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Gallbladder cancer (GBC) is the most common malignancy of
the biliary tract, with extremely dismal prognosis. Limited
therapeutic options are available for GBC patients. We used
whole-exome sequencing of human GBC to identify the ErbB
and epigenetic pathways as two vulnerabilities in GBC. We
screened two focused small-molecule libraries that target these
two pathways using GBC cell lines and identified the mTOR in-
hibitor INK-128 and the histone deacetylase (HDAC) inhibitor
JNJ-26481585 as compounds that inhibited proliferation at low
concentrations. Both significantly suppressed tumor growth
and metastases in mouse models. Both synergized with the
standard of care chemotherapeutic agent gemcitabine in cell
lines and in mouse models. Furthermore, the activation of
the mTOR pathway, measured by immunostaining for phos-
phorylated mTOR and downstream effector S6K1, is correlated
with poor prognosis in GBC. PhosphorylatedmTOR or p-S6K1
in clinical samples is an independent indicator for overall sur-
vival in GBC patients. Taken together, our findings suggest that
mTOR inhibitors and HDAC inhibitors can serve as potential
therapeutics for GBC, and the phosphorylation of mTOR and
S6K1 may serve as biomarkers for GBC.

INTRODUCTION
Gallbladder cancer (GBC) is the most aggressive cancer of the biliary
tract with the shortest median survival once diagnosis is confirmed.1

Although radical surgical resection has been the only possible cure for
GBC, over 90% of patients are clinically unresectable, and nearly 50%
have lymph node metastasis.2 Gemcitabine is the first-line therapy for
GBC, bile duct cancer, and pancreatic cancer.3,4 However, the
response rate of biliary tract tumors to gemcitabine is only 10%–
30%,5 and therefore chemoresistance is one major challenge in the
treatment of GBC. Identification of novel therapeutics for GBC is crit-
ical for the management of this disease.

The ErbB family, including EGFR (ERBB1 or HER1), ERBB2 (HER2),
ERBB3 (HER3), and ERBB4 (HER4), has been strongly implicated in
proliferative malignancy.6–8 ErbB family members control down-
stream pathways such as phosphatidylinositol 3-kinase (PI3K)-Akt
and mitogen-activated protein kinase (MAPK) that participate in
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cell growth and survival.9,10 Targeting EGFR/HER2 pathways has
been shown to synergize with gemcitabine in treating GBC and biliary
tract cancer.11 Downstream of the ErbB-PI3K-AKT signaling
pathway is mTOR, a ser/thr kinase that plays an important role in
PI3K/AKT-mediated cell proliferation, survival, and tumor
growth.12,13 Inhibition of mTOR signaling is able to suppress the
invasiveness and metastasis of malignancies.13,14 Signaling molecules
of the mTOR pathway have been shown to be involved in the
mammalian cell size change,15 and their expression is upregulated
in osteosarcoma16 and breast cancer.17 mTOR inhibition shows po-
tential anti-proliferative effects in GBC cell lines.18,19 However,
whether the anti-proliferative effect of mTOR inhibitors extends to
GBC is not known.

The activity of proteins controlled by histone acetylation/deacetyla-
tion has been linked to various biological functions, including gene
expression, cell cycle progression, and cell death.20 The deacetylation
of histones is controlled by histone deacetylases (HDACs).21,22

HDAC inhibitors have been shown to have anti-proliferative effects
in various cancer types, including gastric and breast cancer.23 In
GBC, the HDAC inhibitors TSA (trichostatin A) and SAHA (vorino-
stat) showed pro-apoptotic properties in cancer cell lines.24 However,
whether HDAC inhibitors can suppress tumor growth and metastasis
in GBC is not known.

In the current study, we identified mTOR and epigenetic pathways as
therapeutic targets in human GBC using screens of small-molecule li-
braries. We found that the dual mTOR inhibitor INK-128 and HDAC
inhibitor JNJ-26481585 suppress cancer cell growth in vitro and in
animal models. Both compounds synergize with the standard of
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Table 1. Characteristics of tumor samples for whole-exome sequencing in

gallbladder cancer patients

Sample Gender Age Treatment Tumor size (cm) Pathology

01 male 63 surgery 3 � 2.5 � 1.2 adenocarcinoma

02 female 60 surgery 2 � 1 � 0.5 adenocarcinoma

03 female 60 surgery 6 � 3 � 1.5 adenocarcinoma

04 female 74 surgery 4.5 � 2 � 2 adenocarcinoma

05 male 60 surgery 6 � 5 � 4 adenocarcinoma

06 female 78 surgery 6 � 5 � 4 adenocarcinoma

07 female 57 surgery 4 � 3 � 2 adenocarcinoma

08 female 48 surgery 3 � 2 � 1.5 adenocarcinoma

09 female 59 surgery 4 � 2.5 � 2 adenocarcinoma

10 male 75 surgery 8 � 4 � 4 adenocarcinoma

11 female 79 surgery 5 � 4 � 1.5 adenocarcinoma
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care chemotherapeutic drug gemcitabine to suppress gallbladder tu-
mor growth and metastases. These results suggest that mTOR inhib-
itors and HDAC inhibitors can serve as potential therapeutics for
GBC.

RESULTS
Whole-exome sequencing of human GBC

Whole-exome sequencing was performed on 11 pairs of GBC tissues
and their corresponding normal gallbladder tissues. All 11 cancer tis-
sues were pathologically confirmed as GBC. The characteristics of tu-
mor samples for whole-exome sequencing in 11 GBC patients were
shown in Table 1. We found that cancer tissues have approximately
69 single nucleotide polymorphism (SNPs) for each sample except
sample G22, which was highly mutated, with 3,399 SNPs. For the
other 10 samples excluding G22, a non-synonymous (missense,
nonsense, and splice) mutation percentage was calculated for each
gene (Figure 1A). TP53 is extensively mutated (6 out of 10 samples),
followed by ERBB2, OBSCN, and RIN2 (3 out of 10 samples) (Fig-
ure 1A). C > T/G > A alteration represents the most frequently
mutated pattern in the 10 samples and the trinucleotide signature
dominated at T_A sites (Figure 1B), consistent with the data from
Li et al.7 In sample G22 (Figure 1C), both C > T/G > A and C > A/
G > T were frequent mutation signatures. Genes that are involved
in DNA repair pathways such as ATM in sample G22 are shown in
Figure 1D. It is possible that the DNA repair mechanism was
impaired in G22, which provides an explanation for the extremely
high mutation rate in G22. Although it is not common, GBCs with
such extremely high mutation rates have been observed in other co-
horts.7 The treatment options for gallbladder patients with DNA
repair deficiency may be different from those for other patients.

Genes in ErbB and epigenetic pathways are highly mutated in

GBC

Because GBC is not a common cancer type, we performed a compre-
hensive analysis that included 79 GBC samples from all the studies to
date for which mutation information was available (Li et al.,7 Jiao
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et al.,25 Nakamura et al.,8 and our study) (Figure 2A). An evaluation
of the types of genes that weremutated revealed twomajor mutational
pathways in GBC: genes involved in epigenetic regulation and genes
of the ErbB pathway. Mutations in genes that regulate epigenetic
changes include histone acetylation, methylation, and phosphoryla-
tion, DNA methylation, and chromatin remodeling; ErbB pathway
genes include EGFR, ERBB2, ERBB3, and ERBB4. The mutation rates
are 63.3% in epigenetic pathway genes (Figure 2B) and 36.7% in ErbB
pathway genes (Figure 2C). These data indicate that these two path-
ways are critical for GBC development and serve as potential thera-
peutic targets.

Screening of small molecules targeting ErbB and epigenetic

pathways

To identify compounds that have anti-proliferative effects in GBC, we
screened two focused libraries of compounds that target ErbB and
epigenetic pathways (Table S1), using three GBC cell lines SGC-
996, GBC-SD, and NOZ. Most of the compounds in the libraries
are either FDA approved or in clinical trials for cancer (Figures 3A
and 3B). Among the compounds targeting epigenetic pathways and
ErbB pathway, the HDAC inhibitors JNJ-26481585 and LAQ824
(Figure 3A) and the mTOR inhibitor INK-128 (Figure 3B) signifi-
cantly suppressed cell growth in all three cancer cell lines. We also
noticed that apart from INK-128, other compounds such as XL388,
AZD8055, and OSI027, which targets mTORC1/2, not just mTORC1,
also had a significant anti-proliferative effect in at least two GBC cell
lines. Because JNJ-26481585 has superior pharmacokinetics in hu-
man than LAQ824, it was selected along with INK-128 for further
validation. JNJ-26481585 and INK-128 inhibited cell growth in a
dose-dependent manner (Figure 3C), with IC50 ranging from
1.78 nM to 4.12 nM and from 18 nM to 41 nM, respectively, consis-
tent with the screening results. Both compounds inhibited cell growth
better than standard of care chemotherapy gemcitabine (IC50 55 nM–

292 nM) (Figure 3C). The results indicate that HDAC inhibitors JNJ-
26481585 and mTOR inhibitor INK-128 are potential therapeutics
for GBC.

To determine whether JNJ-26481585 and INK-128 might synergize
with gemcitabine in GBC cells, we treated SGC-996, GBC-SD, and
NOZ cells with combinations of various doses of the compounds.
We used a dose-response surface model based on Bliss independence
principle. The interaction index () and its 95% confidence interval
(CI) were calculated to evaluate a two-drug combination effect.26,27

An index score of less than 1 indicates synergy. Combinations of two
compounds (INK-128 and gemcitabine, JNJ-26481585 and gemcita-
bine, INK-128 and JNJ-26481585) are highly synergistic in all three
cell lines, SGC-996, GBC-SD, and NOZ (Figures 3D–3F). Synergism
was not observed in NOZ cells treated with gemcitabine at 500 nM
because all the cells died when treated with gemcitabine alone at that
concentration. For further validation, we performed real-time PCR
and western blot analysis in these cell lines. Our results demonstrated
that, as compared with control group, either JNJ-26481585 or gemcita-
bine alone significantly decreased the levels of HDAC1 and HDAC2,
and co-treatment of JNJ-26481585 and gemcitabine showed a



Figure 1. Gene mutation patterns in human gallbladder cancer samples

(A) Non-synonymous gene mutations in 10 cancer samples. TP53 is the most frequently mutated gene (60%) followed by ERBB2, OBSCN, and RIN2 (30% for each). (B)

Nucleotide mutation pattern for 10 cancer samples. C > T/G > A and C > G/G > C mutation pattern represent the most frequently mutated type. (C) Nucleotide mutation

pattern for hyper-mutated G22 sample. C > T/G > A and C > A/G > T mutation patterns represent the most frequently mutated type. (D) Mutation of genes involved in DNA

repair in G22 sample.
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synergistic inhibition effect (Figures 3G and 3H). In addition,
mTORC1 and mTORC2 activation was reported to be reflected by
phosphorylation of p70S6K1 (Thr-389) and AKT (Ser-473), respec-
tively.28 As expected, the expression level of both p70S6K1 (Thr-389)
and AKT (Ser-473) in GBC-SD cells was downregulated in INK-128
or gemcitabine treatment group, and an additive inhibition effect was
demonstrated when the two drugs were administrated together. How-
ever, phosphorylation of AKT (Thr-308) was not changed, showing
that AKT activity was not completely blocked by INK-128.

Taken together, these results indicate that JNJ-26481585 and INK-
128 synergize with gemcitabine in suppressing cell proliferation in
GBC, and combinatorial therapies are potentially more effective.

INK-128 and JNJ-26481585 inhibit GBC proliferation and

metastasis in mouse models

To determine the efficacy of INK-128 and JNJ-26481585 in vivo, we
subcutaneously transplanted luciferase-tagged GBC-SD cells in
mice. Mice were then treated with gemcitabine, JNJ-26481585,
INK-128, gemcitabine + JNJ-26481585, gemcitabine + INK-128, or
DMSO control. All the mice treated with control developed lung
metastasis (Figure 4A). When treated with gemcitabine, 80% of
mice developed lung metastasis (Figure 4A), although tumor growth
was significantly suppressed (Figure 4B). However, JNJ-26481585
treatment significantly suppressed both the primary tumor growth
and metastasis compared to controls (Figures 4A and 4B). Interest-
ingly, although the primary tumor growth in mice treated with gem-
citabine or JNJ-26481585 was similar (Figure 4B), the number of mice
that developed metastasis was significantly less in the JNJ-26481585
treatment group than in the gemcitabine treatment group (Figure 4A),
suggesting that HDAC inhibitors suppress metastasis in
GBC. The combination of gemcitabine + JNJ-26481585 suppressed
primary tumor growth more than either drug alone (Figure 4B).
Treatment with INK-128 alone suppressed primary tumor and
metastasis growth compared to control and to gemcitabine alone
(Figures 4A and 4C). The most effective combination was
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Figure 2. Comprehensive mutation analysis from four whole-exome sequencing in gallbladder cancer

(A) Different mutation types (synonymous, missense, nonsense, frameshift, or splice) and the number of samples with mutation for each gene are indicated. (B) Number of

samples containing the mutated genes involved in epigenetic regulation. (C) Number of samples containing the mutated genes of ErbB pathway.
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gemcitabine + INK-128: the primary tumor showed little growth (Fig-
ure 4C), and nomice developedmetastasis (Figure 4A). No significant
difference of body weight was observed among all six groups mice at
week 6 (Figure 4D), indicating all remedies are tolerable at the con-
centrations listed in the Materials and methods section. Partially
consistent with our in vitro result, mRNA expression and protein level
of HDAC1 and HDAC2 in xenograft tumor were partially inhibited
by JNJ-26481585 or combination of gemcitabine + JNJ-26481585.
Moreover, western blot assay of tumor tissues showed that activation
of either mTORC1 (p70S6K1 Thr-389) or mTORC2 (AKT Ser-473)
was inhibited by INK-128, and the anti-proliferative effect was
augmented by co-administration of INK-128 and gemcitabine (Fig-
ure 4F). Not surprisingly, AKT Thr-308 phosphorylation was not
significantly affected by INK-128 treatment (Figure 4F). Together,
these results suggest that combining gemcitabine with JNJ-
26481585 or INK-128 inhibits primary tumor growth and metastasis
in mice to a greater extent than any agent alone.

p-mTOR and p-S6K1 are inversely associated with

postoperative prognosis in GBC patients

We have shown that inhibition of the mTOR pathway by INK-128
significantly suppressed GBC cell growth in vitro and in vivo, which
led us to hypothesize that mTOR activation is inversely associated
with survival and can be used to select patients for treatment with
mTOR inhibitors. We determined the expression of phosphorylated
mTOR (active form) and its downstream target phosphorylated
62 Molecular Therapy: Oncolytics Vol. 20 March 2021
S6K1 in human GBC samples (Figures 5A–5D). High expression of
p-mTORwas inversely correlated with survival (Figure 5B). Similarly,
high expression of p-S6K1 was inversely correlated with survival
(Figure 5D). Analysis of the characteristics of GBC indicated that
p-mTOR expression was highly correlated with p-S6K1 expression
(Table 2). Multivariable analysis showed that in addition to stage,
the expression of phosphorylated mTOR and S6K1 can serve as inde-
pendent markers of survival (Table 3). These results suggest that
activation of the mTOR pathway is highly significant in the (poor)
prognosis of GBC patients.

DISCUSSION
The goal of this study was to identify new therapeutic targets for GBC.
The comprehensive analysis, including 79 GBC samples from 4
studies, indicates that, not only in our sequence data, missense gene
mutation also represents the top mutation type in 3 other studies.
Interestingly, G22, a special sample that was highly mutated with
3,399 SNPs, was proved to be universally mutated with missense mu-
tation, leading us to the speculation that missense mutation might
somehow be connected to a DNA repair mechanism in these partic-
ular GBC patients. The precise mechanism remains to be further
investigated.

Furthermore, we found that twomajor pathways were highly mutated
in GBC: genes involved in epigenetic regulation and genes of the ErbB
pathway. A screen of small-molecule inhibitor libraries identified two



(legend on next page)
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compounds, INK-128 and JNJ-26481585, an mTOR and an HDAC
inhibitor, respectively, that suppress tumor growth and metastases
better than the standard of care gemcitabine. Both INK-128 and
JNJ-26481585 synergize with gemcitabine in mouse models to sup-
press tumor growth and metastases. However, from the compound
screening data, we also noticed that single inhibition of mTORC1
with rapamycin is unable to induce cell death in all three GBC cell
lines, suggesting mTORC2 or both mTORC1 and mTORC2 are crit-
ical targets in GBC. In addition, the screening data shows that the
anti-proliferative effect of targeting AKT, which is upstream of
mTOR, is unsatisfactory in GBC cell lines, indicating that the well-
acknowledged PI3K/AKT/mTOR pathway may not play a key role
in the development of ErbB-mutation-induced GBC. In contrast to
PF05212384, which mainly targets PI3K and inhibits mTOR activity
as a non-dominant effect, INK-128, which targets both mTORC1/2
and PI3Ka/b/g/d, exhibited a significant anti-proliferative effect, sug-
gesting that inhibition of the mTOR pathway rather than PI3K activ-
ity plays a pivotal role in suppressing GBC cell growth. As compared
with other mTOR compounds, INK-128 targeting both mTOR and
PI3K yields more extensive and satisfactory anti-proliferative effects
in all three cancer cell lines, indicating a potential synergy between
mTOR and PI3K inhibition in GBC treatment. Furthermore, we
compared the chemical structure of all mTOR compounds and iden-
tify INK-128 is the only one presenting with 2 aminos in 2 different
benzene rings, which led us to the speculation that chemical proper-
ties and biological functions of compounds are critical in the develop-
ment of new therapeutics in GBC.

The synergism between gemcitabine and mTOR inhibitors or HDAC
inhibitors suggests that a combination approach may improve treat-
ment of GBC. The response rate for gemcitabine is low. Our animal
data also showed that gemcitabine suppresses primary tumor growth
but has no effects on metastasis. Adding mTOR or HDAC inhibitors
potentially enhances the efficacy of gemcitabine and reduces the
toxicity of both drugs because lower doses are required. In our pilot
experiment, we also administrated mTOR and HDAC inhibitors
along with gemcitabine to 5 mice to see if this triple-drug remedy out-
scores the dual-drug remedy. However, all 5 mice demonstrated
symptoms of asitia and low body weight, and 4 out of 5 mice died be-
tween week 3 and 4 (data not shown). Hence, we conclude that this
triple-drug program is not tolerable in mice, and further study is
required to determine the optimal dosage of these drugs. Although
JNJ-26481585 fails to exhibit similar powerful anti-tumor effects in
mice as compared to INK-128, which is in contrast to our cell line ex-
periments, we still consider HDAC a potential biomarker for GBC.
First, the genomic mutational profiles of GBC cell lines and clinical
Figure 3. IC50 value of compounds targeting ErbB and epigenetic pathways in

(A) Heatmap of IC50 of compounds targeting epigenetic regulation. Compound names

pathway. Compound names and their targets are indicated. (C) Validation of anti-pro

gallbladder cancer lines. (D) Synergistic effects of gemcitabine and INK-128 in three ga

three gallbladder cancer cells. (F) Synergistic effects of INK-128 and JNJ-26481585 in

gallbladder cancer cells treated with DMSO control, JNJ-26481585, gemcitabine, or gem

p70S6K1 (Thr-389) in GBC-SD cells administered with DMSO control, INK-128, gemc
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tumor samples might not be 100% identical, suggesting the possibility
of diverse effects of these compounds. Second, it was reported that
epigenetic enzymes often synergize in vivo, and combination of
HDAC inhibitor and other epigenetic agents like EZH2 repression
is an effective therapeutic strategy.29,30 Hence, further evidences are
required for confirming HDAC as a biomarker GBC, either alone
or in combination with other epigenetic candidates. Using RNA-
seq analysis, we demostrated that the anti-proliferative effect of
JNJ-26481585 is at least partially mediated by knockdown of two po-
tential genes, CDKN1A and NGFR in gallbladder cancer (Figures S1
and S2). Our study suggests that activation of mTOR is correlated
with poor prognosis and is an independent marker for poor survival
in GBC patients. mTOR activation therefore may be used not only as
prognostic biomarkers but also for the selection of patients who
potentially could benefit from mTOR inhibitors. These findings will
be validated in larger sample sizes and future clinical trials.

One of the critical questions that remains is whether these findings in
cell lines and mouse models can be translated into the clinic. Both
INK-12831,32 and JNJ-2648158533–35 are in several clinical trials for
cancer treatment. Safety profiles and tolerant dosages of these two
drugs are known. It is possible to stratify patients based on high
and low expression of activated mTOR and its downstream signaling
molecule S6K1 through biopsy or new technologies such as the isola-
tion of circulating tumor cells. The effectiveness of these drugs as
therapeutics in clinic will open new opportunities for the develop-
ment of new compounds targeting these two pathways.

MATERIALS AND METHODS
Ethics statement and patient tissue specimens

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of the Wistar Institute, USA. An-
imal procedures were conducted in compliance with the IACUC. 142
GBC tissues (including 11 samples subject to whole-exome
sequencing) with follow-up information and 11 matched adjacent
normal gallbladder tissues were obtained from patients who under-
went surgery in the Department of Biliary-Pancreatic Surgery, Renji
Hospital, between 2014 and 2016. The use of human GBC tissues
was approved by the Ethics Committee of Renji Hospital, School of
Medicine, Shanghai Jiao Tong University. Written informed consent
was obtained from all patients involved in this study.

Whole-exome sequencing in GBC samples

A total of 11 pairs of GBC samples fromRenji Hospital were subject to
whole-exome sequencing. Genomic DNA libraries were prepared us-
ing protocols recommended by Illumina. Whole-exome enrichment
three gallbladder cancer cell lines

and their targets are indicated. (B) Heatmap of IC50 of compounds targeting ErbB

liferative effects and IC50s of JNJ-26481585, INK-128, and gemcitabine in three

llbladder cancer cells. (E) Synergistic effects of gemcitabine and JNJ-26481585 in

three gallbladder cancer cells. (G) HDAC1 and HDAC2 mRNA expression in three

citabine and JNJ-26481585. (H) Protein level of AKT (Ser-473), AKT (Thr-308), and

itabine, or gemcitabine and INK-128.



Figure 4. INK-128 and JNJ-26481585 suppress gallbladder cancer growth and metastasis in mouse models

(A) Luciferase-tagged GBC-SD cells were transplanted subcutaneously in mice, and tumor growth and metastasis were measured by the luminescence Xenogen system.

Representative images of primary tumor and lungmetastasis from 1 of 6 mice per group were shown in the upper panel and lower panel. The number of mice that developed

lung metastasis is also indicated. (B) Primary tumor growth in mice treated with gemcitabine, JNJ-26481585, gemcitabine and JNJ-26481585, or DMSO control was

measured by the luminescence Xenogen system. (C) Primary tumor growth in mice treated with gemcitabine, INK-128, gemcitabine and INK-128, or DMSO control was

measured by the luminescence Xenogen system. (D) Body weight were monitored at week 6 for all six groups of mice. (E) HDAC1 and HDAC2mRNA expression in xenograft

tumor tissues treated with DMSO control, JNJ-26481585, gemcitabine, or gemcitabine and JNJ-26481585. (F) Protein level of AKT (Ser-473), AKT (Thr-308), and p70S6K1

(Thr-389) in xenograft tumor tissues administrated with DMSO control, INK-128, gemcitabine, or gemcitabine and INK-128.
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Figure 5. mTOR activation is correlated with poor prognosis and is an independent marker to survival in gallbladder cancer

(A) Immunohistochemistry staining of phosphorylated mTOR in gallbladder cancer samples. (B) Kaplan-Meier curve of survival in gallbladder cancer patients with high or low

expression of phosphorylated mTOR. (C) Immunohistochemistry staining of phosphorylated S6K1 in gallbladder cancer samples. (D) Kaplan-Meier curve of survival in

gallbladder cancer patients with high or low expression of phosphorylated S6K1.
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was performed using the TruSeq exome enrichment kit (Illumina).
Captured DNA libraries were sequenced with the Illumina HiSeq
2500 genome analyzer, yielding 200 (2 � 100) base pairs from the
final library fragments. Sequencing reads were trimmed and filtered
with Trimmomatic.36 The resulting reads were aligned to the hg19
reference genome using Burrows-Wheeler aligner (BWA),37 and the
genome analysis toolkit (GATK)38 was used for base quality score re-
calibration, insertion or deletion (indel) realignment, and duplicate
removal. The MuTect39 algorithm was used to identify somatic
SNVs in whole-exome gene sequencing data. MuTect identifies
candidate somatic SNVs by Bayesian statistical analysis of bases
and their qualities in the tumor and normal BAM files at a given
genomic locus. We required a minimum of ten reads covering a site
in the tumor and eight reads in the normal sample to declare that a
site was adequately covered for mutation calling. Default parameters
were used for exome data. To filter out likely false positives, we per-
formed a further filtration step requiring that the alternative allele
proportion in the normal sample be less than 0.30 of that in the tumor
sample. The Pindel40 algorithm was used to identify indels with
default parameters. Inversions and large indels (>100 bp) were
excluded. Somatic SNV and indel results were then combined and
compared to the COSMIC database. Mutation functions were pre-
dicted using SnpEff,41 PolyPhen,42 PROVEAN,43 and SIFT.43 The
four algorithms showed little difference in predicting non-silent mu-
tations (altering protein sequence) but showed considerable differ-
ences in predicting the effects of amino acid changes. To maintain
data integrity, we retained all the non-silent mutations predicted by
SnpEff and did not perform further filtering. All somatic mutations
were stored in a MAF file and analyzed by MutSigCV,44 with default
66 Molecular Therapy: Oncolytics Vol. 20 March 2021
covariates tables, to calculate gene mutational significance. Genes
with q (false discovery rate [FDR])%0.1 were considered to be signif-
icantly mutated.

Cell culture and chemicals

The human embryonic kidney 293 cells (HEK293FT) and two human
GBC cell lines, NOZ and GBC-SD, were maintained in Dulbecco’s
modified Eagle’s medium (DMEM). Another human GBC cell line,
SGC-996, wasmaintained in RPMI-1640medium, with all media con-
taining 10% fetal bovine serum (FBS) and antibiotics (Gibco, Grand Is-
land, NY, USA). Cells were maintained at 37�C in a humidified atmo-
sphere consisting of 5% CO2. NOZ was purchased from the Health
Science Research Resources Bank (Osaka, Japan). GBC-SD and
SGC-996 cells were provided by the Academy of Life Sciences, Tongji
University (Shanghai, China).HEK293FT cellswere used for lentivirus
amplification. Gemcitabine was dissolved in DMSO. Gemcitabine was
obtained fromDepartment of Biliary-Pancreatic Surgery, Renji Hospi-
tal, School of Medicine, Shanghai Jiao Tong University (Shanghai,
China). Both INK-128 and JNJ-26481585 were purchased fromApex-
Bio (Houston, TX, USA). All antibodies utilized in the study were pur-
chased from Cell Signaling Technology (Shanghai, China).

RNA isolation, reverse transcription (RT), and real-time PCR

analysis

Total RNA was extracted from GBC cell lines using Trizol total RNA
isolation reagent (Invitrogen) according to the manufacturer’s in-
structions and treated with DNase. cDNA was synthesized from total
RNA using random hexamers with a TaqMan cDNA reverse tran-
scription kit (Applied Biosystems). To determine the expression levels



Table 2. Correlation analysis of characteristics in gallbladder cancer patients (*p < 0.05; **p < 0.01; ***p < 0.001)

Spearman r (p value) Gender Age p-mTOR p-S6K1 Tumor differentiation Tumor size TNM stage

Gender (female versus male) �0.03 (0.750) �0.07 (0.413) �0.18 (0.037)* 0.14 (0.116) 0.06 (0.517) 0.08 (0.357)

Age (R60 years versus <60 years) �0.03 (0.750) �0.14 (0.117) �0.12 (0.175) �0.02 (0.818) �0.07 (0.442) �0.06 (0.503)

p-mTOR (low versus high) �0.07 (0.413) �0.14 (0.117) 0.24 (0.006)** �0.02 (0.803) �0.01 (0.926) 0.01 (0.937)

p-S6K1 (low versus high) �0.18 (0.037)* �0.12 (0.175) 0.24 (0.006)** �0.04 (0.675) 0.06 (0.499) 0.02 (0.867)

Tumor differentiation (well versus
moderate, poor)

0.14 (0.116) �0.02 (0.818) �0.02 (0.803) �0.04 (0.675) 0.17 (0.047)* 0.16 (0.066)

Tumor size (R4 cm versus <4 cm) 0.06 (0.517) �0.07 (0.442) �0.01 (0.926) 0.06 (0.499) 0.17 (0.047)* 0.37 (< 0.001)***

TNM stage (0–II versus III–IV) 0.08 (0.357) �0.06 (0.503) 0.01 (0.937) 0.02 (0.867) 0.16 (0.066) 0.37 (< 0.001)***
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of CDKN1A and NGFR, primers for each gene were designed using
Primer Express v3.0 software, and real-time PCR was performed us-
ing SYBR green Jumpstart Taq ReadyMix (Sigma) with the Applied
Biosystems 7500 Fast Real-Time PCR system. The relative amount
of expression was calculated by 2�DDCT method.45 The average of
three independent analyses for each gene and sample was calculated
and was normalized to the endogenous reference control gene
GAPDH.

Screening of small-molecule inhibitors library and cell viability

assay

To identify ErbB pathway inhibitors and epigenetic modulators that
suppressed the growth of GBC in vitro, two separate libraries of 26
epigenetic and 55 ErbB pathway small-molecule inhibitors from the
Wistar Institute were screened in human GBC SGC-996, GBC-SD,
and NOZ cells (compound names and CIDs on PubMed are listed
in Table S1). Cell viability was determined following 5 days’ incuba-
tion in the presence of compounds. For each compound in the screen,
a serial dilution (20 mM, 4 mM, 0.8 mM, 0.16 mM, 0.032 mM, 6.4 nM,
1.28 nM, 0.256 nM, 0.0512 nM, and 0.01024 nM) was used. After-
ward, cell viability was determined using an MTS assay (MTS; Prom-
ega, Madison, WI, USA). In brief, the MTS reagent (20 mL) was added
to each well, followed by incubation at 37�C in a humidified, 5% CO2

atmosphere for 2 h. Finally, the absorbance was read at 490 nm by us-
ing a Synergy 2 (BioTek, VT, USA) plate reader. The cell viability was
calculated as a percentage relative to control. Using cell viability per-
centage data under a series of drug concentrations, an individual IC50

value was calculated for each compound in cell lines. For a combina-
tion with two drugs, with a dose-response surface model based on the
Bliss independence principle, interaction index (t) and its 95% CI
were calculated to evaluate the two-drug combination effect. When
the t <1 and the upper limit of its 95% CI is also less than 1, the com-
bination effect of the two drugs will be considered as significant syn-
ergism.26,27 This MTS assay was also used for validation experiments.

Lentivirus transfection and transduction

To generate GBC-SD cells stably overexpressing luciferin, luciferin
was cloned into lentiviral vector pLu. Lentivirus was produced by
co-transfecting subconfluent HEK293T cells with CDKN1A or
NGFR expression plasmid and packaging plasmids pMDLg/pRRE
and RSV-Rev using Lipofectamine 2000. Infectious lentiviruses
were collected 48 h after transfection, centrifuged to remove cell
debris, and filtered through 0.45-mm filters (Millipore). GBC-SD cells
were transduced with the lentivirus. Efficiency of overexpression was
determined by real-time PCR. GBC-SD cells stably expressing
CDKN1A short hairpin RNA (shRNA), NGFR shRNA, or control
shRNA were established using shRNA technique. The lentiviruses
were processed as described above and transduced into GBC-SD cells,
respectively. The knockdown efficiency was also determined by real-
time PCR.

In vivo experiments

A total of 5*105 luciferase-tagged GBC-SD human GBC cells stably
expressing the firefly luciferase gene were subcutaneously trans-
planted into NOD/SCID mice (4–6 weeks old) of each group: group
1, control; group 2, gemcitabine (Gem, 75mg/kg, i.p., once weekly);
group 3, JNJ-26481585 (JNJ, 10 mg/kg, intraperitoneally [i.p.], every
other day46); group 4, gemcitabine + JNJ-26481585 (Gem + JNJ);
group 5, INK-128 (INK, 1 mg/kg, p.o., once daily47); group 6,
gemcitabine + INK-128 (Gem + INK); n = 6/group. Mice bearing
luciferase-positive tumors were imaged by an IVIS 200 imaging sys-
tem (Xenogen, Hopkinton, MA, USA). Bioluminescent flux (pho-
tons/s/sr/cm2) was determined for the primary tumors or lung metas-
tasis. At week 6, xenograft tumors and internal organs of 6 groups
were carefully isolated and subjected to subsequent experiments.

Western blot analysis

Cells and freshly isolated xenograft tissues were lysed using protein
extraction reagent (Biyuntian, Wuxi, China) supplemented with pro-
tease inhibitor cocktail (Calbiochem). Protein concentrations were
determined with a BCA assay (Sigma). Equal amount of the extracts
(30 mg/sample) were loaded and subjected to SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. Afterward,
the membranes were blocked with blocking buffer, incubated over-
night at 4�C with indicated primary antibodies, and then incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies.
The detection was performed by ECL Supersignal West Pico Chemi-
luminescent Substrate.

RNA sequencing (RNA-seq) analysis

Four groups of GBC-SD cells treated with DMSO, low-concentration,
high-concentration JNJ-26481585, or high-concentration UNC1999
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Table 3. Univariate and multivariable analysis of clinical variables

influencing overall survival in gallbladder cancer patients

Characteristics

Univariate analysis
Multivariate
analysis

p
value

HR (95%
CI)

p
value

HR (95%
CI)

Gender (female versus male) 0.120
1.40 (0.91–
2.30)

0.331
0.80 (0.50–
1.26)

Age (R60 years versus <60 years) 0.326
1.25 (0.79-
2.07)

0.795
1.07 (0.66–
1.71)

Tumor differentiation (well versus
moderate, poor, or undifferentiated)

0.019
0.63 (0.40–
0.92)

0.234
0.78 (0.52–
1.18)

Tumor size (R4 cm versus <4 cm) <0.001
0.50 (0.32–
0.71)

0.132
0.71 (0.45–
1.11)

TNM stage (0–II versus III–IV) <0.001
0.39 (0.25–
0.56)

0.002
0.48 (0.30-
0.76)

p-mTOR (low versus high) 0.012
0.61 (0.40–
0.89)

0.010
0.57 (0.37–
0.87)

p-S6K1 (low versus high) 0.009
0.60 (0.39–
0.87)

0.044
0.65 (0.43–
0.99)
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separately were scraped and poled into separate tubes. These pooled
cells were then subjected to RNA isolation. A RNeasy kit (QIAGEN,
Valencia, CA, USA) was used for total RNA preparation. RNA sam-
ples were converted into cDNA libraries using a TruSeq stranded total
RNA sample preparation kit (Illumina, San Diego, CA, USA). In brief,
total RNA samples were concentration normalized, and ribosomal
RNA was removed using biotinylated probes that selectively bind ri-
bosomal RNA species. This preserved messenger RNA and other
noncoding RNA species, including long noncoding RNA, small nu-
clear RNA, and small nucleolar RNA. The resulting ribosomal
RNA-depleted RNA was fragmented using heat in the presence of
divalent cations, with fragmentation times varying according to input
RNA degradation. Fragmented RNA was converted into double-
stranded cDNA, with dUTP used in place of dTTP in a second-strand
master mix. A single base was added to the cDNA, and forked adap-
tors that included index, or barcode, sequences were attached via liga-
tion. The resulting molecules were amplified via PCR for 15 cycles.
During PCR, the polymerase stalled when a dUTP base was encoun-
tered in the template. Final libraries were quantified via PCR, normal-
ized to 2 nM, and pooled. Pooled libraries were bound to the surface
of a flow cell, and each bound template molecule was clonally ampli-
fied up to 1,000-fold to create individual clusters. Four fluorescently
labeled nucleotides were then flowed over the surface of the flow
cell and incorporated into each nucleic acid chain. Each nucleotide la-
bel acted as a terminator for polymerization. The fluorescence of each
cluster was measured during the base identification. Dye was then
enzymatically removed to allow for incorporation of the next nucle-
otide during the next cycle.

Immunohistochemistry

A total of 131 GBC tissue samples were used for immunohistochem-
istry in our present study. All specimens from patients fixed in 10%
68 Molecular Therapy: Oncolytics Vol. 20 March 2021
buffered formalin were embedded in paraffin blocks. One slide
from each specimen had been stained with hematoxylin and eosin
and marked by a pathologist to ensure that the tissue section con-
tained more than 80% tumor cells for macrodissection. Consecutive
4-mm-thick sections were analyzed using a standard immunohisto-
chemistry protocol and stained by antibodies of phospho-mTOR
(Ser-2448) (1:50, Cell Signaling) and phospho-S6K1 kinase (Thr-
389) (1:100, Sigma). The scoring of immunohistochemistry is based
upon the staining intensity (I) and the proportion of stained quantity
(q) of tumor cells to obtain a final score (Q) defined as the product of I
� q and was performed by two independent pathologists. The scoring
system for I was 0 = negative, 1 = low, 2 = moderate, 3 = intense im-
munostaining; and for q was 0 = negative, 1 = 1%–9% positive, 2 =
10%–39% positive, 3 = 40%–69% positive, and 4 = 70%–100% posi-
tive cells.
Statistical analyses

All data are expressed as mean ± SEM. Two-group comparisons were
performed with unpaired two-tailed Student’s t test. Repeated-mea-
sures analysis of variance (ANOVA) was used to determine tumor
differences at various time points within one group of mice. One-
way ANOVA was used to determine tumor differences at W6 be-
tween all four groups. Survival probabilities were determined using
Kaplan-Meier analyses and compared by the log-rank test. Each
experiment consisted of at least three replicates per condition. SPSS
19.0 software was used for all statistical analysis. p <0.05 was consid-
ered statistically significant.
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