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Abstract

Background Gastric-cancer is a heterogeneous type of neoplastic disease and it lacks appropriate therapeutic
options. There is an urgent need for the development of innovative pharmacological strategies, particularly in con-
sideration of the potential stratified/personalized treatment of this tumor. All-Trans Retinoic-acid (ATRA) is one

of the active metabolites of vitamin-A. This natural compound is the first example of clinically approved cyto-differ-
entiating agent, being used in the treatment of acute promyelocytic leukemia. ATRA may have significant therapeutic
potential also in the context of solid tumors, including gastric-cancer. The present study provides pre-clinical evidence
supporting the use of ATRA in the treatment of gastric-cancer using high-throughput approaches.

Methods We evaluated the anti-proliferative action of ATRA in 27 gastric-cancer cell-lines and tissue-slice cultures
from 13 gastric-cancer patients. We performed RNA-sequencing studies in 13 cell-lines exposed to ATRA. We used
these and the gastric-cancer RNA-sequencing data of the TCGA/CCLE datasets to conduct multiple computational
analyses.

Results Profiling of our large panel of gastric-cancer cell-lines for their quantitative response to the anti-proliferative
effects of ATRA indicate that approximately half of the cell-lines are characterized by sensitivity to the retinoid. The
constitutive transcriptomic profiles of these cell-lines permitted the construction of a model consisting of 42 genes,
whose expression correlates with ATRA-sensitivity. The model predicts that 45% of the TCGA gastric-cancers are
sensitive to ATRA. RNA-sequencing studies performed in retinoid-treated gastric-cancer cell-lines provide insights
into the gene-networks underlying ATRA anti-tumor activity. In addition, our data demonstrate that ATRA exerts
significant immune-modulatory effects, which seem to be largely controlled by IRF1 up-regulation. Finally, we provide
evidence of a feed-back loop between IRF1 and DHRS3, another gene which is up-regulated by ATRA.

Conclusions ATRA is endowed with significant therapeutic potential in the stratified/personalized treatment gastric-
cancer. Our data represent the fundaments for the design of clinical trials focusing on the use of ATRA in the personal-
ized treatment of this heterogeneous tumor. Our gene-expression model will permit the development of a predictive
tool for the selection of ATRA-sensitive gastric-cancer patients. The immune-regulatory responses activated by ATRA

Luca Guarrera, Mami Kurosaki and Silvio-Ken Garattini share the first-
authorship.

*Correspondence:

Enrico Garattini

enrico.garattini@marionegri.it

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-023-02869-w&domain=pdf

Guarrera et al. J Exp Clin Cancer Res (2023) 42:298

Page 2 of 20

suggest that the retinoid and immune-checkpoint inhibitors constitute rational combinations for the management

of gastric-cancer.
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Background
Gastric-cancer is a heterogeneous neoplasia and one of
the leading causes of tumor mortality worldwide [1, 2].
The frequency of stomach tumors is higher in the male
than the female population (2/3 of the cases). The tra-
ditional classification of gastric-cancer defines 3 sub-
groups, “Intestinal’, “Diffuse” and “Mixed” [3]. In addition,
this tumor classifies into different sub-types according to
the clinical-stage, histo-pathological features and muta-
tional/trascriptomic profiles [4—7]. A recently developed
gene-expression fingerprint gathers gastric-cancers into
the Genomic-intestinal (G-INT) and Genomic-diffuse
(G-DIFF) sub-groups [8]. Gastric-cancer lacks significant
treatment options and innovative pharmacological strate-
gies are needed [9], particularly in the context of the strat-
ified/personalized treatment of this neoplastic disease.
All-Trans Retinoic-acid (ATRA) is the active metab-
olite of vitamin-A and it is the first example of clini-
cally approved cyto-differentiating agent, being used
in Acute-Promyelocytic-Leukemia (APL) [10]. ATRA-
based therapeutic strategies induce long-lasting remis-
sions in approximately 80% of the APL cases [11, 12].
This has stirred enthusiasm on the use of ATRA for the
treatment of solid tumors, including gastric-cancer.
Indeed, recent studies indicate that ATRA exerts sig-
nificant anti-tumor effects in breast-cancer [13-16].
Here, we provide pre-clinical evidence on the anti-
tumor effects exerted by ATRA in gastric-cancer,
using multiple cell-lines, short-term tumor-tissue cul-
tures and mouse xenografts. In addition, we gener-
ate a gene-expression model based on 42 genes, which
predicts gastric-cancer responsiveness to ATRA. The
RNA-sequencing (RNA-seq) studies performed in
ATRA-treated cell-lines provide insights into the gene-
networks underlying the action of the retinoid. In par-
ticular, we demonstrate that ATRA up-regulates IRFI
and DHRS3, two genes whose silencing abrogates/
reduces the anti-proliferative action of the retinoid.
Finally, our data indicate that ATRA exerts a significant
immune-modulatory action, resulting in increased anti-
gen-presentation and interferon-dependent responses.

Methods

Chemicals, siRNAs and cell-lines

Chemicals: ATRA (Sigma-Aldrich, https://www.sigma
aldrich.com), AM580 (Tocris, http://www.tocris.com),

BMS961 (Tocris), ER50891 (Tocris), CD2314 (Tocris),
MM11253 (Tocris), ER50891 (Tocris) and CD2665 (Toc-
ris). Stealth Interfering-RNAs (RNAi, Invitrogen-Thermo
Fisher Scientific, Carlsbad, CA, USA): si-IRFla=RNAi
(HSS105500) and si-IRF1b=RNAi (HSS179960). RNAi
Negative Control duplexes (high GC, cat. No. 12935-
400) served as negative controls (si-CTRL). The char-
acteristics/origin of the gastric-cancer cell-lines used is
available in Table S1.

Silencing and over-expression studies

To silence IRFI in a transient manner, HGC-27 or LMSU
cells were transfected with the si-IRFla, si-IRF1b and si-
CTRL stealth RNAi oligonucleotides (60 nM), in Opti-
Mem containing Lipofectamine-2000 (Invitrogen). To
obtain the shRNA plasmid-constructs used for IRFI (sh-
IRFla/sh-IRF1b) and DHRS3 (sh-DHRS3a/sh-DHRS3b)
silencing and the non-targeted control-shRNA plasmid-
constructs  (sh-CTRL1/sh-CTRL-2), double-stranded
DNA-oligonucleotides were designed by Biosettia Inc.
(San Diego, CA) and synthesized by Metabion (Metabion
international AG/metabion GmbH 2018). The shRNA-
coding double-stranded DNAs were inserted into the
pGreenPuro-plasmid (System Biosciences Inc, Palo Alto,
CA), using the EcoRI/BamHI sites located downstream
of the H1 gene promoter (double-stranded oligonucleo-
tides structures: Table S2). The constructs were trans-
fected in 293TN cells to generate lentiviral particles,
which were concentrated with PEG-IT (System-Bio-
sciences, Palo Alto, CA) and used to infect HGC-27 cells.
Infected HGC-27 cells were selected in 5 pug/ml puro-
mycin (Sigma-Aldrich). IRFI over-expression studies in
retinoid-resistant AGS cells: AGS cells were transiently
transfected with a plasmid construct allowing the expres-
sion of the full-length IRF1 ¢cDNA (RC203500; Origene)
using a standard approach, as detailed in the legend to
Fig. S8.

Western-blots, FACS analyses and cell-growth studies

Cell-lysates in RIPA buffer containing PMSF(1.0
mM)/1xprotease-inhibitor were separated by SDS-
PAGE, transferred to nitro-cellulose (Protran, Amer-
sham) and incubated with primary-antibodies (1:1000)
at 4 °C overnight. After staining with HRP-conju-
gated secondary-antibodies (1:10000 for anti-rabbit
and 1:3000 for anti-mouse antibodies), signals were
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developed using the ECL-Star kit (Euroclone) and the
BioRad-Chemidoc-TM imaging-system (Image LabTM
touch software, BioRad). 52-actin served as the load-
ing control. Western-blot experiments were conducted
with anti-IRF1 (8478, Cell Signaling Technology; E-AB-
12,522, Elabscience), anti-DHRS3 (FNab02372, Fine-
Test, Wuhan, China) anti-32-actin (SC-47,778, Santa
Cruz) and anti-tubulin (T5168, Sigma-Aldrich) anti-
bodies. In FACS (Fluorescence-Activated-Cell-Sorter)
studies, samples were stained with Viakrome808 (Beck-
man Coulter, Miami, FL, USA) to exclude dead cells
and then HLA-A/B/C monoclonal Ab (Biolegend,
cat. 311,410) according to manufacturer’s instruc-
tion. Events were acquired with Cytoflex LX (Beckman
Coulter, Miami, FL, USA). Flow cytometry data were
analyzed using FlowJo " v10.8 Software (BD Life Sci-
ences). Cell growth studies were performed with the
colorimetric MTS-assay kit (Abcam, ab197010), the
Sulforhodamine assay [16] or an automatic counting of
viable cells with the use of the Vi-cell Blu cell viability
analyzer (Beckman-Coulter).

Short-term tissue-slice cultures

The gastric-cancer samples used for the short-term tis-
sue-slice cultures were obtained from patients under-
going a Tru-cut diagnostic procedure and they were
supplied by  Academic-Hospital-of-Udine-ASUFC,
Udine, and Fondazione-IRCCS-Istituto-Nazionale-Dei-
Tumori, Milano. All the procedures were approved by
the ethical committees of the two clinical centers and a
signed informed consent for the donation of the sam-
ples was obtained from patients. We performed tissue-
slice cultures of the tumor samples (Supplementary
Methods), as described [16]. For the quantitative his-
tochemical determination of the Ki67 protein, tumor
slices were fixed, paraffin embedded, cut into 5 pm
slices and stained for the Ki67 protein using a specific
antibody (Abcam, Ab16667). The number of Ki67-pos-
itive cells was counted under the microscope using the
generated slides. We examined 5 fields/slide, each con-
taining at least 1,000 cells/field.

Studies involving experimental animals

Female athymic Nude mice (Charles River, Italy) were
transplanted sub-cutaneously with the LMSU and NCI-
N87 cell-lines. All the experiments involving mice (pro-
ject: 685/2020-PR) were performed following approval of
the internal Ethical Committee on Animal Experimenta-
tion of the Istituto-di-Ricerche-Farmacologiche-Mario-
Negri-IRRCS. Project 685/2020-PR was approved by the
Italian-Ministry-of-Health and it was conducted in com-
pliance with the Italian legislation.

Page 3 of 20

Calculation of the experimentally determined ATRA-score
Cell lines were exposed to increasing concentrations of
ATRA (0.001-10.0 uM) for 3/6/9 days and cell-prolifer-
ation was determined with the colorimetric MTS-assay
kit (Abcam, ab197010). To measure the sensitivity of
each cell-line to ATRA anti-proliferative action, we cal-
culated an experimental ATRA-score based on the Area-
Under-the-Curve (AUC) determined for each cell-line
exposed to ATRA for 6 days (Fig. S1). The calculated
AUC values were re-scaled between the “1.00” and “0.00”
reference-values.

RNA-sequencing

RNA-Seq was performed with an Illumina NextSeq500
instrument using paired-end, 121-base-pair-long reads.
The quality of the sequencing reads was evaluated with
the FastQC (v.0.11.9) protocol. Sequence alignment of
total-RNA (stranded) to the reference human genome
(GRCh38) was performed with STAR (v.2.7.9a) [17],
using a two-pass mode. We quantified gene-expres-
sion with the comprehensive annotations of Gencode
(v38 GTF File). We adjusted and normalized samples
for library size using the cpm method in the R-statis-
tical-environment. Differential analysis was conducted
with the DESeq2 (v1.28.1) pipeline [18]. GSEA (Gene-
Set-Enrichment-Analysis) was performed using the
Limma (v. 3.52.2) package. Gene-set collections were
retrieved from the Molecular-Signature-Database
(MSigDB) [19]. We corrected the p-values for multi-
ple testing using the False-Discovery-Rate (FDR) pro-
cedure, with the significance-threshold set at 0.1. The
raw data are available in the EMBL-EBI Annotare data-
base [20] (https://www.ebi.ac.uk/fg/annotare/) under
the accession numbers: E-MTAB-12,387 (Cell-lines)
and E-MTAB-12,385 (Patients). The processed RNA-
seq data of our gastric-cancer cell-lines are available in
Table S4. We utilized the processed/normalized RNA-
Seq data to perform transcriptomic clustering of the
cell-lines, using the R-programming language. We cal-
culated the pairwise distances between samples using
the Euclidean distance metric. To carry out hierarchical
clustering, we used the above values as inputs for the
hclust function to measure the distance between clus-
ters with the Ward’s minimum variance method [21].

In-silico computation of the ATRA-score fingerprint

To obtain a signature predicting the response to
ATRA treatment in gastric-cancer, we correlated the
basal gene-expression levels and the ATRA-scores of
each cell-line, using the Spearman’s approach. We
retrieved the constitutive transcriptomic data of the
cell-lines used for the correlation analysis from the
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CCLE (Cancer-Cell-Line-Encyclopedia) database. The
correlation analysis resulted in an initial list of genes
(p-value<0.01; rho correlation coefficient>0.4), whose
number was reduced with a connectivity analysis [22]
involving the STRING (Search-Tool-for-the-Retrieval-
of-Interacting-Genes/Proteins) database [23]. Selection
of the genes showing a degree of interconnectedness > 2
resulted in the final gene-expression signature.

ATRA sensitivity predictions in gastric-cancer patients

We predicted the ATRA-score values of the TCGA (The-
Cancer-Genome-Atlas) and our 13 gastric-cancer cases
(ATRA-scores and tumor histological characteristics in
Supplementary Methods), using a Similarity-score algo-
rithm (GSVA: Gene-Set-Variation-Analysis) based on
the gene-expression signature described above and a
Single-Sample-Gene-Set-Enrichment-Analysis (ssGSEA)
approach [24]. The GSVA algorithm [25] permitted
the calculation of a Similarity-score value reflecting
the enrichment of the gene-set under study, using the
GSVA-R-package.

Clustering of the samples into the G-DIFF and G-INT
sub-groups

With the use of the signature template of 171 genes
classifying gastric-cancers into the G-DIFF and G-INT
sub-groups [8] and the NTP (Nearest Template Predic-
tion) classification system [26], we clustered the 375
TCGA samples and our set of patients. We applied the
NTP algorithm to the pre-processed data using the
“NTP” R-package, which calculates the Euclidean dis-
tance between the expression profile of each sample
and the centroid vector of each template, assigning the
sample to the template characterized by the smallest

(See figure on next page.)
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distance. We evaluated the classification accuracy of
the NTP method using a cross-validation approach
(number of permutations=100). With this approach,
we split the data into a training- as well as a test-set
in a random fashion and we assessed the performance
according to the proportion of correctly classified
samples in the test-set.

Results

A significant proportion of gastric-cancers are sensitive

to ATRA

The heterogeneity of gastric-cancer [7, 27] is recapitu-
lated by cell-lines whose constitutive gene-expression
profiles are available in the CCLE (Cancer-Cell-Lines-
Encyclopedia) database. This database contains RNA-
sequencing (RNA-seq) data from 37 gastric-cancer
cell-lines (Fig. 1A). According to their gene-expression
profiles, these cell-lines classify into the G-INT and
G-DIFF subgroups [8].

To define the sensitivity of gastric-cancer cells to
ATRA growth-inhibitory action, we selected 27 cell-
lines and exposed them to increasing concentrations of
the retinoid (0.001-10pM). Subsequently, we evaluated
the anti-proliferative effects of ATRA at day-3, day-6
and day-9, as exemplified in the case of the RERF-GC
and IM95 cells (Fig. 1B). Cell-lines were ranked for their
sensitivity to the retinoid (Fig. 1C) using a modified ver-
sion of the quantitative ATRA-score index [14, 16]. This
new version of the ATRA-score is based on the AUC
s determined for each retinoid-treated cell-line and it
ranges from a minimal “0.00” value to a maximal “1.00”
value. We calculated the ATRA-scores using the growth-
curves at day-6 (Fig. S1). To obtain a bimodal distribu-
tion of the 27 gastric-cancer cell-lines based on their

Fig. 1 ATRA-dependent anti-tumor activity in gastric-cancer cell-lines, tissue-slice cultures of gastric-cancer specimens and LMSU/NCI-N87

mouse xenografts. A Unsupervised-hierarchical-clustering of the indicated gastric-cancer cell-lines based on the gene-expression profiles
determined with the RNA-seq results (TCGA-dataset): cell-lines are classified according to transcriptomic-profile (G-DifF=red; G-INT=blue)

and histochemical-characteristics (colored-boxes). B ATRA growth-inhibitory effects in RERF-GC-1B (G-DIFF, red) and IM95 (G-INT, blue) cell-lines:

the values are normalized for the vehicle-treated controls, which are taken as 100%. Each point is the mean+SD of 10 cultures. When the cell-growth
results observed in ATRA-treated specimens are significantly lower than those of the vehicle-treated counterparts, p-values (two-tailed Student’s
t-test) are shown in red. C Gastric-cancer cell-lines are ranked according to the ATRA-score values: the bimodal and arbitrary threshold-value of 0.55
separates the cell-lines characterized by high ATRA-sensitivity (ATRA-score >0.55) from the cell-lines showing low ATRA-sensitivity (ATRA-score

<0.55). Each calculated value is representative of at least 2 independent experiments. D Surgical specimens of 13 patients (P1-P13) were

challenged with vehicle (DMSO) or ATRA (1.0 uM) for 48 hours: P3-P6-P9=female-patients; P1-P2-P4-P5-P7-P8-P10-P11-P12-P13= male-patients;
G-INT-cases=blue; G-DIFF-cases=red; not-determined=black. Each value = Mean + SE of 5 histological-fields/experimental-sample. The p-values
(two-tailed Student’s t-test) of the comparisons between the ATRA and corresponding vehicle-treated samples are shown. When the Ki67

amounts observed in ATRA-treated specimens are lower than those of the vehicle-treated counterparts, the p-values are marked in red. E Mice
were xenografted subcutaneously with 1x107 LMSU or NCI-N87 cells on both flanks. One week after transplantation, 10 animals/experimental

group were treated with vehicle (DMSO) or ATRA (15.0 mg/kg) intra-peritoneally once/day, 5-days/week, as indicated (arrows). The calculated
volumes of the tumors are plotted. As for LMSU, each point is the Mean + SE of 15 and 19 tumors in the case of DMSO- and ATRA-treated animals,
respectively. As for NCI-N87, each point is the Mean + SE of 19 and 22 tumors. We compared the vehicle and ATRA-treated values at each time-point

and the p-values (two-tailed Student’s t-test) of each comparison are shown
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Fig. 1 (See legend on previous page.)

level of sensitivity to the retinoid, we used an arbitrary
ATRA-score threshold value of 0.55, which falls above
the median number of cell-lines. Indeed, this threshold
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value allows separation of the cell-lines into 2 unbi-
ased groups, consisting of 14 and 13 cell-lines, which
are characterized by high (ATRA-score>0.55) and low
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(ATRA-score<0.55) ATRA-sensitivity (Fig. 1C). The 2
most sensitive (GCIY/HGC-27) and the 2 least sensi-
tive (HuGI-N/OCUMS-1) cell-lines have a G-DIFF and a
G-INT phenotype, respectively. This reflects the trend
observed in our panel of cell-lines, which shows a respec-
tive enrichment of the G-DIFF and G-INT phenotypes in
the high ATRA-sensitivity (9/14) and the low ATRA-sen-
sitivity (8/13) groups.

To validate the results obtained with cell-lines, we
evaluated the anti-proliferative effects exerted by ATRA
in gastric-cancer tissue-slice cultures [16, 28] from 13
patients (Table S4, patients-characteristics). Five and 6 of
these tumors classify as G-INT and G-DIFF, respectively,
according to the constitutive gene-expression profiles
determined by the RNA-seq analyses performed on 11
cases. We challenged tissue-slices with vehicle or ATRA
for 48 h and the growth-inhibitory action of the retinoid
was determined by quantitative immune-histochemical
measurement of the Ki-67 proliferation-marker, as exem-
plified for patient-1 (G-INT) and patient-2 (G-DIFF)
(Fig. S2). The results demonstrate that ATRA causes a
decrease of the Ki-67 levels in 9 cases (G-DIFF=5 cases;
G-INT =3 cases; NotDefined=1 case) (Fig. 1D).

To support the therapeutic potential of ATRA in
gastric-cancer, we performed in-vivo studies with xen-
ografts of a G-DIFF (LMSU/ATRA-score=0.80) and a
G-INT (NCI-N87/ATRA-score=0.37) cell-line. Mice
were administered vehicle (DMSO) or ATRA intra-
peritoneally for 2/3 weeks and the tumor-size was
determined at different time-points (Fig. 1E). As for
LMSU, an ATRA-dependent reduction of the tumor-
mass is already evident following 5 days of treatment
and the decrease is maximal at day-15 (Fig. 1E, upper).
In NCI-N87 xenografts, the maximal effect of ATRA is
of lower magnitude and it is delayed, being observed
only at day-19 (Fig. 1E, lower). In these conditions,
ATRA is devoid of systemic toxicity, as it exerts no sig-
nificant effect on the body-weight of LMSU- and NCI-
N87-transplanted mice (Fig. S3).

Involvement of RARa in the anti-proliferative action

of ATRA

Six retinoid-receptors (RARa/RARB/RARy/RXRa/RXRp/
RXRy) are known and the active forms of these tran-
scription-factors consist of RAR/RXR heterodimers, in
which RAR acts as the ligand-binding component [29,
30]. ATRA is a pan-RAR agonist, binding/trans-activating
RARa/RARS/RARYy with equal affinity/efficiency.

To identify the RAR isoform(s) underlying the anti-
proliferative action of the retinoid, initially, we evaluated
the constitutive expression of RARa, RAR[3, RARy, RXRa,
RXRf and RXRy mRNAs in our gastric-cancer cell-lines
(Fig. 2A). The CCLE RNA-seq data indicate that all the
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cell-lines express similar levels of RARa, RARy, RXRa and
RXRS mRNAs. In contrast, the levels of RARS mRNA
are variable, although the majority of cell-lines expresses
barely detectable amounts of the transcript. No correla-
tion between RARS mRNA levels and ATRA-sensitiv-
ity or G-DIFF/G-INT phenotype is evident. Moreover,
no cell-line expresses detectable amounts of the RXRy
mRNA. Noticeably, the RAR/RXR expression profiles of
the cell-lines recapitulate the situation of primary gastric-
cancers, as indicated by the RNA-seq data of the TCGA
database (Fig. 2B).

Subsequently, we took a pharmacological approach
involving the use of RARa/RARB/RARy agonists. With
this approach, we determined the growth of the HGC-27
(ATRA-score=1.00), IM95 (ATRA-score=0.88), LMSU
(ATRA-score=0.80) and Hs747T (ATRA-score=0.59)
cell-lines, which belong to the high ATRA-sensitivity
group. To this purpose, we exposed the 4 cell-lines to
increasing concentrations of ATRA, AM580 (RAR«a ago-
nist) [31], CD2314 (RARpB agonist) [32] and BMS961
(RARy agonist) [16] for 6 days (Fig. 2C). In all the cell-
lines, AM580 is the sole RAR agonist causing a concen-
tration-dependent growth-inhibitory action of the same
order of magnitude as the one observed with ATRA.
Indeed, CD2314 and BMS961 exert only marginal effects
on the growth of HGC-27, LMSU, IM95 and Hs747T
cells and these effects are observed only with the high-
est concentration(s) of the two compounds. The data
obtained with the RAR agonists support the idea that
RAR« is the primary retinoid receptor involved in the
anti-proliferative action exerted by ATRA in gastric cells.

Finally, we performed experiments aimed at validat-
ing the hypothesized role of RAR« in the growth inhibi-
tory action exerted by ATRA, with the use of a specific
RARa antagonist (ER50891), a RARS/y antagonist
(CD2665) and a selective RARy antagonist (MM11253)
(Fig. 2D). To conduct these studies, we exposed HGC-
27 cells to ATRA, ER50891, CD2665 and MM11253
as well as the combinations of ATRA +ER50891,
ATRA+CD2665 and ATRA+MM11253 for 9 days.
In these experimental conditions, ATRA causes the
expected growth inhibitory effect, while ER50891,
CD2665 and MM11253 are devoid of any anti-prolif-
erative action on HGC-27 cells. Remarkably, the RARa
antagonist, ER50891, is the sole compound suppress-
ing the growth inhibitory action of ATRA. Indeed,
exposure of HGC-27 cells to ATRA+CD2665 and
ATRA + MM11253 results in the same level of growth
inhibition observed with ATRA alone.

In conclusion, the data obtained in HGC-27 cells with
a pharmacological approach based on the use of RAR
agonists and antagonists are consistent with the idea that
activation of RAR« is necessary and sufficient to mediate
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Fig. 2 RAR and RXR mRNAs expression and RAR agonists anti-proliferative effects in gastric-cancer. A The panel shows the constitutive expression
levels of the mRNAs coding for the indicated RAR and RXR isoforms in our panel of 27 gastric-cancer cell-lines. The cell-lines are ranked according

to their decreasing sensitivity to the anti-proliferative effects of ATRA from left to right, as indicated. The expression values of the RAR and

RXR mRNAs in gastric-cancer cell-lines are calculated using the RNA-seq results of the CCLE database. The values are expressed as Log 2 [CPM
(Counts Per Million)]. G-DIFF and G-INT cell-lines are marked in red and blue, respectively. B The box plots indicate the constitutive expression

levels of the mRNAs coding for the indicated RAR and RXR isoforms in gastric-cancer tissues characterized by a G-DIFF (red) or a G-INT (blue)
phenotype. The values are calculated with the RNA-seq results of the TCGA database. The results are expressed as the Median [CPM] values + SD.
CThe indicated G-DIFF (HGC-27; LMSU; Hs746T) and G-INT (IM95) cell-lines were exposed to vehicle (DMSO; [Retinoid] =0 nM) or the indicated
concentrations of the pan-RAR agonist, ATRA, the RARa agonist, AM580, the RARB agonist, CD2314, and the RARy agonist, BMS961, for 6 days.

At the end of the treatment, the growth of each cell line was evaluated with the MTS assay. Each value is the Mean + SD of 5 independent

cultures and the data are normalized for the growth value of vehicle-treated cells (100%). We compare each compound-treated sample

with the corresponding vehicle-treated counterparts at the different concentrations of the compounds. In case of statistical significance (two-tailed
Student’s t-test), the p-values are shown in red. When the p-values lack statistical significance, they are marked in black. D Three independent
cultures of HGC-27 cells were exposed to vehicle (DMSO) the RARa antagonist, ER50891 (0.1 uM), the RARS /y antagonist, CD2665 (0.1 uM),

or the RARy antagonist, MM11253 (0.1 uM), in the absence and presence of ATRA (0.01 uM) for 9 days. At the end of the treatment, the number
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with the corresponding vehicle, ER50891, CD2665 and MM11253 treated counterparts. In case of statistical significance (two-tailed Student’s t-test),
the p-values shown above the corresponding columns are marked in red
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the anti-proliferative activity of ATRA in sensitive gas-
tric-cancer cells.

Networks of genes whose constitutive expression

is associated with ATRA-sensitivity

As a first step towards the generation of a predictive tool
for the selection of ATRA-sensitive gastric-cancer patients,
we defined the constitutive gene-expression profiles of
our panel of 27 cell-lines, employing the CCLE/RNA-seq
data. The computational approach used identifies a lim-
ited number of transcripts whose basal expression lev-
els correlate directly or inversely with the experimentally
determined ATRA-score values in a quantitative man-
ner (Fig. 3A). Indeed, 26 and 16 protein-coding mRNAs
correlate with ATRA-sensitivity directly (high-Basal-
Expression-Levels/high-ATRA-scores) and inversely (low-
Basal-Expression-Levels/high-ATRA-scores).  According
to an analysis performed with the STRING database [23],
the products of these 42 genes converge into 4 distinct net-
works of interacting proteins (Fig. 3B). The largest network
(28 elements) contains proteins involved in tissue-devel-
opment (PITX2/PAX9/ALX3/MEOX1/SIX6/TLE3) and
the WNT pathway (WNT2/TLE3/EGF/ERBB3). The sec-
ond network (6 elements) encloses proteins playing a role
in myogenesis and collagen-homeostasis (TPMI1/FLNC/
NRAP/COL6A1/LOXL1/TLLI). The third and fourth net-
works consist of factors controlling pre-mRNA-processing
(UPF3A/SRRMI1/FIP1L1/NUP98) and metabolic-/mito-
chondrial-homeostasis (CPS1/BHMT/SIRT3/ING1).

We used the combined expression levels of the 42
transcripts to calculate Similarity-score values from the
RNA-seq of the 375 gastric-cancer cases available in the
TCGA-dataset. These Similarity-scores were utilized to
predict the corresponding ATRA-score values (Fig. 3C).
Indeed, we predict an ATRA-score>0.55 in 165 cases
(high ATRA-sensitivity) and an ATRA-score<0.55 in the
remaining 210 cases (low ATRA-sensitivity). Thus, con-
sistent with the proportion of gastric-cancer cell-lines
experimentally responsive to ATRA (52%; Fig. 1C), 44%
of gastric-cancers are predicted to be characterized by
high ATRA-sensitivity. As expected from the cell-lines
data, the G-INT phenotype is prevailing in patients
characterized by predicted low ATRA-sensitivity (67%;
Fig. 3C).

Effects of ATRA on gene-expression in gastric-cancer
cell-lines

To obtain insights into the gene-networks mediating
the action of ATRA in gastric-cancer, we performed
RNA-seq studies in 13 of our cell-lines (Table S4).
Seven and 6 cell-lines are characterized by high (ATRA-
score>0.55) and low (ATRA-score<0.55) sensitivity to
the retinoid, respectively (Fig. 4A). To perform these
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RNA-seq studies, we exposed each cell-line to vehi-
cle or ATRA (1.0 uM) for 48 h, a time-interval pre-
ceding any sign of growth-inhibition. The number of
transcripts up- and down-regulated by ATRA in each
cell-line (Fig. 4A) shows a direct correlation with the
ATRA-scores, as indicated by the linear-regression
r-values (Fig. 4B). Indeed, the higher is the ATRA-score
determined in each cell-line, the higher is the number
of mRNAs up-/down-regulated by ATRA.

To gather further information regarding the pathways
regulated by ATRA in the responsive cell-lines, we per-
formed GSEA on the RNA-seq data, using the HALL-
MARK platform (Figs. 4C and S4). The ATRA-dependent
anti-proliferative effects are associated with a decrease
in the expression of genes involved in the control of the
G2M checkpoint and genes regulated by the E2F tran-
scription-factor. In the retinoid-sensitive cell-lines, the
growth-inhibitory action of ATRA seems to involve a
specific down-regulation of c-myc target-genes (Figs. 4C
and S4). In the majority of the cell-lines, regardless of
their sensitivity to the retinoid, ATRA increases the
expression of genes controlled by interferon-a (IFN«) and
interferon-y (IFNy) (Figs. 4C and S4). These data indi-
cate that the retinoid activates a series of JFN-dependent
immune-responses, which may be necessary but insuf-
ficient for the anti-proliferative effects of ATRA in gas-
tric-cancer cells. As for the potential metabolic pathways
involved in the growth-inhibitory action of ATRA, the
KEGG-Metabolism platform indicates that ATRA tends
to up-regulate genes controlling glycerophospholids and
retinol metabolism in all cell-lines (Fig. S5).

ATRA-dependent up-regulation of the genes involved in
IFN-dependent immune-responses is accompanied by an
increase in the HALLMARK “Allograft-Rejection” gene-
set (Figs. 4C and S4). This HALLMARK network contains
genes involved in antigen-presentation and T-cell depend-
ent suppression of tumor-growth/metastatic-spread, which
suggests that ATRA increases the immunogenicity of
gastric-cancer cells. Thus, we took into consideration the
REACTOME “Folding-Assembly-and-Peptide-Loading-of-
Class-I-MHC” gene-set, which consists of 24 genes play-
ing key roles in antigen-presentation. ATRA up-regulates
this gene-network in the majority of our gastric-cancer
cell-lines, regardless of retinoid-sensitivity and G-DIFF/G-
INT phenotype (Fig. 5A). In particular, ATRA stimulates
the expression of the HLA-A/B/C and the B2M genes
whose products are components of the Major-Histocom-
patibility-Complex (MHC). To evaluate whether these
ATRA-dependent transcriptomic effects translate into
an increase of the HLA-A/B/C surface-antigens, we per-
formed FACS (Fluorescence-Activated-Cell-Sorter) analyses
in the gastric-cancer HGC-27, LMSU, KATO-III, AGS and
the breast-cancer SKBR3 (positive control) cell-lines, using
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Fig. 3 Transcriptomic model based on genes whose basal expression is associated with gastric-cancer cell-lines ATRA-scores. A The panel

shows a heat-map illustrating the levels of the 42 genes whose constitutive expression is quantitatively associated with the ATRA-score values

of the gastric-cancer cell-lines profiled for their sensitivity to ATRA. The mRNAs directly (high-Basal-Expression-Levels/high-ATRA-scores)

and inversely (low-Basal-Expression-Levels/high-ATRA-scores) correlated with ATRA-sensitivity are marked in red and blue respectively. The
expression values of the 42 mRNAs in gastric-cancer cell-lines are calculated with the use of the RNA-seq results available in the CCLE (Cancer

Cell Line Encyclopedia) database. The values are expressed as Log 2 [CPM (Counts Per Million)]. The G-DIFF and G-INT cell-lines are marked

in red and light-blue, respectively. B The panel illustrates the results of a STRING (Search-Tool-for-the-Retrieval-of-Interacting-Genes/Proteins)

analysis performed on the 42 gene-products directly or inversely associated with ATRA-sensitivity. The genes directly and inversely associated

with ATRA-sensitivity are marked by red and blue dots, respectively. C The panel shows the level of ATRA-sensitivity predicted in the 375
gastric-cancer samples of the TCGA dataset for which RNA-seq results are available. The predictions rest on the 42-gene model shown in panels (A)
and (B) and they were generated with the use of a quantitative Similarity-score applied to the RNA-seq data. The ATRA-score threshold value of 0.55
is used to separate the cases predicted to be characterized by high ATRA-sensitivity (= 0.55) and low ATRA-sensitivity (< 0.55). The G-DIFF and G-INT
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Fig. 4 Effects of ATRA on the gene-expression profiles of gastric cancer cells: RNA-seq pathway analysis. Exponentially growing triplicate cultures
of the indicated cell lines were exposed to ATRA (1.0 uM) for 48 hours. At the end of the treatment cells were subjected to RNA-seq analysis
(processed data in Table S4). A The panel shows the ATRA-sensitivity scores (ATRA-scores) of the 13 gastric cell-lines considered along with the
number of genes significantly (FDR<0.1) up-regulated (UP) and down-regulated (DOWN) by ATRA (1.0uM) following 48 hours of exposure. B The
diagram illustrates the correlations between the ATRA-score values and the number of genes up-regulated by the retinoid in our experimental
conditions. The r-correlation values are indicated. C The RNA-seq data were subjected to pathway analysis using the HALLMARK data set. The Figure
illustrates a Dot-Plot of the most significant HALLMARK pathways which are up-regulated (red dots) and down-regulated (blue dots) by ATRA

in the indicated cell-lines. The size of the dots is inversely proportional to the FDR (False-Discovery-Rate) values calculated. When the FDR values are
<0.1, they are considered to be statistically significant. The dots shown in dark color are statistically significant, while those shown in light color lack
significance. Only the most relevant up- (red) or downregulated (blue) pathways are illustrated. The full results of the analysis are available in Fig. S4

an anti-HLA-A/B/C antibody (Fig. 5B and C). Consistent
with the general up-regulation of the REACTOME gene-
network, HGC-27, LMSU and KATO-III cells show an
ATRA-dependent increase in HLA-A/B/C surface-expres-
sion. Significantly, ATRA does not alter HLA-A/B/C sur-
face-expression in AGS, the only cell-line showing a slight
down-regulation of the REACTOME gene-network.

Genes commonly modulated by ATRA in both G-INT

and G-DIFF cell-lines

To identify genes potentially involved in the anti-tumor
action of ATRA in G-INT tumors, we performed RNA-
seq studies with 8 G-INT cell-lines exposed to ATRA

for 48 h. In a first set of experiments, we focused on
the G-INT cell-lines, GSU, KATO-III and IM95 (ATRA-
score>0.55) characterized by high ATRA-sensitivity. In
these cell-lines, ATRA modulates the expression of a few
thousands transcripts (Fig. S6, left). However, only 143
and 154 common mRNAs are up-regulated and down-
regulated by ATRA, respectively, in all these cell-lines
(Fig. 6A).

As for the commonly up-regulated mRNAs, a STRING
analysis of the data demonstrates that some of the cor-
responding translated products are part of 12 sepa-
rate interactomes (Fig. 6A, lower-left). The largest
interactome (37 elements) contains proteins involved in
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Fig. 5 Effects of ATRA on the process of antigen-presentation in gastric-cancer cell-lines. The indicated cell-lines were exposed to vehicle

(DMSOQ) or ATRA (1uM) for 48 hours. At the end of the treatment, each cell-line was subjected to RNA-seq analysis. A The panel shows a heat-map
illustrating the effects of ATRA on the expression levels of the 24 genes constituting the “Folding-Assembly-and-Peptide-Loading-of-Class-I-MHC"
REACTOME gene-network in the indicated gastric-cancer cell-lines. The results are expressed as the ATRA-vehicle ratio [Log,FC (Fold-Change)].

The G-INT cell-lines are marked in blue and the G-DIFF cell-lines are marked in red. The cell-lines ATRA-score values are shown below the heat-map,
as indicated. B and C The indicated gastric-cancer and the control SKBR3 breast cancer cell-lines were exposed to vehicle (DMSO) or ATRA (1uM)
for 48 hours. At the end of the treatment, the cell-lines were subjected to FACS (Fluorescence-Activated-Cell-Sorter) analysis with an anti-HLA/B/C
antibody. Panel B shows representativeFACS graphs obtained with the indicated gastric-cancer cell-lines. Panel C shows the calculated FACS
quantitative data. The data are expressed as the Mean+SD (N=3) of the AUC (Area Under the Curve) values determined from the FACS graphs. The
surface expression of HLA/B/C was compared in each of the indicated vehicle-treated and ATRA-treated cell-lines. In case of significance (two-tailed

Student’s t-test), the p-values of the comparisons are shown

lipid-metabolism (HADHB/HADH/ECHI1/ECI2/ALDH
1A3/ADHIC/DHRS3/CYP26B1/CYP2B6/UGT1A8/SR
D5A3/GALC/BGALTS), with particular reference to the
retinol metabolic pathway (ALDHIA3/ADHIC/DHRS
3/CYP26BI1/CYP2B6/UGTIAS8). This is consistent with
the GSEA results obtained with the KEGG-Metabolism

platform (Fig. S5). The second-largest interactome (8
elements) is centered on IRF1 (Interferon-Responsive-
Factor-1) and it contains proteins involved in inflam-
mation and antigen-presentation (IRF1/SOCS1/SAMD
9/TLR1/PSMBIO/CTSS). In this case too, up-regulation
of the network is in line with the GSEA results (Fig. S4).
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Fig. 6 Gene-networks modulated by ATRA in retinoid-sensitive G-INT and G-DIFF gastric-cancer cell-lines.

The G-INT/ATRA-sensitiveGSU/KATO-III/IM95 and the G-DIFF/ATRA-sensitive HGC-27/GCIY/RERF-GC-1B/LMSU cell-lines were exposed to vehicle
(DMSO) or ATRA (1uM) for 48 hours and subjected to RNA-seq analysis. A Upper: heat-maps illustrating the effects of ATRA on the expression

of the 297 genes commonly up-regulated (143 genes; UP) and down-regulated (154 genes; DOWN) in the 3 G-INT cell-lines (FDR < 0.1). The

results (Mean of 3 independent vehicle-treated and ATRA-treated cultures) are expressed as the ATRA-vehicle ratio [Log, FC (Fold Change)].
Up-regulated/genes=red; Down-regulated/genes=blue; Non-protein-coding/genes=black. Lower: STRING (Search-Tool-for-the-Retrieval-of-Intera
cting-Genes/Proteins) analysis of the 143 up-regulated gene-products (left diagram; red dots) and the 154 down-regulated gene-products (right
diagram; blue dots). The proteins in black squares are encoded by genes up-regulated and down-regulated in the retinoid-resistant G-DIFF cell-lines,
AGS, NCI-N87, HuG1-N, MKN45, OCUM-1. B Upper: 2 heat-maps illustrating the effects of ATRA on the expression levels of the 43 genes commonly
(FDR < 0.1) up-regulated (33 genes; UP) and down-regulated (10 genes; DOWN) in the in the 4 G-DIFF gastric-cancer cell-lines. The results are
expressed as the ATRA-vehicle ratio [Log, FC (Fold Change)] and they represent the mean of 3 independent vehicle-treated and ATRA-treated
cultures. Lower: STRING-analysis of the 33 up-regulated gene-products (red-dots) and the 10 down-regulated gene products (blue-dots). The
proteins in black squares are encoded by genes up-regulated in the retinoid-resistant G-DIFF cell-line, GSS. C Upper: heat-map illustrating the effects
of ATRA on the expression of the genes commonly up-regulated (6 genes; UP) and down-regulated (1 gene; DOWN) in ATRA-sensitive G-INT/G-DIFF
cell-lines (FDR < 0.1). The results (mean of 3 vehicle-treated and ATRA-treated cultures) are expressed as the ATRA-vehicle ratio [Log, FC (Fold
Change)]. Lower: STRING-analysis of the 6 up-regulated gene products (upper diagram; red dots) and the single down-regulated gene product
(lower diagram; blue dots) which are common to the 7 ATRA-sensitive G-DIFF and G-INT cell-lines shown in panels A and B. The type of protein

interactions available in the literature are shown in the rectangular boxes

The third-largest interactome (7 elements) contains pro-
teins controlling ion-channels (KCNE3/KCNN4) and
epithelial-polarization (CYTH3). The fourth-largest net-
work includes the tumor-suppressor VWASA [33] and 5
other proteins (SAMDI12/PLPP1/AGPAT3/CDS2/CPD)

regulating membrane phospholipids. Finally, one of the
commonly up-regulated genes is DMBT1, a tumor-sup-
pressive demethylase [34], which interacts with PGR.

As for the commonly down-regulated genes, the cor-
responding products aggregate into 14 interactomes
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(Fig. 6A, lower-right). The largest interactome (28 ele-
ments) contains factors involved in lipid metabolism
(MOGAT3/DGAT2/PCKI/NRIH3/SCARBI1/PCSK9/P
ON2/CES2/CYP2CI19/CYP4F12/CYP2C18/CYP2W1/S
LC16A1). Interestingly, other proteins controlling lipid
metabolism (SPTLC3/DEGS2/UGT8/GAL3STI) cluster
inside a smaller network. This supports the idea that the
anti-proliferative effects of ATRA in the G-INT neoplas-
tic cells are associated with lipid-homeostasis modula-
tion. The second-largest interactome of down-regulated
gene-products (CDHI17/ITGA6/COL17A1/DSG3/TRIM
29/SERPINB5/PLOD3/LAD1/P3H2/TMEM154/5100A
14/S100A16/S100A4) contains proteins involved in cell-
adhesion and motility. Down-regulation of this last group
of gene-products may relate to a potential increase in the
process of epithelial-polarization mentioned in the case
of the up-regulated CYTHS3 gene.

To evaluate possible associations with ATRA-sensitiv-
ity, we conducted similar studies in 5 G-INT cell-lines
(MKN45, AGS, NCI-N87, HuGI-N and OCUM-1I) char-
acterized by low ATRA-sensitivity (ATRA-score<0.55).
The 5 cell-lines respond to ATRA with the up-/down-
regulation of several hundred genes (Fig. 7A). Never-
theless, the number of commonly up-/down-regulated
genes is limited to 24 and 3, respectively (Fig. 7A and B).
Interestingly, 8 genes (BGALTS/SRI/EPB41L1/TINAGLI
/LARGE1/SQSTM1/STK39/DHRS3), are up-regulated in
both G-INT cells showing low and high ATRA-sensitivity
(Figs. 6A and 7B, black-squares). A similar situation is
observed in the case of the down-regulated ID2 gene.

We extended our analyses to the G-DIFF context,
performing studies in the G-DIFF cell-lines, HGC-27,
RERF-GC-1B, LMSU and GCIY (ATRA-score>0.55),
showing high ATRA-sensitivity, as well as GSS cells,
the only G-DIFF cell-line characterized by low ATRA-
sensitivity (ATRA-score=0.50). In HGC-27 and

(See figure on next page.)
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RERF-GC-1B cells, ATRA modulates the expression of
6,063 and 5,557 genes, respectively, while a lower num-
ber of genes is up- and down-regulated in LMSU (1,886
genes) and GCIY (914 genes) cells (Fig. S6, right).
In these retinoid-sensitive cell-lines, ATRA up- and
down-regulates 33 and 10 common genes, respectively
(Fig. 6B). The STRING analysis performed on the 33 up-
regulated genes demonstrates that the corresponding
proteins cluster into 3 networks. The largest network
(13 elements) centers on IRFI and it contains factors
regulating inflammation (BIRC3/TLR3/USF1/CCL2)
and antigen-presentation (PSMEI/PSMB10/TAPBPL
2/ERAPI/ERAP2/CTSS). The second-largest network
consists of 7 proteins (CYP26B1/DHRS3/NRIP1/RAR
B/GPRC5A/RARRES3/APOL3) controlling retinoid-
metabolism and epithelial-differentiation. As for the 10
down-regulated genes, they do not code for any inter-
acting protein. In retinoid-resistant GSS cells, ATRA
causes a significant up- and down-regulation of 137
and 89 genes, respectively (Fig. 7C). Noticeably, 4 of
these genes (CYP26B1/RARB/DHRS3/TINAGLI) are
equally up-regulated in the retinoid-sensitive G-DIFF
cell-lines, GCIY, HGC-27, RERF-GC-1B and LMSU
(Fig. 7C, black-squares).

In a last set of studies, we looked for genes up- or
down-regulated by ATRA in G-INT and G-DIFF cell-
lines characterized by high ATRA-sensitivity (Fig. 6C). In
all the G-DIFF and G-INT cell-lines ATRA increases the
expression of 6 common genes, i.e. IRF1, DHRS3, CTSS,
PSMBI10, CYP26B1 and TINAGLI. In contrast, only
AHNAK?2 is down-regulated by ATRA in the entire set of
G-INT/G-DIFF cell-lines. As already observed, the CTSS
and PSMBI0 gene-products interact with /RFI and are
part of the interactome centered on IRFI itself (Fig. 6A
and B). Furthermore, the CYP26BI gene-product binds
DHRS3 and the 2 proteins are part of a network involved

Fig. 7 Gene-networks modulated by ATRA in retinoid-resistant G-INT and G-DIFF gastric cancer cell-lines. The G-INT/retinoid-resistantMKN45/NCI-
N87/AGS/OCUM-1/HuGI-N cell-lines and the G-DIfF/retinoid-resistantGSS cell-line were exposed to vehicle (DMSO) or ATRA (1.0 uM) for 48 hours
and subjected to RNA-seq analysis. A The panel illustrates the number of genes selectively up-regulated (red) or down-regulated (blue) in each
G-INT cell-line (squares) and commonly up-regulated (red) or down-regulated (blue) in the 5 cell-lines (circle). B The left side of the panel shows

a heat-map illustrating the effects of ATRA on the expression levels of the 27 genes commonly and significantly (FDR < 0.1) up-regulated (24 genes;
UP) and down-regulated (3 genes; DOWN) in the 5 retinoid-resistant G-INT gastric-cancer cell-lines. The results are expressed as the ATRA-vehicle
ratio [Log, FC (Fold-Change)] and they represent the mean of 3 independent vehicle-treated and ATRA-treated cultures. The right side of the panel
illustrates the results of a STRING (Search-Tool-for-the-Retrieval-of-Interacting-Genes/Proteins) analysis performed on the 24 up-regulated
gene-products (red dots) and the 3 down-regulated gene products (blue dots). The proteins included in black squares are encoded by genes
which are commonly up-regulated or down-regulated also in the 3 retinoid-sensitive G-INT cell-lines, GSU, KATO-/ll and IM95. C The panel shows
two heat-maps illustrating the effects of ATRA on the expression levels of the 225 genes significantly (FDR < 0.1) up-regulated (137 genes; UP)

and down-regulated (88 genes; DOWN) in the retinoid-resistant G-DIFF cell-line, GSS. In addition, the panel illustrates the results of a STRING analysis
performed on the 7 gene products which are commonly up-regulated by ATRA in the GSS and the retinoid-sensitive G-DIFF cell-lines,HGC-27, LMSU,
GCIY and RERF-GC-1B (black squares) or the retinoid-resistant G-INT cell-lines, MKN45, NCI-N87, AGS, OCUM-1 and HuG1-N (green dots). The results
are expressed as the ATRA-vehicle ratio [Log, FC (Fold-Change)] and they represent the mean of 3 independent vehicle-treated and ATRA-treated

cultures.
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in retinoid metabolism and epithelial-differentiation
(Fig. 6A and B).

Role of IRF1 and DHRS3 in the growth inhibitory action

of ATRA

Given the potential role played by IRFI in inflammatory/
immunological/IFN-dependent responses [35, 36] and by
DHRS3 (Short-Chain-Dehydrogenase/Reductase-Family-16
C-Member-1 or Retinol-Dehydrogenase-17) in retinoid
metabolism, we conducted functional studies on the 2 fac-
tors in HGC-27 cells.

In a first set of experiments, we transiently transfected
HGC-27 cells with 2 IRFI-targeting siRNAs (siIRFla
and siIRF1b) and a control siRNA (siCTRL). We exposed
the transfected cells to vehicle or ATRA for 48 h. In
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accordance with the up-regulation of the corresponding
mRNA, ATRA increases the basal levels of the IRF1 pro-
tein in mock transfected (no siRNA) and siCTRL trans-
fected HGC-27 cells, as indicated by the Western-blot
analyses performed (Fig. 8A). By converse, the IRFI pro-
tein is undetectable in siIRFla and siIRF1b transfected
cells regardless of vehicle or ATRA treatment. As ATRA
co-regulates IRFI and DHRS3 mRNAs, we determined
the levels of the DHRS3 protein as well. In native and siC-
TRL-transfected cells, ATRA induces the DHRS3 protein
(Fig. 8A). The two siRNAs, siIRFla and siIRF1b reduce
the basal levels of the DHRS3 protein. More importantly,
the retinoid-dependent DHRS3 induction is abolished in
siIRFla- and siIRF1b-transfected cells. Thus, IRFI up-reg-
ulation may be responsible for the increase in DHRS3 that
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Fig. 8 /RF1 and DHRS3 involvement in the anti-proliferative effects exerted by ATRA in HGC-27 cells. HGC-27 cells were transfected with two
IRF1-targeting (si-IRF1a/si-IRF1b) and a control siRNA (si-CTRL). Twenty-four hours later, cells were treated with vehicle (DMSO) or ATRA (1uM)

for 48 hours. A Western-blot analysis using anti-/RF1, anti-DHRS3 and anti-Bactin antibodies: the lanes marked as “"no-siRNA”indicate parental
HGC-27 cells. B Cell-growth of transfected HGC-27 cells (MTS-assay): Mean+SD of 3 replicate cultures; values normalized for vehicle-treated cells
(100%). The p-values (two-tailed Student's t-test) of the comparisons between ATRA-treated and vehicle-treated cells and the comparisons
between the indicated groups are shown above each red column and above the diagram, respectively. C HGC-27 cells were infected with lentiviral
particles containing 2 IRF1-targeting-shRNAs (sh-IRF1a/sh-IRF1b), one control-shRNA (sh-CTRL1) or the pGreenPuro-vector (pGR). Following
puromycin-selection, we isolated 4 green-fluorescent cell-populations characterized by pGR-, sh-CTRL-, sh-IRF 1a- and sh-IRF Tb-integration.

The cell-populations were treated with vehicle or ATRA (1uM) for 48 hours and subjected to Western-blot analysis using anti-/RF 1, anti-DHRS3

and anti-Bactin antibodies as in (A). D The pGR-, sh-CTRL-, sh-IRF1a- and sh-IRF1b-infected cell-populations were treated with vehicle or ATRA
(0.1TuM/1.0uM) for 3/6/9 days: “no-sh"=parental-HGC-27 cells. Cell-growth (MTS-assay): each value is the Mean+SD of 3 cultures; values are
normalized as in (B). The p-values (two-tailed-Student’s-t-test) of the comparisons between ATRA-treated and corresponding vehicle-treated

cells are shown above each column. E HGC-27 cells were infected with lentiviral-particles containing two DHRS3-targeting pGreenPuro-constructs
(sh-DHRS3a/sh-DHRS3b), the pGreenPuro-vector (pGR) and a control shRNA (sh-CTRL2). Following infection/puromycin-selection, we isolated 4
populations of green-fluorescent HGC-27 cells characterized by stable pGR/sh-CTRL/sh-DHRS3a/sh-DHRS3b-integration. The cell-populations were
treated with vehicle or ATRA (1.0uM) for 48 hours and subjected to Western-blot analysis using anti-/RF 1/anti-DHRS3/anti-Bactin antibodies as in (A).
F pGR/sh-CTRL/sh-DHRS3a/sh-DHRS3b-infected cell-populations were treated with vehicle or ATRA as in (D). Cell-growth (MTS-assay): Mean+SD

of 3 cultures; values normalized as in (D). The p-values (two-tailed-Student’s-t-test) of the ATRA-treated/vehicle-treated cells comparison are shown

above each column
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ATRA triggers in gastric-cancer cells. As for the func-
tional role played by IRF1, silRFla and siIRF1b reduce the
anti-proliferative effects exerted by ATRA in native and
siCTRL-transfected HGC-27 cells (Fig. 8B). These data
indicate that IRFI up-regulation takes part in the growth-
inhibitory action exerted by ATRA in HGC-27 cells. To
confirm the role played by IRFI in ATRA-dependent
growth inhibition of retinoid-sensitive gastric cancer
cells, we performed similar silencing experiments in the
LMSU cell line (Fig. S7). As expected, siIRFla/siIRF1b
transfection abolishes the constitutive levels of IRF1 pro-
tein and suppresses the ATRA-dependent IRFI induction
observed in mock transfected (no siRNA) and siCTRL
transfected LMSU cells. In addition, IRFI silencing abro-
gates the growth inhibitory action exerted by ATRA in
the cultures of the two control LMSU cell lines (Fig. S7).
This is consistent with the results generated in the HGC-
27 line and it supports the idea that IRFI up-regulation is
involved in the anti-proliferative action exerted by ATRA
in retinoid-sensitive gastric cancer cells.

To validate the siRNA results we took a complementary
approach based on the use of IRFI-targeting shRNAs.
To this purpose, we infected HGC-27 cells with lentiviral
particles containing two distinct IRFI-targeting sShRNAs
(shIRFla and shIRF1b), an untargeted control shRNA
(shCTRLI) or the void vector (pGR). This resulted in
the generation of 4 distinct and puromycin-resistant
cell-populations characterized by stable integration of
the pGR, shCTRL1, shiRFla and shIRFIb constructs.
Consistent with a silencing effect of the shIRFla and
ShIRF1b constructs, the basal levels of the IRFI protein
are measurable only in pGR- and shCTRLI-infected
cells (Fig. 8C). As expected, ATRA causes a significant
induction of the IRFI protein in both pGR- and shC-
TRLI1-infected cells. This ATRA-dependent increase of
the IRFI protein is abolished in shIRFla- and shIRF1b-
infected cells. As for DHRS3, vehicle-treated pGR- and
shCTRLI-infected cells express measurable amounts
of the corresponding protein. Upon exposure to ATRA,
the two cell-populations show the expected induction of
DHRS3. By converse, shIRFla- and shIRF1b-infected cells
do not express detectable levels of the DHRS3 protein, in
either basal conditions or following exposure to ATRA.
To define the functional consequences of the IRFI knock-
down, we exposed native as well as pGR-, shCTRLI-,
shIRFla- and shIRF1b-infected cells to vehicle and ATRA
(0.1pM/1.0uM) for 3, 6 and 9 days. At day-6 and day-9,
both concentrations of ATRA cause the expected reduc-
tion in the growth of native and pGR/shCTRL1 infected
cells, while the observed ATRA-dependent anti-prolifer-
ative effects are absent/reduced in shIRFla- and shIRF1b-
infected cells (Fig. 8D). Overall, the data obtained in
these cellular models confirm the siRNA results.
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In a second set of experiments, we studied the involve-
ment of DHRS3 in ATRA growth-inhibitory action,
using the same shRNA approach described for IRFI.
We infected HGC-27 cells with lentiviral particles con-
taining DHRS3-targeting shRNA constructs (shDHRS3a
and shDHRS3b) and the pGR/shCTRL2 controls. This
resulted in the generation of distinct and puromycin-
resistant cell-populations, which we treated with vehicle
or ATRA for 48 h. Vehicle-treated pGR and shCTRL2
cells synthesize significant amounts of DHRS3, whereas
the protein is undetectable in shDHRS3a and shDHRS3b
cells (Fig. 8E). As expected, ATRA increases the amounts
of DHRS3 in pGR- and shCTRL2-infected cells, while
the protein remains undetectable in retinoid-treated
shDHRS3a- and shDHRS3b-infected cells. Surprisingly,
DHRS3-silencing blocks the ATRA-dependent induc-
tion of IRF1, which suggests a positive feed-back loop. To
define the consequences of DHRS3-silencing, we treated
pGR- shCTRL2-, shDHRS3a- and shDHRS3b-infected
cells with vehicle or ATRA (0.1pM/1.0uM) for 3, 6 and
9 days. At all these time-points, both concentrations of
ATRA reduce the growth of pGR-/shCTRL-infected
cells (Fig. 8F). At day-9, the ATRA-dependent anti-pro-
liferative effect observed in pGR-/shCTRL-infected cells
is diminished in the shDHRS3a-/shDHRS3b-infected
counterparts. These last data indicate that also DHRS3
up-regulation may be involved, at least partially, in the
growth-inhibitory effects exerted by ATRA in gastric-
cancer cells. However, it must be pointed out that the
RNA-sequencing data indicate that ATRA induces
DHRS3 expression in all the gastric cancer cell-lines
considered, regardless of their relative sensitivity/resist-
ance to the retinoid. This suggests that DHRS3 is likely to
require other gene-products/factors or pathways, which
are selectively stimulated/repressed by the retinoid only
in sensitive gastric cancer cells, to play a role in the anti-
proliferative action of ATRA.

In a last set of studies, we evaluated whether ATRA-
dependent up-regulation of the IRFI protein is depend-
ent or independent of retinoid sensitivity. To address
the point we determined the amounts of the protein in
four representative lines characterized by a high level of
resistance to the anti-proliferative effects of ATRA, i.e.
MKN74 (G-DIFF), AGS (G-INT), HuGI-N (G-INT) and
OCUM-1 (G-INT) cells. As in the case of the retinoid-
sensitive HGC-27 and LMSU cells, we exposed the four
cell-lines to ATRA (1pM) for 48 h and we determined
the levels of the IRFI protein by Western blot analy-
sis (Fig. S8A). In basal conditions, MKN74 cells express
higher levels of the IRFI protein than the AGS, HuGI-
N and OCUM-1 counterparts. ATRA exerts no effect
on the amounts of the IRFI protein determined in the 4
retinoid resistant cell-lines. This supports the idea that
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ATRA-dependent up-regulation of the IRFI protein is a
characteristic of the retinoid sensitive gastric cancer cell-
lines. The results described above prompted us to evalu-
ate the effects of IRFI over-expression on the growth
of one cell-line characterized by low sensitivity to the
anti-proliferative effects of ATRA. We conducted these
studies in the retinoid-resistant AGS cell-line, by stable
transfection of a plasmid construct allowing expression
of a functionally active IRFI protein (Fig. S8B). In our
experimental conditions, IRFI over-expression does not
alter the growth of AGS cells exposed to either vehicle or
ATRA (Fig. S8C).

Overall, the data obtained with the knock-down and
over-expression approaches considered suggest that IRFI
up-regulation is a necessary but insufficient determinant
of the anti-proliferative action exerted by ATRA in gas-
tric cancer cells.

Discussion

The results obtained in this pre-clinical study indicate
that ATRA has significant potential in the treatment of
patients affected by gastric-cancer. Indeed, our experi-
mental data and predictions support the idea that at
least one-half of the gastric-cancer cases may benefit
from ATRA-based therapeutic strategies. Interestingly,
ATRA-sensitive tumors are not enriched for any of the
gastric-cancer sub-types defined according to the Lau-
ren’s classification, histological characteristics or gene-
expression profiles. The platform of 42 genes whose basal
expression is directly or inversely associated to ATRA-
sensitivity provides indications as to the characteristics
of the gastric-cancers which respond to the retinoid.
Among the genes directly associated with ATRA-sen-
sitivity, WNT2 stands out. In fact, high expression of
WNT?2 is a negative prognostic factor, which associates
with the invasive/metastatic behavior of gastric-cancer
cells [37, 38], via stimulation of the EMT (Epithelial-to-
Mesenchimal-Transition) process [39]. Thus, WNT2 and
EMT activation may be factors involved in the sensitivity
of gastric-cancer cells to ATRA. With respect to this, the
direct correlation of LOXL1 (Lysyl-Oxidase-Like-1) lev-
els with ATRA-sensitivity is consistent with the idea that
EMT represents a determinant of this sensitivity. Indeed,
the enzyme is over-expressed in gastric-cancer cells and
it favors their EMT-dependent dissemination in the peri-
toneum [40].

Another important result of our studies is the obser-
vation that ATRA stimulates /FN-dependent immune-
responses and increases antigen presentation in
gastric-cancer cell-lines. This is similar to what we
observed in the context of breast-cancer [13]. In breast
cancer, the immune-modulatory effects activated by
ATRA are associated with a “viral-mimicry” response
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resulting from an increase in the RNAs produced by
endogenous retroviruses. In contrast, the ATRA-depend-
ent immune-modulation observed in gastric-cancer cells
is not accompanied by a “viral-mimicry” response, as we
observe no alteration in the expression of the numerous
endogenous retroviral mRNAs detected (Table S5). The
data suggest that the molecular mechanisms underlying
the immune-modulatory action of ATRA in gastric- and
breast-cancers are different. From a translational and
therapeutic prospective, the immune responses activated
by ATRA in gastric-cancer are of great relevance, as they
indicate that the retinoid is likely to increase the sensitiv-
ity of this tumor to immune-modulatory agents, such as
immune-checkpoint inhibitors [41, 42].

A final and significant outcome of our study is the iden-
tification of a restricted number of genes which are up-
regulated (IRF1, CTSS, PSMB10, CYP26B1, DHRS3 and
TINAGLI) and down-regulated (AHNAK?2) by ATRA in
all the retinoid-sensitive gastric-cancer cell-lines consid-
ered. Interestingly, IRF1, CTSS and PSMBI0 are direct
or indirect transcriptional targets of ATRA [43-45] and
code for interacting proteins involved in the regulation
of immunity [35, 46, 47]. In particular, the IRFI gene is
likely to play a key role in the /FN-dependent and immu-
nological responses activated by ATRA in gastric-cancer.
Moreover, CYP26B1 and DHRS3 up-regulation indicates
that ATRA causes significant effects on the metabo-
lism of endogenous vitamin-A in gastric-cancer cells. In
fact, CYP26B1 codes for a protein catalyzing the oxida-
tion of ATRA into an inactive oxo-derivative [48], while
DHRS3 codes for an NADPH-dependent enzyme which
reduces retinaldehyde into retinol [49] [50] [51]. From
a functional point of view, TINAGLI is one of the most
interesting up-regulated genes, since the corresponding
protein-product suppresses the progression and diffusion
of triple-negative breast-cancer via inhibition of the FAK
and EGFR signaling pathways [52]. Finally, AHNAK2
is the only gene, which is down-regulated by ATRA in
sensitive gastric-cancer cells. AHNAK2 codes for an
oncogenic nucleoprotein [53], which may play a role
in calcium signaling [54]. In gastric-cancer, AHNAK2
expression is involved in the resistance to chemothera-
peutics [55]. Thus, AHNAK2 down-regulation suggests
that ATRA may boost the efficacy of certain chemothera-
peutics in the clinics. Although functional studies need
to be performed for all the above genes, we focused our
initial attention on IRFI1 and DHRS3. Our results indi-
cate that IRFI and to a lesser extent DHRS3 modulate
the growth-inhibitory action of ATRA in retinoid-sensi-
tive gastric-cancer cells. In fact, knock-down of the two
corresponding proteins suppresses and reduces ATRA
anti-proliferative action in representative cell-lines. The
modulatory effect exerted by IRFI in gastric cancer cells
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seems to be limited to ATRA-sensitive cell-lines, as indi-
cated by the results obtained in G-INT and ATRA-resist-
ant AGS cells which were engineered to over-express
IRF1 (Fig. S8).

Overall, the data obtained in this study suggest that
pharmacological agents targeting the two proteins may
be used for the design of innovative therapeutic strategies
in retinoid-sensitive gastric-cancers.

Conclusion

The present study provides data supporting the thera-
peutic potential of ATRA in the stratified/personalized
treatment of gastric-cancer. In this context, the gene-
expression model that we generated will permit the devel-
opment of a predictive clinical tool for the selection of
patients who may benefit from ATRA-based therapeutic
strategies. Overall, our data represent the fundaments for
the design/organization of clinical trials focusing on the
use of ATRA in the treatment of this heterogeneous type
of tumor. In particular, the strong immune-regulatory
responses activated by the retinoid suggest that ATRA
and immune checkpoint inhibitors constitute rational
combinations in the management of gastric-cancer.
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