background: Overexpression of Galectin-3 (Gal-3), a f-galactoside binding protein, has been noted in many tumour types but its
functional significance and clinical utility in gastric adenocarcinoma (GAC) are not well known.

Methods: We studied 184 GAC patients characterised by histologic grade, sub-phenotypes (diffuse vs intestinal), and ethnicity (Asians
vs North Americans). Immunohistochemistry was performed to assess the expression of Gal-3 in human GACs and we correlated it to
the clinical outcomes. Cell proliferation, invasion, co-immunoprecipitation and kinase activity assays were done in genetically stable Gal-
3 overexpressing GC cell lines and the parental counterparts to delineate the mechanisms of action and activity of inhibitors.

Results: Most patients were men, Asian, and had a poorly differentiated GAC. Gal-3 was over-expressed in poorly differentiated
(P=0.002) tumours and also in diffuse sub-phenotype (P=0.02). Gal-3 overexpression was associated with shorter overall survival
(OS; P=0.026) in all patients. Although, Gal-3 over-expression was not prognostic in the Asian cohort (P=0.337), it was highly
prognostic in the North American cohort (P=0.001). In a multivariate analysis, Gal-3 (P=0.001) and N-stage (P= <0.001) were
independently prognostic for shorter OS. Mechanistically, Gal-3 induced c-MYC expression through increasing RalA activity
and an enhanced YAP1/RalA/RalBP complex to confer an aggressive phenotype. YAP1/BET bromodomain inhibitors reduced Gal-
3-mediated aggressive phenotypes in GAC cells.

Conclusions: Gal-3 is an independent prognostic marker of shorter OS and a novel therapeutic target particularly in diffuse type
GAC in North American patients.
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Gastric adenocarcinoma (GAC) is rampant in many endemic areas
of the world with more than 800 000 new cases and it remains the
third most common cause of cancer death globally (Jemal et al,
2011; Siegel et al, 2017). In most countries, GAC is diagnosed in
the late stages as patients are diagnosed based on symptoms.
Localised GAC is difficult to cure but metastatic GAC is invariably
incurable (Ajani and Takiuchi, 1999; Ajani, 2007; Wadhwa et al,
2014). Therapeutic options are limited because currently, we have
only two lines of therapies available and many patients in good
general physical and physiologic condition lack therapeutic
options. Only a few have an access to clinical trials (Jiang and
Ajani, 2010; Wadhwa et al, 2013, 2014). GAC often exhibits
primary resistance to systemic therapy but when responsive to
initial therapy, the benefit is transient and tumour becomes
resistant. Advanced genetic and molecular studies have yielded a
vast quantity of new information for potential exploitation.
Unfortunately, only a few target agents are useful to GAC patients.
Rational therapeutic approaches are urgently needed.

Galectin-3 (Gal-3) is a f-galactoside binding protein in the
lectin family that has multiple physiologic and pathologic functions
(Song et al, 2009; Newlaczyl and Yu, 2011; Radosavljevic et al,
2012; Song et al, 2012). Gal-3 is synthesised in the cytoplasm and is
a monomer at low concentrations. Gal-3 is preferentially bound to
glycoproteins such as CD44. Eventually forming a pentamer on the
surface of cell membrane with CD44 and GSL to orchestrate
membrane bending and clathrin-dependent endocytosis (Stanley,
2014). Function of Gal-3 appears to be context dependent. In
cytoplasm, it promotes cell proliferation (Song et al, 2009),
apoptosis inhibition (Mazurek et al, 2012), and cell cycle
promotion (Wang et al, 2009). On the surface of cell membrane,
it promotes apoptosis in cytotoxic T-cells (Xue et al, 2017). Gal-3 is
pro-angiogenic and facilitates adhesion/metastases (Wesley et al,
2013). In the nucleus, it facilitates transcription regulation and
mRNA splicing. Finally, circulating Gal-3 facilitates cancer cell
dissemination, adhesion, and anti-apoptotic functions.

Gal-3 overexpression has been documented in pancreatic
cancer, breast cancer, hepatocellular carcinoma, prostate cancer,
head and neck cancer, among others (Moon et al, 2001; Song et al,
2012; Jiang et al, 2014; Salajegheh et al, 2014), but its role in GAC
has been addressed in a limited manner. Okada et al (2006)
reported that lower expression of Gal-3 was associated with poor
survival. Dong ef al, (2008) reported that Gal-3 mRNA levels were
higher in GAC patients with higher stage, with poor differentia-
tion, and with node positivity. Prognostic implications were not
mentioned. In our report, which has novel information compared
to prior reports, for the first time we document the significance of
Gal-3 overexpression, which differs in geographically unique
populations, with particular relevance to North American GAC
patients. We also provide supporting preclinical data to delineate
its mechanisms of action. Finally, we provide evidence that high
expression Gal-3 is a potential therapeutic target by novel
inhibitors.

MATERIALS AND METHODS

Patient population. GAC specimens from the North American
(University of Texas M. D. Anderson Cancer Center in Houston
[UTMDACC], Texas, USA) and Japanese patients (St. Lukes
Hospital in Tokyo, Japan) were obtained under an agreement
approved by Ethics Committees of both institutions. UTMDACC
Investigation Review Board has approved this analysis. Clinical
parameters of all patients were collected in a database and personal
information was de-identified.

Cells and reagents. The human GC cell lines Snul and GT5 were
obtained from Ju-Seog Lee, UTMDACC and were previously

described (Soldes et al, 1999; Raju et al, 2006; Wang et al, 2012).
All cell lines are genetically confirmed in the cell line core facility
every 6 months (UTMDACC policy). Cells were cultured in
DMEM supplemented with 10% foetal bovine serum (FBS) and
antibiotics (100 pg ml 4 streptomycin and 100IU ml Y of
penicillin). Anti-Gal-3 antibody was obtained as described
previously (Song et al, 2005, 2009, 2012). Anti-RalA monoclonal
antibody, anti-phospho-S6, and anti-YAP1 antibodies were from
Cell Signaling Technology, Inc. (Beverly, MA, USA). Anti-c-MYC
antibody was from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA).

Protein isolation and immunoblotting analysis. Protein isola-
tion and western blot analyses were performed as previously
described (Song et al, 2009).

Generation of stable Gal-3 overexpressing GC cell lines. To
produce lentivirus for Gal-3 overexpression, pPLVTHM-Gal-3 and
control vector were co-transfected with the packaging plasmid
(MD2G) and envelope plasmid (PAX2) required for viral
production into 293FT cells by using lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA). A medium containing lentivirus
with Gal-3 overexpression (named Gal-3) and control vector
(named V) were used to transduce Snul and GT-5 GC cell lines
with none or low Gal-3 expression. Cell sorting was conducted in a
fluorescence-activated cell sorting ARIA flow cytometer (BD
Biosciences, San Jose, CA, USA). Gal-3 expression of stable cell
lines was further confirmed by Western blotting.

Cell proliferation assay. Cell viability was measured using the
CellTiter Aqueous One Solution Cell Proliferation Assay kit as
previously described (Song et al, 2009).

Co-immunoprecipitation. Co-immunoprecipitation in control
and Gal-3 overexpressed cells from both Snul and GT-5 cells
were performed using RalBP1 antibody pulldown and immono-
blotting with YAP1 antibody as described (Song et al, 2009).

RalA activity assay. Equal amounts of cell lysate protein from
control cells or Gal-3 stably expressed cells from Snul and GT-5
were incubated for 45 min at 4 °C, with agarose beads coated with
RalBP1 agarose for total Ral A activity (Upstate Biotechnology,
Inc., Lake Placid, NY, USA). Beads were then washed and bound
protein was eluted with 2 x Laemmli sample buffer that had been
preheated to 95°C and analysed by immunoblotting for RalA
activity using anti-RalA monoclonal antibody.

Matrigel invasion and migration assays. The invasive capability
of cells was determined by using Matrigel-coated invasion
chambers with 0.8 um pore size (BD Biosciences). A single-cell
suspension containing 1 x 10° cells was added to the inner
chamber. After 16 h of incubation at 37 °C in 5% CO,, cells on
the upper surface of the inner chamber were removed with cotton
swabs. Invaded cells that adhered on the lower surface of the
membrane were fixed, stained with Diff-Quik (Dade Behring), and
counted.

Transient transfection and luciferase reporter assays. The 5 X -
UAS-luciferase reporter and Gal4-TEAD4 constructs (reflected
YAP1/Tead transcriptional activity), described previously (Zhao
et al, 2009), were obtained from Dr. Johnson of MD Anderson. The
c-MYC luciferase reporter described previously (He et al, 1998;
Song et al, 2013) was obtained from Addgene (Cambridge, MA,
USA). Transient co-transfection GC cells (V vs Gal-3) with 5 x -
UAS-luciferase reporter and Gal4-TEAD4 or ¢-MYC luciferase
reporter plasmid with or without YAP1 cDNA as well as a Renilla
vector (pCH110) were performed as described previously (Song
et al, 2013). Luciferase reporter activity was measured after 48 h of
transfection. For all experiments, values shown represent the mean
and SD of at least triplicate assays (*P<0.05; **P<0.01).
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Real-time PCR. To quantify the changes in Gal-3, c-MYC, YAPI,
CTGF mRNA levels, real-time RT-PCR was performed on the ABI
Prism 7900 (Applied Biosystems, Foster City, CA, USA) using
primers as followings: of genes for Gal-3 (Mm00802901_m1), and
the cyclophilin A (4326316E; Applied Biosystems) as described
previously (Song et al, 2009). The 7900-Sequence Detection System
2.2 software (Applied Biosystems) automatically determined the
fold-change for Gal-3 in each sample by using the 66Ct method
with 95% confidence.

Reverse-phase protein arrays and gene set enriched analysis.
Reverse-phase protein arrays (RPPA) analysis was performed in
cell lysate from GAC cell lines (Snul and GT-5) with Gal-3
overexpression (named Gal-3) and control vector (named V) in
RPPA core UTMDACC facility. Samples were serially diluted two-
fold for five dilutions and probed with 275 antibodies and arrayed
on nitrocellulose-coated slides. Relative protein levels were
normalised for protein loading and determined by interpolation
of each dilution curve from the standard curve as previously
described. Gene set enriched analysis (GSEA) was conducted by a
specialised bioinformatician (BL) as previously described (Wang
et al, 2012).

Immunohistochemistry. Immunohistochemical staining for Gal-
3 was performed on microarray tissue slides consisting of
specimens from 212 GAC patients who had surgery at UTMDACC
or at St. Lukes Hospital in Japan. After antigen retrieval and
endogenous peroxidase blockage, the sections were incubated with
antibodies against Gal-3 (1:100 dilution) at 4 °C overnight, then
incubated with secondary antibody at room temperature for
60 min. Standard avidin-biotin immunohistochemical analyses
were performed according to the manufacturer’s recommendations
(Vector Laboratories, Burlingame, CA, USA). The staining results
were evaluated by pathologist (CQ) based on the percentage of
staining in tumour cells (0, no staining; 1, >10%; 2, 10%-50% and
3, >50%) and the staining intensity (0—negative, 1—weak, 2—
moderate and 3—strong). GACs were categorised into Gal-3-low
(combined scores <3.5) and Gal-3-high (combined score f§>3.5).

Statistical analysis. Two biostatisticians (AC and LX) indepen-
dently analysed the results of Gal-3 immunohistochemistry with
regards to their clinical relevance. The Fisher’s exact test and
Wilcoxon rank sum test/Kruskal-Wallis test were used to evaluate
the association of Gal-3 with categorical and continuous covariates,
respectively. The Kaplan-Meier method was used to estimate
probability of survival. The log rank test and Cox model were used
to determine the association between markers and survival
outcomes. Other assays are presented in graphs as mean *s.d.
and represent the results of at least three experiments. Significance
of differences between the groups was judged using a two-tailed
Student f-test. Results were considered statistically significant if the
P value was <0.05.

RESULTS

Gal-3 is highly upregulated in human GACs. Previously, we
reported that Gal-3 promotes cell growth and invasion in colon
and pancreas by promoting Wnt/f-catenin (Song et al, 2009) and
activation of Ras (Song et al, 2012). To explore its role in GAC, we
first examine Gal-3 expression level in patient samples and cell
lines. Patient characteristics for the entire TMA cohort are shown
in Supplementary Table 1. There was predominance of men,
poorly differentiated GAC, and Japanese patients. Gal-3 expression
was high in the majority of GACs (including intestinal and diffused
phenotypes), while there was no or low expression of Gal-3 in
normal gastric tissues (Figure 1A). Fifty one of 62 (82%) poorly
differentiated GACs had high levels (Gal-3-high), while only 18%

well-moderate GACs had Gal-3-high. Gal-3 expression was higher
in diffuse type (63%) than intestinal type (37%; P<0.022).
Interestingly, we found that the expression of Gal-3 is significantly
higher in the North American cohort (72%) than that in the
Japanese cohort (49.7%) (Supplementary Figure 1). Gal-3 expres-
sion was present in most of GAC cell lines (Supplementary
Figure 1A).

Univariate and multivariate survival analyses. We noted that
Gal-3 levels were elevated in poorly differentiated GACs and in
diffuse type of GAC (Supplementary Tablel). In univariate Cox
Regression analysis (Table 1), poorly differentiated GAC
(P=10.007), higher T stage (P= <0.0001), nodes positive tumours
(P=<0.0001), M1 stage (P= <0.0001) and overexpression of
Gal-3 (P=10.026) were associated with higher risk of death in all
patients (Table 1). The Kaplan-Meier survival analysis demon-
strated that OS was significantly shorter for patients with higher
Gal-3 than patients with lower Gal-3 level (P=0.025, Figure 1B).
Disease-free survival also decreased in patients with high Gal-3
expression than that with low Gal-3 expression (P=0.029,
Figure 1C). More intriguingly, when we separately analyse the
OS between US patients and Japanese patients, we found that Gal-3
overexpression was highly associated with higher risk of death in
North American patients (P=0.001; Figure 1D) but not in
Japanese patients (P=0.335; Figure 1E). In the multivariate Cox
regression analysis, Gal-3 (P=0.001) and pN+ (P= <0.001)
were independently associated with shorter OS in North American
patients (Table 2) but not in Japanese patients.

Gal-3 upregulates c-MYC and increases GAC cell proliferation,
invasion and migration. To define whether Gal-3 regulation of
c-MYC facilitates malignant phenotype, we stably transfected Gal-
3 ¢DNA into Snul and GT-5 GAC cells with no or low Gal-3
expression among cell lines (Supplementary Figure 2A) using Gal-
3 ¢DNA lentivirus transduction and selection using GFP FACS
sorting. RPPA was performed on these cells and their Gal-3 stable
clones. Figure 2A shows that many oncogenic transcriptional
factors were increased by Gal-3 stable transfection. c-MYC was the
most induced of all oncogenes (Red arrow), GSEA showed that
c-MYC regulated genes, cytoskeleton related, and mTOR pathway
genes were upregulated (Figure 2B). We noted that transfected
Gal-3 into Snul and GT-5 dramatically increased c-MYC protein
(western blot; Figure 2C) and its mRNA levels by the quantitative-
PCR assay (Figure 2D). By using MTS proliferation assay and
Matrigel invasion assay, we document that transfected Snul and
GT-5 cells had higher capacity for proliferation (Figure 2E),
invasion (Figure 2F), and migration (Figure 2G).

Gal-3 correlated with RalA expression in GACs and increases
RalA activity. It has been reported that Gal-3 is associated with
activated K-Ras in COS cells and in pancreatic cancer cells (Elad-
Sfadia et al, 2004; Song et al, 2012, 2013). We, therefore,
hypothesised that Gal-3 may activate RalA, a major effector,
downstream of Ras to enable proliferation and invasion. RalA can
bind RalBP1 and induce migration, invasion, tumour progression,
metastasis, and gene expression. We manipulated Gal-3 expression
and observed RalA activity. Overexpression of Gal-3 in Snul and
GT-5 cells (Figure 2C) increased RalA GTP activity after RalBP1
pull-down since only activated RalA is able to bind RalBP1
(Figure 3A, top panel). To determine the relationship between Gal-
3 and RalA, we first searched mRNA expression of both Gal-3 and
RalA in TCGA GAC database. As shown in Figure 3B, expression
of Gal-3 is correlated with RalA mRNA expression in 289 GACs.
In another 69 GAC patients shown in Supplementary Figure 2B,
expression of Gal-3 is associated with expression of RalA. We note
that 10% RalA and 11% of RalBP1 alterations are present in TCGA
GAC database (www.cbioportal.org; Supplementary Figure 2C).
GAC patients with alterations of RalA have a shorter OS than those
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Figure 1. Gal-3 is highly up-regulated in human GAC tissues and associated with poor survival in North American GAC patients. (A) Human
gastric tissue microarray slides consisting of 215 Gastric adenocarcinomas and non-neoplastic gastric tissue samples were immunohistochemically
stained using a monoclonal Gal-3 antibody as described in Materials and Methods. Gal-3 expression was increased in both diffused and intestinal
GAC tissues compared to normal stomach. Representative images show IHC staining for Gal-3 in tissues of normal, intestinal and diffused type
GAC tissues. (B) Cumulative Survival Probability was analysed in All GAC patients by specialised statisticians (A.C) using Kaplan-Meier methods;
Gal-3 expression high (> 3.5) or low (< 3.5) as a cut off as indicated in meterials and Methods (P=0.025). (C) Cumulative Relapse-Free Survival was
analysed using Kaplan-Meier methods in All GAC patients; Gal-3 expression high (>3.5) or low (<3.5) as a cut off as indicated in materials and
Methods. High Gal-3 expression is associated with shorter survival (P=0.029). (D) Cumulative Survival Probability was analysed in American GAC
patients by specialised statisticians (A.C) using Kaplan-Meier methods (P=0.001). (E) Cumulative Survival Probability was analysed in Japanese
GAC patients by specialised statisticians (A.C) using Kaplan-Meier methods (P=0.335).
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Table 1. Univariate Cox regression analysis of overall survival

for all GAC patients

Table 2. Multivariate Cox regression analysis of overall
survival for American patients

without alterations (Supplementary Figure 2D) indicating its high
relevance in GAC.

Gal-3 enhances YAP1 binding to RalA/RalBP1 complex and
increases YAP1/TEAD and c¢-MYC transcriptional activity.
Activated Ral A (GTP-bound state) activates downstream effectors
including RalBP1, Filamin, and others to induce proliferation,
invasion, and metastasis. Using pull-down assay with RalBP1
antibody only in Gal-3 stably overexpressed Snul and GT-5 cells,
we, serendipitously, found that YAP1 binds to the RalBP1 and Ral
A complex concomitantly with increased RalA activity (Figure 3A).
In addition, YAP1 mRNA and its target CTGF were increased by
stably Gal-3 expression in GAC cells (Figure 3C). Gal-3 also
increased YAP1/TEAD, c-MYC and CTGF transcriptional activity
demonstrated by transient transfection of their promoter luciferase,
respectively (Figure 3D). Interestingly, Gal-3 significantly enhances
YAP1/TEAD transcriptional activity (Figure 3E) and c-MYC
transcriptional activity (Figure 3F). This would indicate that Gal-
3 and YAPI1 collaborate to increase YAP1’s transcriptional activity
and its target genes (CTGF and c-MYC).

BET and YAP1 inhibitors blocked GAC cell proliferation,
invasion and migration induced by Gal-3. JQl, a ¢-MYC
transcription inhibitor through inhibition of BRD4, was recently
shown to inhibit YAP1 (Zhang et al, 2017) and a novel YAP1
inhibitor CA3, identified through a chemical library screen, can
reduce interaction between YAP1 and RalA/RalBP1. As shown in
Supplementary Figure 3 stable Gal-3 expression in both Snul and
GT-5 cells dramatically increased YAP1 binds to RalBP/RalA using

95% Cl for HR | Overall survival ‘
Covariate Frequency | P-value HR Lower | Upper Characteristic ‘ No. ‘ HR ‘ 95% ClI ‘ P-value®
Age, years Age
i 184 574 1. 987 1.024
Continuous i 03 005 | 098 0 Gender 55 1051 | 1.030-1.133 0.007
Gender Female 24
Females (Reference) 69 1.000 Male 31 0.746 0.266-2.094 0.577
Males 115 0.140 0708 | 0.447 1120
pT Stage
Race 0.708
Caucasian (Reference) 25 1.000 T 8 1 0.224
Hispanic 30 0.713 0865 | 0400 | 1871 T2 26 1.856 | 0.297-11.596 0.508
Japanese 129 0.421 0771 | 0409 | 1453 T3 16 0.664 0.097-4.556 0.677
T4 5 3.693 0.325-1.981 0.292
Intestinal or Diffuse
Intestinal (Reference) 90 1.000 pN Stage
Diffuse 94 0.403 1216 | 0769 1.924 NO (reference) 15 1
Histologic Grade N1 22 8.912 1.644-48.309 0.011
Well-Moderate 61 1.000 N2 12 25.629 3.853-120.468 0.001
Poorly 123 0.007 2.197 1.246 3.872 N3 3 283.533 | 13.988-4965.867 0.000
Location Gal-3 expression
AEG3 (Reference) 32 1.000 0<3.5 (reference) 26 1
Gastric 152 0.909 0960 | 0476 1.936 1535 29 4886 1.898-12577 0.001
T 0.000 Abbreviations: Cl = confidence interval; HR = hazard ratio.
T1 (Reference) 27 1.000 2P calculated by using Log-rank test.
2 88 0.041 3.479 1.055 | 11.471
3 58 0.000 9.144 | 2811 | 29.745
T4 11 0.000 14692 | 3871 | 55761 ] ] )
N 5000 RalBP1 pulldown assay, while JQ1 or CA3 partially reduced this
NO (Reference) o1 ) 1000 binding in both Snul and GT5 Fells. We assessed if JQ1 and CA3
N1 72 0.007 259 | 1304 5.167 reduced aggressive phenotype induced by Gal-3. As shown in
N2 26 0.000 5350 | 2522 | 11.352 Figure 4A, both JQ1 and CA3 preferentially reduced Gal-3 stably
N3 25 0.000 5583 | 2522 | 12362 overexpressed Snul and GT-5 proliferation in a dose-dependent
M manner. Importantly, CA3 in combination with JQI significantly
m? (Reference) 13531 0000 1-8?? sz | esos inhibited Snul and GT-5 proliferation, particularly in cells
: : : : overexpressing Gal-3 (Figure 4B). In addition, Gal-3-induced cell
Gz"gOExz'?;O: : 2 o0 invasion in both Snul and GT-5 cells (Figure 4C), was blocked by
. <3. ererence . . ) . . .
10055 0 0,02 P 5662 YAPI }nhlb;t.or Clﬁ)or BET inhibitor JQ1 (Figure 4C) as well as
Abbreviations: Cl= confidence interval; HR = hazard ratio. migration ( 1gure )

DISCUSSION

Patients with metastatic GAC and their families are always
devastated to learn the current treatment options and their limited
potential. Only 3 drugs (docetaxel, trastuzumab, and ramucir-
umab) have been approved in the last 35 years to treat such
patients. Molecular understanding of GAC has lagged behind other
common tumour types creating a major impediment in our
understanding of the underpinnings of GAC and how to make
advances. TCGA has provided first genotype-based subgroups but
no immediate therapeutics. Novel targets need to be discovered to
help the patients. In this report, we demonstrated that Gal-3
overexpression is particularly associated with diffuse type GAC
histology in North Americans. Gal-3 expression is significantly
higher in North American patients than in Japanese patients and is
associated with shorter survival. This dramatic difference in Gal-3
expression pattern may be one of the explanations for varied rates
of poor differentiation or diffuse histology as well as OS in patients
in Asia vs North America. Our preclinical data show that Gal-3
upregulates c-MYC overexpression and enables aggressive pheno-
type through increasing RalA activity and enhance RalA/RalBP1
binding to YAP1. YAP1/BET bromodomain inhibitors effectively
counteract the aggressiveness mediated by Gal-3. Thus, targeting
the Gal3/RalA/YAP/c-MYC axis could be a novel therapeutic
strategy for GAC patients, particularly with diffuse type histology.

One of the novel findings is to clarify the significance of the Gal-
3 expression in GACs. There are conflicting results of clinical
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Figure 2. Gal-3 upregulates c-MYC and increases GAC cell proliferation, invasion and migration. (A) Heat map shows the gene expression change
induced by Gal-3 in GT-5 cells. (B) Gene set enriched analysis (GSEA) conducted by a specialised bioinformatist (BL) demonstrated that c-MYC and
many other oncogenic genes are up-regulated by Gal-3. (C) Overexpression Gal-3 in Snu1 and GT-5 cells with no or lower Gal-3 expressed cells by
lentivirus infection of Gal3 cDNA (Gal3) or vector control (V) was confirmed by immunoblots. Strong induction of c-MYC expression was detected
in Gal-3 overexpression GAC cells by immunobloting as described in Materials and Methods. (D) Real-time quantitative PCR for Gal-3 and ¢-MYC
RNA expression using Gal-3 and c-MYC specific primers after total RNA extraction from GAC cells with without Gal-3 stably transfection, **P<0.01.
(E) Effects of Gal-3 on cell proliferation. Proliferation of Snu1 and GT5 cells in which over-expressed by Gal-3 cDNA was determined by using the
CellTiter Aqueous One Solution Cell Proliferation Assay kit as described in Materials and Methods, **P<0.01. (F) Effect of Gal-3 on GAC cell
invasion. Representative fields (top panel) and quantification (low panel) are shown in Snu1 and GT-5 GAC cells (1 x 10°). Snu1 and GT-5 cells with
Gal-3 overexpression (Gal3) and vector transfected control cells (V) were seeded onto Matrigel-coated invasion chambers; 24 h later, invaded cells
that adhered on the lower surface of the membrane were fixed, stained with Diff Quick set, and count as described in Materials and Methods.
Representative fields (top panel) and quantification (low panel) are **P<0.01. (G) Effect of Gal-3 on GAC cell migration. GAC cells (1 x 10% in
which Gal-3 overexpression (Gal-3) and vector transfected control cells (V) were seeded onto six-well plates and migration assay was performed as
described in Materials and Methods. Representative fields of migration of GAC cell with or without Gal-3 over-expression are shown.

relevance in the literature. Several independent reports observed noted that Gal-3 is independently prognostic for shorter OS and
that Gal-3 expression significantly higher in poorly differentiated more common in North American patients with diffuse histology.
GAC and in metastatic lymph nodes (Miyazaki et al, 2002; Dong  This alone may explain some of the published results. This is the
et al, 2008; Kim et al, 2014). While Okada et al, (2006) reported first report to our knowledge showing geographical differences in
that lower expression Gal-3 was associated with poor survival. We  Gal-3 expression and its therapeutic implications. This may also
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Figure 3. Gal-3 Increases RalA activity and Increases YAP1/TEAD and c-MYC transcriptional activity. (A) Active RalA GTP activity was determined
in Snu1 and GT-5 Gal-3 cells and control cells (V). Equal amounts of protein from Snu1 and GT-5 control cells (V) or Gal3 overexpressed cells (Gal-3)
were incubated with agarose beads coated with RalBP1-RBD, and active RalA-GTP and YAP1 was detected in the complex of RalA and RalBP1 as
described in Materials and Methods. YAP1 strongly bind RalA/RalBP1 only in Gal-3 stably transfected GAC cells (Gal3) which is concomitant to
increased RalA activity. (B) Correlation expression of Gal-3 and RalA in GAC patients from TCGA database (http://www.cbioportal.org/). (C) Real-
time quantitative PCR for Gal-3 and YAP1 and CTGF RNA expression in Snu1 GAC cells with (Gal-3) or Vector (V) stably transfection were
performed as described in Materials and methods. (D) YAP1/TEAD, c-MYC and CTGF luciferase promoter activities were determined by co-
transfection of Gal4-Tead and 5XUAS-luciferase; c-MYC and CTGF luciferase promoter plasmids respectively. Luciferase reporter activity was
measured after 48 h of transfection. For all experiments, values shown represent the mean and s.d. of at least triplicate assays (**P<0.01).

(E) YAP1/TEAD transcriptional activity was determined by co-transfection of Gal4-Tead and 5XUAS-luciferase and YAP1 cDNA in Snu1 GAC cells
with or without Gal-3 stably transfection; (F). c-MYC luciferase promoter activity was determined by co-transfection c-MYC luciferase promoter
construct and YAP1 cDNA in Snul GAC cells with or without Gal-3 stably transfection; Luciferase reporter activity was measured after 48 h of
transfection. For all experiments, values shown represent the mean and s.d. of at least triplicate assays (*P<0.05; **P<0.01).
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Figure 4. BET and YAP1 inhibitors blocked GC cell proliferation, invasion and migration induced by Gal-3. (A) Cell growth of Snu1 and GT5 cells
in which over-expressed by Gal-3 cDNA or Vector (V) treated with JQ1 (A) or CA3 (B) as indicated dosage was determined by using the CellTiter
Aqueous One Solution Cell Proliferation Assay kit as described in Materials and Methods, **P<0.01; ***P<0.001. (B) Cell growth of Snu1 and GT5
cells in which over-expressed by Gal-3 cDNA or Vector (V) treated with JQ1 (1, 5 um) or CA3 (0.5 pm) alone or the combination of CA3 with JQ1 as
indicated dosage was determined using MTS. (C). Invasion assay was performed in SnuT and GT5 with Gal-3 stably transfection and treated with
CA3 and JQ1 as described in Materials and Methods; representative fields (top panel) and quantification (low panel) are shown. (D). Migration
assay was performed in Snu1 and GT5 with Gal-3 stably transfection and treated with CA3 and JQ1 as described in Materials and Methods;
Representative fields of migration of GAC cell with or without Gal-3 over-expression are shown.
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reflect the difference of etiology and pathogenesis of GAC in
different regions. In North America, Gal-3 may be activated by bile
reflux (which happens in more obese patients) and play more
oncogenic role than that patients in other regions. Larger and in-
depth study are warranted in the future.

Gal-3 has been linked to aggressive phenotype and drug
resistance in breast, prostate, gastric and pancreatic cancers
through variety of mechanisms (Kim et al, 2010; Song et al,
2012; Wang et al, 2013; Zhang et al, 2014). Our preclinical
experiments provide novel observations that Gal-3 upregulates
¢-MYC, increases RalA activity, and promotes RalA binding to
YAPI. Gal-3 augments the YAP1/RalA/RalBP complex to mediate
its oncogenic function. We found that the BET bromodomain
inhibitor, JQ1, can block c-MYC and YAP1 expression in cell lines.
These results are consistent with a prior report by Zhang H et al
(2017) who reported that JQ1 increased P21 by suppression of
YAP1 and thereby reduced chondrosarcoma cell growth. We
demonstrated that a novel YAP-1 inhibitor (CA3) suppresses
YAP1-mediated transcription, YAP1 expression, and partially
blocks YAP1/RalA interaction while reducing aggressive pheno-
type. In addition, the Gal3/RalA/RalBP/YAP/c-MYC axis is
relevant to human GAC from TCGA database. Together 54% of
GACs have alterations and alterations are associated with shorter
OS. RalA, RalBP, YAP1, and MYC are important oncogenes and
play an important role in mediating cell growth and invasive
phenotype (Song et al, 2014; Hsieh et al, 2015; Moroishi et al, 2015;
Shirakawa and Horiuchi, 2015; Song et al, 2015). Thus, the Gal3/
RalA/YAP1/c-MYC axis is an emerging target.

Collectively, our study reveals that Gal-3 is an independent
prognosticator in North American GAC patients, particularly with
diffused type histology. We demonstrated that Gal-3 upregulates
c-MYC through increasing RalA activity and its binding to YAP1
which contribute to aggressive phenotype; novel YAP1 inhibitor
and BET inhibitor effectively block Gal-3-mediated phenotype.
Therefore, our study provides new insights into the molecular basis
for the oncogenic role of Gal-3 in GAC cells and uncovers the
Gal3/RalA/YAP1/c-MYC axis as a novel therapeutic target.
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