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Background: Gallbladder cancer (GBC) is an uncommon but highly fatal malignancy, with limited 
adjuvant therapy. The present study aims to explore the actionable alterations and precision oncology for 
GBC patients.
Methods: Patients with pathologically confirmed GBC who progressed after first-line systemic treatment 
were enrolled. Genomic alterations were captured by ultra-deep targeted next-generation sequencing (tNGS). 
The actionabilities of alterations and the therapeutic regimens were evaluated by a multidisciplinary tumor 
board (MDTB).
Results: Sixty patients with GBC were enrolled and analyzed. tNGS was successfully achieved in all 
patients. The median tumor mutation burden for GBC patients was 5.4 (range: 0.8–36.74) mutations/Mb, 
and the most common mutations were in TP53 (73%), CDKN2A (25%) and PIK3CA (20%). The most 
frequently copy-number altered genes were CDKN2A deletion (11.7%) and ERBB2 amplification (13.3%). 
23% of the patients displayed gene fusion; 17 fusion events were identified, and 14 of the 17 fusion events 
co-occurred with mutations in driver genes. In total, 46 of the 60 (76%) patients were identified as possessing 
at least one actionable target to proceed precision oncology.
Conclusions: The present study revealed the mutational profile for the clinical practice of precision 
oncology in GBC patients.
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Introduction

Gallbladder cancer (GBC) is a relatively uncommon 
aggressive neoplasm with a poor prognosis. GBC is more 
prevalent in Chile and India than in other countries (1). 
Patients with GBC often experience disease progression 
or recurrence shortly after surgery, and the availability of 
adjuvant therapies for GBC is limited (2). For systemic 
chemotherapy, only the gemcitabine plus cisplatin regimen 
has been was approved for the patients with advanced 
biliary tract cancers (3). Although numerous trials have 
attempted to test the efficacy of targeted drugs administered 
in monotherapy or combination treatments, no targeted 
therapeutic regimen has been approved for the treatment 
of advanced GBC (4). The shortage of available targeted 
therapies is potentially the result of the complex biological 
characteristics of GBC and the lack of insight into the 
genomic landscape of this rare type of tumor.

Genomic profiling-guided targeted therapy (GPTT) 
has been widely applied in several types of cancers, which 
has promoted the development of research to identify the 
diverse mutations in the cancer genome (5). Preclinical 
studies focused on the genome of biliary tract cancers 
have identified its heterogeneous mutations and molecular 
alterations (6). Cancer-associated mutations that occur with 
a high frequency in GBC have been identified, and ongoing 
trials targeting these mutations have shown promising 
outcomes (7). Trials targeting EGFR, IDH1/2, ERBB2 
and FGFR have recently demonstrated encouraging 
outcomes for patients with advanced biliary tract cancers 
(8-10). However, the proportion of GBC patients obtaining 

clinical benefits from these therapies is still limited, likely 
due to the lack of translational research available to fill 
the gap between the genomic alteration spectra and the 
management of clinical therapy.

We formed a multidisciplinary tumor board (MDTB) to 
conduct an open-label, single-center, prospective clinical 
trial to assess the feasibility of GPTT among Chinese 
patients with advanced hepatobiliary cancer (Figure 1). 
The present study primarily aims to explore the landscape 
of genomic alterations in GBC and to further identify 
potentially actionable targets.

Methods

Study design

This was a proof-of-concept, open-label, single-center, 
prospective clinical trial to determine the mutational 
spectra in Chinese GBC patients and to assess the feasibility 
of GPTT in GBC patients through real-world clinical 
practice (PTHBC, NCT02715089). The therapeutic 
decision for each participant was discussed and formulated 
by a MDTB in Department of Liver Surgery from Peking 
Union Medical College Hospital (PUMCH). The primary 
purpose of this pilot study was to explore the frequency 
of actionable genomic alterations detected by high-
throughput sequencing in patients with advanced GBC, 
and to determine the feasibility of individualized cancer 
management based on GPTT. This trial was approved by 
the local ethics committee of PUMCH. All participants 
provided written informed consent.

Figure 1 Schematic diagram of the study. GBC, gallbladder cancer.
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Patient population

The main inclusion criteria were as follows: (I) males or 
females aged 18 to 75 years; (II) pathologically confirmed 
stage III or IV GBC; (III) advanced stage GBC with 
recurrent, unresectable, locally advanced or metastatic 
tumor lesions, and palliative care as the preferred treatment 
modality; (IV) tumor tissue sample obtained within  
6 months of enrollment, or at least one tumor lesion 
accessible and permission granted for biopsy; (V) patients 
with multiple lines of prior therapy were eligible if 
their Eastern Cooperative Oncology Group (ECOG) 
performance status was 0–2; and (VI) voluntary participation 
in the study with a signed informed consent form.

Sample collection and targeted next-generation sequencing 
(tNGS)

For each participant who underwent tNGS, the submission 
of at least 20 to 40 unstained slides containing more than 
20% tumor cells, a formalin-fixed paraffin-embedded 
(FFPE) block, or 0.5 cm3 fresh-frozen tissue was required, 
to extract at least 50 ng of DNA for each sample. These 
tumor tissues had to have been obtained within 6 months of 
the enrollment of the patient in the study. All samples were 
obtained as part of routine clinical care; the protocol did not 
mandate biopsies for research purposes. All tumor samples 
were reviewed by clinical pathologists who specialized in 
gastrointestinal tumors before tNGS.

Comprehensive genomic alteration analysis of the 
tumor and matched blood samples were performed with 
an assay panel that captured 450 cancer-related genes and 
selected introns of 38 genes frequently rearranged in cancer 
(YuansuTM, OrigiMed, listed in Table S1). With a mean 
coverage of 900× for tumor tissues and 300× for paired 
blood cells by an Illumina NextSeq-500 Platform (Illumina 
Incorporated, San Diego, CA).

Variations calling and annotation

Somatic alternations, including base substitutions, insertions 
and deletions, copy number alterations, and gene fusions/
rearrangements, were identified as our previous report (11).  
The bioinformatic protocol is similar with previous 
published study (12). Briefly, reads were aligned to human 
genome with the reference sequence (hg19) by Burrows-
Wheeler Aligner (BWA), accompanying with removing 
duplicates from polymerase chain reaction (PCR) by Picard. 

MuTect identified SNVs and short indels after quality 
recalibration and realignment using Genome Analysis 
Toolkit (GATK) pipeline. Pindel was used to calibrate short 
indels. Read depths were normalized in target regions by 
Exome Copy number Alterations/Variations annotATOR 
(EXCATOR). Customized algorithms were used to detect 
copy number changes and gene rearrangement. For copy-
number variations (CNVs), genes with a threshold of 
surpassing 4-copies are deemed as amplification, and genes 
with 0-copies are homozygous deletions. Germline variants 
were identified by HaplotypeCaller from the Genome 
Analysis Toolkit (GATK v.3/3) in the gvcf mode with 
default settings (13), and only those present in both normal 
and tumor samples were retained.

For annotations of actionability for each alteration, 
several databases were refereed, including OncoKB 
knowledge database (14), DGIdb (v3.0.2) (15) and PanDrugs 
(version: 2018.11.7) (16). The functional significance of 
variants was also determined by interrogating databases and 
published literature, such as ClinVar, Catalogue of Somatic 
Mutations in Cancer (COSMIC), and PubMed.

MDTB review and management

Clinical information and genomic alterations results were 
reviewed by a MDTB that consisted of several professors 
specializing in general surgery, oncology, radiology, 
radiotherapy, pathology, genome bioinformatics and nursing 
care.

In the clinical management of patients with actionable 
alterations and targeted therapy, a recommendation was 
made if the matched targeted therapy was available via a 
clinical trial or as an approved drug with an appropriate 
dose and cycle. Actionable alterations were defined as any 
genomic mutation in a gene or a pathway of a gene that is 
directly targeted by an approved drug.

The patient needed to have been in adequate physical 
condition to receive treatment. For patients without 
actionable alterations or who were not in adequate 
condition to receive matched targeted therapy or for those 
who rejected actionable alteration-based treatment, the 
MDTB formulated a therapeutic regimen combined with 
best care support for each patient; these regimens included 
chemotherapy, multitarget molecular targeted drugs 
and regional treatment such as radiotherapy or ablation. 
The therapeutic regimen was evidence-based according 
to clinical treatment guidelines and experience, and the 
adoption of the regimen was determined by each patient.



Lin et al. Precision oncology for GBC

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(18):467 | http://dx.doi.org/10.21037/atm.2019.08.67

Page 4 of 12

Immunohistochemistry (IHC)

IHC was performed on FFPE specimens. Serial 4-μm-
thick sections were sliced and placed on glass slides for 
IHC staining. The following primary antibodies were used: 
anti-CDKN2A p16INK4A (mouse monoclonal 5A8A4, 
dilution: 1/1,000, Invitrogen, US) and anti-Her-2 (mouse 
monoclonal ZM-0065, Zhong-shan Inc., China). Secondary 

antibodies were added to all the sections, including 
negative control slides, which omitted the primary antibody 
treatment.

The evaluation of protein expression was performed 
by independent pathologists who were blinded to the 
clinicopathologic data. The criteria for positivity were as 
follows. For Her-2, the evaluation standard was according 
to the College of American Pathologist/American Society 
of Clinical Oncology (CAP/ASCO) criteria for breast 
cancer (17). For CDKN2A, the samples were classified as 
the following two types: “retained” and “lost”. Samples with 
nuclear and/or cytoplasmic expression anywhere within the 
tumor were defined as “retained”, while the other samples 
were defined as “lost” if there was completed deficiency of 
protein expression in the tumor (18).

Clinical data collection and follow-up

Clinical and demographic data were collected at the time of 
initial enrollment, and these data included age, diagnosis, 
therapeutic history, current disease status, pathological 
status, laboratory examination results (full blood count, liver 
and renal function, coagulation and tumor biomarker CEA/
CA19-9/AFP/CA125) and the latest imaging examinations. 
For patient follow-up, radiological evaluations were 
performed every 6–8 weeks, and the outcomes were 
analyzed using the RECIST1.1 (19).

Statistical analysis

Statistical analysis was performed using R version 3.1.1. 
Continuous variables and proportions were compared 
using the Mann-Whitney, chi-squared and Fisher’s exact 
tests, as appropriate. The 95% CIs were constructed using 
the customary normal approximation interval formula. 
Correlations between marker expression levels were 
analyzed by Spearman’s rank correlation coefficient. A two-
tailed P<0.05 was considered statistically significant.

Results

Patient enrollment and characteristics

From March 2016 to March 2018, 60 patients with 
GBC applied for admission to our study. Among these 
participants, the median age was 59.5 (range: 31–80) years, 
with 39 females and 21 males. In total, 97% (58/60) of the 
patients were diagnosed with gallbladder adenocarcinoma, 

Table 1 Baseline characteristics

Clinicopathological parameters Total (N=60)

Age (median, range, years) 59.5 [31–80]

Gender (female, %) 39 [65]

Performance status (ECOG, n, %)

0–1 42 [70]

2 18 [30]

Pathological type (adenocarcinoma, n, %) 58 [97]

Lymphatic metastasis (n, %)

N0 21 [35]

N1 36 [60]

Nx 3 [5]

Distant metastasis (M1, n, %) 21 [35]

Liver metastasis 18 [30]

Lung metastasis 3 [5]

Distant lymph node metastasis 8 [13]

Previous treatments (n, %)

Surgery of primary tumor lesion 34 [57]

Gemcitabine +/− platinum chemotherapy 38 [63]

Site of biopsy (n, %)

Primary tumor in gallbladder 41 [68]

Metastasis tumor in liver 15 [25]

Metastasis in lymph node 4 [7]

Time to biopsy after first-line treatment  
(median, range, months)

3.5 [1.0–11.5]

Types of tissues to tNGS (n, %)

Tissues from resection surgery 32 [53]

Tissues from regional biopsy 28 [47]

Noting: 8 patients with distant lymph node metastasis had  
simultaneous liver metastasis (n=5) or lung metastasis (n=3).
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and 2 patients were diagnosed with mixed adeno-endocrine 
carcinoma (Table 1).

Tumor tissues obtained within six months of enrollment 
in the trial were used for ultra-deep tNGS. For patients 
without tumor tissues available from within six months of 
their enrollment in the trial, a biopsy of primary tumor 
lesions was needed to acquire recent tissue. Samples 
from all participants with pathologically confirmed GBC 
underwent tNGS, and the treatment and management of 
all 60 participants with GBC were managed by the MDTB. 
With regard to prior therapies, all patients undergone at 
least a line of antitumor treatments, 34 (57%) patients 
had undergone surgical resection, and 38 (63%) patients 
had received gemcitabine and/or platinum chemotherapy 
(Table 1). At the time of enrollment, 36 (60%) patients had 
evidence of lymphatic metastasis, and 21 (35%) patients had 
extra-gallbladder metastatic sites. To maximize the efficiency 
of tNGS and its application to the clinical management 
of GBC patients, the mean wait time for tNGS reports is  
12 days (range 7 to 16 days), and MDTB recommendations 
are provided within 16 days on average (range 10 to 21 days),  
including the wait time for the tNGS reports.

Spectrum of genomic alterations in GBC

Using tNGS (mean coverage depth: 986×) to capture exons 
of cancer-related genes (n=450) and selected introns of 38 
oncogenes or tumor suppressor genes, all 60 GBC patients 
were found to have at least one somatic nonsynonymous 
mutation. The spectra of somatic mutations and the tumor 
mutation burdens (TMBs) varied among samples, indicating 
heterogeneity among GBC patients. The median TMB 
was 5.4 (range: 0.8–36.74) mutations/Mb. The TMB found 
in our study was significantly higher than that found in 
patients from TCGA-CHOL with cholangiocarcinoma (20) 
and that found in patients with GBC evaluated by Li et al. 
(6,21); these differences may result from the use of samples 
from patients with late clinical stage and post-chemotherapy 
tumors in our GBC cohort. Consistent with the findings of 
previous studies (22), we identified some genes with high 
mutation frequencies in GBC, including known oncogenes 
(PI3KCA and KRAS) and tumor suppressor genes (TP53, 
CDKN2A, ARID1A, and APC). The most frequently 
altered genes among the 60 patients with GBC in this study 
were TP53 (73%), CDKN2A (25%), PIK3CA (20%) and 
ERBB2 (18%) (Figure 2). Interestingly, we identified one 
patient (PUHG001) who carried the POLEN2126S mutation 
and who had a TMB of 34.2 mut/Mb. The mutant IDH 

alleles detected in our cohort (IDH1R132L) were different 
from those found in TCGA-CHOL (IDH1R132C and 
IDH2R172K/S). Moreover, we found a high frequency of 
truncation mutations in SWI/SNF complex genes, such 
as ARID1A, ARID2 and PBRM1. A BAP1 truncation 
mutation was identified in 2 patients. We also identified 4 
GBC patients with somatic amplification of mouse double 
minute 2 (MDM2), who were unsuitable candidates for 
immune checkpoint inhibitors because of the potential risk 
of hyper-progression (23).

We identified the mutational features of each frequently 
mutated gene. TP53 and PIK3CA predominately contained 
oncogenic base substitutions and indels (insertion or 
deletion), CDKN2A and CDKN2B predominantly 
contained homozygous deletions, and ERBB2 mutations 
were mostly gene amplifications. CDKN2A had mostly 
deletions in the p16INK4 region (46.7%, 7/15), and 
CDKN2B had only one deletion mutation type in the 
p15INK4b region. Functional pathways of the somatic 
alterations (mutations and copy-number variations) revealed 
that the cell cycle, SWI/SNF complex and kinase functions 
in the Ras pathway were frequently altered in GBC patients 
(Figure 2).

IHC assessment and survival outcomes for CDKN2A and 
ERBB2

Prior outcomes indicated that GBC patients may be a 
suitable population for targeted-CDKN2A [palbociclib (24)]  
or anti-ERBB2 (Her-2) therapy (25). In our present cohort, 
7 patients were identified as having deleterious mutations 
in CDKN2A (CDKN2ADel), while 8 patients had 
amplification of ERBB2 (ERBB2-amp). Because alterations 
in protein expression are also indicators for targeted therapy, 
it is also important to explore CDKN2A and ERBB2 
expression in situ in tumor tissue by IHC (Figure 3A,B,C). 
Using FFPE samples from the present cohort, we evaluated 
CDKN2Ap16 and ERBB2 protein expression. CDKN2A 
expression was lost (Figure 3A, 1) in 10% (6/60, 6/7 patients 
with CDKN2A-del) of the patients with GBC, and 8.3% 
(5/60, 5/8 patients with ERBB2-amp) of the patients had 
ERBB2 overexpression (3+ by IHC, Table 2, Figure 3C, 1/2).  
This finding indicates that a small proportion of GBC 
patients may be suitable for palbociclib or anti-Her-2 
targeted treatment (26). For survival analysis, we did 
not observe any prognostic significance of or survival 
correlation with CDKN2A (P=0.13) and ERBB2 (P=0.06) 
(Figure 3D,E).
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Figure 2 The landscape of somatic alterations in 450 cancer-related genes among 60 GBC patients. The top bar chart exhibits the tumor 
mutation burden (TMB) in each patient, and patients with TMB ≥12.5 mut/Mb were deemed as TMB-high GBC. The bottom left plot 
shows the mutation frequency of each individual gene. The bottom middle plot shows the mutation type and status of the recurrently altered 
genes for each patient. The bottom right corner shows the annotation for each section, including the baseline characteristics and mutation 
type for each patient. GBC, gallbladder cancer.
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Actionable fusion events and germline mutations in 
relation to family history of malignancies

We captured gene fusion events in select introns of 38 genes 
to identify virtual fusion events and fusion drivers (Figure 4). 

In total, 23% (14/60) of the patients had gene fusion events, 
with 17 fusion events captured. 14 of the 17 fusion events 
were accompanied by cancer-driving genes. FGFR-related 
fusion genes, which have been previously reported in biliary 
tract cancers (BTCs), were deemed to be the drivers of BTC 
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development (27). In our GBC cohort, we identified FGFR-
related fusions in 3% (2/60) of the patients; these fusions 
involved FGFR3-TACC3 and in-frame fusions of FGFR2. 
The FGFR3-TACC3 fusion was previously reported in 
cholangiocarcinoma (27) and was shown to be oncogenic in 
lung cancer, glioblastoma, and cervical cancer (28,29). To the 
best of our knowledge, this is the first report of this fusion in 
GBC. Interestingly, one NTRK3 fusion event, thought to be 
a rare event in cancer, was captured in patient PUHG054; 
that patient may benefit from larotrectinib treatment (a 
highly selective TRK inhibitor) (30).

Germline pathogenic alterations were also identified 
in all patients who underwent tNGS. We analyzed and 
annotated the significance of germline variants in 10 
DNA repair-associated genes, including ATM, BRCA1/2, 
FANCA, MLH1, MSH2, MSH6, PMS2, PALB2, and 

RAD5, and in 3 genes related to genomic instability 
(TP53, BAP1, BLM). In total, 2 of the 60 patients carried 
deleterious germline mutations. The genes with deleterious 
pathogenic germline mutations were ATM and BRCA2. 
Additionally, 25 germline mutations in 20 other GBC 
patients were identified as variants of uncertain significance 
(VUS). Only 6 of the 22 patients with germline alterations 
reported a family history of cancer, and none of the 
patients reported family members with GBC. Among the 6 
patients with a family history of cancer, only 1 patient (with 
deleterious BRCA2 mutations) had a positive family history 
of cancer in first-degree relatives.

Clinical translation and practice

For each patient enrolled in this study, after identifying the 

Figure 3 Sample images for the immunohistochemical analysis of CDKN2A and ERBB2. (A-1) CDKN2A lost expression; (A-2) CDKN2A 
normal expression; (B-1) ERBB2 negative expression, 0+; (B-2) ERBB2 level 1 positive expression, 1+; (C-1) ERBB2 level 2 positive 
expression, 2+; (C-2) ERBB2 level 3 positive expression, 3+; (D) survival curve between CDKN2A lost expression and normal expression 
estimated by the Kaplan-Meier method; and (E) survival curve between ERBB2 low expression (0+ and 1+) and high expression (2+ and 3+).
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Table 2 Protein expression status assessed by immunohistochemistry in another independent GBC cohort (N=60)

Expression

CDKN2A p16INK4A ERBB2/Her-2

Lost  
expression

Retained  
expression

0+ 
 (negative)

1+  
(weak, negative)

2+ 
(moderate, equivocal)

3+  
(strong, positive)

n, % 6 (10.0) 54 (90.0) 25 (41.7) 22 (36.7) 8 (13.3) 5 (8.3)

GBC, gallbladder cancer.

Figure 4 Fusion events in selected introns of 38 genes contained in the tNGS panel. In total, 33 fusion events were captured, and 23% (14/60) 
of the patients carried gene fusion events; 17 fusion events were captured. Two FGFR-associated fusions were identified (FGFR2 intergenic 
fusion and FGFR3-TACC3 fusion). tNGS, targeted next-generation sequencing.

Gene & intergenic

Bewteen gene

Within gene

5' partner

3' partner

5' & 3' partner

individuals’ genomic alterations by tNGS, we integrated the 
genomic information and their clinicopathological features 
to explore the translational percentage of mutation-targeted 
therapy. To annotate the actionability for each identified 
alteration, we comprehensively considered the evidences 

and recommendations from three major databases, 
including OncoKB, DGIdb and PanDrugs (see Methods), 
and then we determined four levels of evidence for the 
altered genes identified in our cohort, according to existing 
clinical studies for each mutation and its corresponding 
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targeted drugs (level 1 GPTT indicated the strongest 
recommendation while level 4 GPTT indicated the weakest 
recommendation, Table S2). Overall, 46 of the 60 (76%) 
patients were matched with at least one GPTT regimen, 
among whom 26 (43.3%) GBC patients were matched with 
two or more GPTT options. Although there were only 
one level-1 GPTT case with NTRK3 fusion event, 18.3% 
(11/60) of the patients possessed level 2 recommendations. 
Among these actionable genomic alterations, the most 
common actionable targets were PIK3CA, ERBB2/3 and 
CDKN2A, and the most common variation types were 
somatic missense mutations and copy number variations. 
Pathway-enrichment analysis demonstrated that the most 
common actionable molecular mechanisms were related 
to the PI3K-Akt signaling pathway. However, for the 
limitation of available molecular targeted drugs during 
the real-world clinical practice, only 2 patients proceeded 

GPTT regimen to receive therapy targeted the specific 
genomic alterations. PUHG006, a 54 years old woman 
with advanced gallbladder adenocarcinoma, was detected a 
CDKN2A fragment deletion in p16INK4A. After failed in 
the treatment of GEMOX chemotherapy and radiotherapy, 
she received palbociclib treatment for 4 weeks. The 
CA19-9 significantly decreased (from 1891 to 821) while 
she discontinued therapy because of adverse events 
(thrombocytopenia, grade 3; diarrhea, grade 3). Another 
previously reported patient (31), PUHG038, with germline 
BRCA1Q858* mutation, treated by olaparib and obtained 
10-weeks tumor progression-free survival.

From the actionable genomic alterations revealed by 
tNGS, we constructed the GPTT landscape for precision 
oncology in GBC patients (Figure 5). We systematically 
reviewed the published literature and molecular targeted 
drugs listed on the market and established the framework 

Figure 5 The summary of targetable genomic alterations captured in GBC and the matched GPTT regimen drugs for individual mutated 
genes and types. GBC, gallbladder cancer; GPTT, genomic profiling-guided targeted therapy.
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for matching each genomic alteration with a GPTT 
regimen. This landscape will offer a reference for the 
clinical practice of and trial design for precision oncology 
within GBC.

Discussion

GBC is a rare cancer with poor prognosis, short survival 
time and limited therapeutic regimens. This rare tumor 
has not been well studied. Precision oncology becomes 
feasible when the genomic landscape of GBC becomes 
clearer. However, limited efforts have been made to explore 
the genomic alteration landscape of this rare tumor and 
to develop guidelines for the clinical practice of precision 
oncology in GBC (32). Therefore, we conducted a 
prospective proof-of-concept trial to assess the feasibility of 
using molecular targeted agents guided by tNGS in a real-
world clinical practice. We identified at least one molecular 
aberration based on tNGS in each of the 60 enrolled 
patients with refractory, which is a promising outcome for 
clinical practice, as GBC has low tumor cellularity and 
high tumor stroma. Among these genomic alterations, 
we found that 76% of the patients carried at least one 
actionable alteration that could be matched with molecular 
targeted drugs listed on the market, potentially enabling 
the application of precision targeted therapy (Figures 2,5). 
The mapping rate from the tNGS results to the targeted 
therapy regimens was higher than the rates observed in the  
SHIVA (33) trial (39%) and MOSCATO-01 (34) trial (24%), 
while the MOSCATO-01 trial concluded that 68% of the 
patients with bile tract cancers (33/43) could match targeted 
therapy through tNGS (35). These outcomes demonstrated 
that GBC was a particularly well-suited candidate for 
precision medicine programs based on molecular or 
genomic alterations (4). To the best of our knowledge, the 
60 GBC patients included in this study was a relatively large 
sample size for this rare tumor.

The clinical benefit of GPTT in GBC patients is worth 
investigating. Loic Verlingue et al. showed encouraging 
results of the application of the GPTT regimen in the 
MOSCATO-01 trial, with a 33% overall response rate 
and 88% DCR for 18 patients with advanced biliary 
tract cancers and a median PFS of 5.2 months (35). In 
addition, in the present study, we also validated the clinical 
significance of alterations in CDKN2A and ERBB2 (or 
Her-2) detected by tNGS. In total, 11.7% of the GBC 
patients in this trial had CDKN2A deletions, and 10% had 
lost protein expression, as assessed by IHC; these patients 

were candidates for treatment with palbociclib. 8.3% 
patients had ERBB2 amplifications and were candidates for 
anti-Her2 therapy, including treatment with trastuzumab or 
lapatinib (25). Moreover, the promising efficacy of tumor 
immunotherapy in several solid tumors, especially that 
of immune-checkpoint inhibitors such as nivolumab and 
pembrolizumab, linked genomic alterations and clinical 
treatment outcomes more firmly (36). The TMB, a factor 
strongly correlated with PD-1 inhibitors, has been widely 
assessed before the initiation of anti-PD1/L1 therapy. In 
our previous clinical trial (37), we demonstrated that a 
TMB of 12.5 mutations/Mb could serve as the cutoff value 
for determining the therapeutic benefit of a regimen of 
lenvatinib plus PD-1 inhibitor. In the present study, we 
found that 15% (9/60) of patients could be classified as 
a TMB-high GBC, and this proportion of patients may 
benefit from immune-checkpoint inhibitor.

However, it is important to note that a high mapping 
rate does not indicate a high translation rate to practical 
clinical treatment. In our cohort, the enrolled patients had 
all previously received at least one treatment, with 63% 
of the participants experiencing disease progression after 
gemcitabine and/or platinum chemotherapy. Although 46 of 
the 60 patients had actionable genomic alterations and were 
matched to suitable molecular targeted agents, only 20% 
(12/60) could match a therapeutic regimen with level-1/2 
GPTT. The limitation of our study was that only 2 patients 
accepted the GPTT regimen. Based on our experience, the 
obstacles to GPTT include the following: (I) the shortage 
of evidences of clinical practices using targeted drug based 
on actionable alterations in patients with rare tumors, such 
as everolimus in GBC patients with mutations in PI3K-
Akt signaling pathway. (II) The poor physical conditions 
of advanced GBC patients that render them unable to 
tolerate anti-cancer treatment, especially patients with 
jaundice or severe liver dysfunction. (III) The high degree of 
heterogeneity of the GBC genome made it hard to specifically 
select targets to inhibit; thus, multitarget drugs may be more 
valuable when precise molecular agents targeting specific 
mutations (such as KRAS and TP53) are lacking.

Therefore, importantly, a low translation rate to clinical 
treatment requires assistance from a MDTB. The following 
three aspects reflect the value of a MDTB in GPTT: 
(I) for decision making in a GPTT-suitable population, 
the MDTB can recommend a therapy with reference to 
the existing evidence regarding genomic alterations and 
available clinical trial results, and it can weigh the options 
when different actionable targets match various molecular 
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drugs; (II) for patients unable to accept GPTT, the 
MDTB offers recommendations for the optimal alternate 
therapeutic methods, highlighting the need for personalized 
treatment; and (III) best support care (BSC) is indispensable 
for patients with advanced bile tract cancers to improve 
their quality of life and support good physical condition to 
enable them to receive anti-tumor treatment.

In conclusion, in the present study, we identified the 
mutational spectrum and actionable targets in GBC, a rare 
cancer. With the assistance of the MDTB, GPTT guided by 
ultra-deep tNGS is feasible in real-world clinical practice, 
and the majority of GBC patients had actionable genomic 
alterations. The translation rate of GPTT in clinical 
treatment has substantial room for improvement, and larger-
scale prospective clinical trials with interventional GPTT 
treatment are necessary to demonstrate the superiority and 
efficacy of GPTT among patients with refractory GBC.
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Supplementary

Table S1 Gene list of ultra-deep targeted NGS panel (YuansuTM, OrigiMed)

Exons of 450 cancer-related genes

ABL1, ABL2, ACVR1B, ACVR2A, ADAM29, ADGRA2, AKT1, AKT2, AKT3, ALK, AMER1, APC, APEX1, AR, ARAF, ARFRP1, ARID1A, 
ARID1B, ARID2, ASXL1, ATF1, ATM, ATR, ATRX, AURKA, AURKB, AXIN1, AXIN2, AXL, BAP1, BARD1, BCL2, BCL2L1, BCL2L11, 
BCL2L2, BCL6, BCOR, BCORL1, BCR, BIRC5, BLK, BLM, BMPR1A, BMX, BRAF, BRCA1, BRCA2, BRD4, BRIP1, BTG1, BTK, CAM-
TA1, CARD11, CBFB, CBL, CCND1, CCND2, CCND3, CCNE1, CD274, CD79A, CD79B, CDC73, CDH1, CDK12, CDK4, CDK6, CDK8, 
CDKN1A, CDKN1B, CDKN2A, CDKN2B, CDKN2C, CEBPA, CFTR, CHD2, CHD4, CHEK1, CHEK2, CIC, COL1A1, CRBN, CREB3L1, 
CREB3L2, CREBBP, CRKL, CRLF2, CSF1, CSF1R, CSK, CSNK1A1, CTCF, CTNNA1, CTNNB1, CUL3, CXCR4, CYLD, CYP17A1, CY-
P2D6, DAXX, DDR1, DDR2, DICER1, DNMT3A, DOT1L, DPYD, EGF, EGFR, EMSY, EP300, EPCAM, EPHA2, EPHA3, EPHA5, EPHA7, 
EPHB1, ERBB2, ERBB3, ERBB4, ERCC1, ERG, ERRFI1, ESR1, ETV1, ETV4, ETV5, ETV6, EWSR1, EZH2, FAM135B, FAM46C, FAN-
CA, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCL, FANCM, FAS, FAT1, FAT3, FAT4, FBXW7, FEN1, FEV, FGF10, FGF12, FGF14, 
FGF19, FGF23, FGF3, FGF4, FGF6, FGF7, FGFR1, FGFR2, FGFR3, FGFR4, FGR, FH, FLCN, FLI1, FLT1, FLT3, FLT4, FOS, FOXL2, 
FOXO1, FOXP1, FRS2, FUBP1, FUS, FYN, GABRA6, GATA1, GATA2, GATA3, GATA4, GATA6, GID4, GLI1, GLI2, GLI3, GNA11, GNA13, 
GNAQ, GNAS, GRIN2A, GRM3, GSK3B, H3F3A, HCK, HDAC9, HGF, HNF1A, HRAS, HSD3B1, HSP90AA1, HTATIP2, IDH1, IDH2, IG-
F1R, IGF2, IKBKE, IKZF1, IL7R, INHBA, INPP4B, IRF2, IRF4, IRS2, ITK, JAK1, JAK2, JAK3, JUN, KAT6A, KDM5A, KDM5B, KDM5C, 
KDM6A, KDR, KEAP1, KEL, KIT, KLHL6, KMT2A, KMT2C, KMT2D, KRAS, LCK, LIMK1, LMO1, LRP1, LRP1B, LRP2, LYN, LZTR1, 
MACC1, MAGI2, MAP2K1, MAP2K2, MAP2K4, MAP3K1, MAP3K13, MAP4K5, MCL1, MDM2, MDM4, MED12, MEF2B, MEN1, MERTK, 
MET, MGMT, MITF, MLH1, MPL, MRE11A, MS4A1, MSH2, MSH6, MST1R, MTOR, MUTYH, MYB, MYC, MYCL, MYCN, MYD88, NBN, 
NCOA2, NCOR1, NEK11, NF1, NF2, NFE2L2, NFIB, NFKBIA, NKX2-1, NOTCH1, NOTCH2, NOTCH3, NOTCH4, NPM1, NR4A3, NRAS, 
NRG1, NRG3, NSD1, NTRK1, NTRK2, NTRK3, NUP93, PAK3, PALB2, PARK2, PARP1, PARP2, PARP3, PARP4, PAX5, PBRM1, PCA3, 
PDCD1, PDCD1LG2, PDGFB, PDGFRA, PDGFRB, PDK1, PIK3C2B, PIK3CA, PIK3CB, PIK3CD, PIK3CG, PIK3R1, PIK3R2, PKD2, 
PLA2G1B, PLCG2, PMS2, POLB, POLD1, POLE, PPP2R1A, PRDM1, PREX2, PRKACA, PRKAR1A, PRKCI, PRKDC, PRSS1, PRSS8, 
PTCH1, PTEN, PTK2, PTK6, PTPN11, QKI, RAC1, RAD50, RAD51, RAD51B, RAD51C, RAD51D, RAD52, RAD54B, RAD54L, RAF1, 
RANBP2, RARA, RB1, RBM10, RECQL, REL, RELA, RELB, RET, RHBDF2, RHOA, RICTOR, RNF43, ROCK1, ROCK2, ROS1, RPTOR, 
RUNX1, RUNX1T1, RXRA, SDHA, SDHB, SDHC, SDHD, SETD2, SF3B1, SIK1, SLIT2, SMAD2, SMAD3, SMAD4, SMARCA4, SMARCB1, 
SMARCD1, SMO, SNCAIP, SOCS1, SOX10, SOX2, SOX9, SPEN, SPINK1, SPOP, SPTA1, SRC, SRMS, SS18, SSX1, STAG2, STAT3, 
STAT4, STK11, STK24, SUFU, SYK, TAF1, TBX3, TCF7L2, TEK, TERT, TET1, TET2, TET3, TFE3, TGFBR1, TGFBR2, TIE1, TIPARP, TM-
PRSS2, TNFAIP3, TNFRSF14, TNFSF11, TNFSF13B, TNK2, TOP1, TOP2A, TP53, TPMT, TSC1, TSC2, TSHR, TYK2, U2AF1, UGT1A1, 
VEGFA, VHL, WEE1, WEE2, WHSC1, WISP3, WT1, XIAP, XPO1, XRCC2, XRCC3, YES1, ZBTB2, ZNF217, ZNF703, ZNF750

Selected introns of 38 genes frequently rearranged in cancer

ALK, BCR, BRAF, BRCA1, BRCA2, DDR2, EGFR, FGFR1, FGFR2, FGFR3, KIT, MET, MSH2, NTRK1, NTRK2, PDGFRA, RAF1, RARA, 
RET, ROS1, AKT3, ERBB2, ERBB4, NTRK3, BCL2, BRD4, ETV1, ETV4, ETV5, ETV6, EWSR1, MYB, NOTCH2, SS18, TMPRSS2, 
NOTCH1, NRG1, JAK2



Table S2 Genomic profiling-guided targeted therapy (GPTT) evidence dataset

Target
Alteration type

SNV CNV SV Germline

ERBB2/3 c.2537G > T, S846I. Trastuzumab\Lapatinib\ 
Afatinib. Level 2. (PMID: 18852121, 24886126, 
197276389)

Amplification. Trastuzumab\ 
Pertuzumab\Lapatinib. Level 2.  
(PMID: 27171333)

Pertuzumab + Trastuzumab + Docetaxel\ 
Trastuzumab + chemotherapy. Level 2.  
(PMID: 23602601, 22257523)

None

CDKN2A/CDKN2B Ribociclib\Abemaciclib. Level 3.  
(PMID: 27542767, 27217383)

Deletion. Palbociclib\Ribociclib\ 
Abemaciclib. Level 3. (PMID: 26715889, 
27542767, 27217383)

Palbociclib\Ribociclib\Abemaciclib. Level 3. 
(PMID: 26715889, 27542767, 27217383)

None

PTEN p.E314*. Everolimus\Copanlisib. Level 3. 
(PMID: 27091708, 21147910)

Everolimus\Temsirolimus\Copanlisib. Level 3. 
(PMID: 20062086, 23289505, 21147910)

None None

STK11 Everolimus\Temsirolimus. Level 3.  
(PMID: 21189378, 25436981, 20541700)

None Everolimus\Temsirolimus. Level 3. (PMID: 
27615706, 21189378, 25436981, 20541700)

None

PIK3CA Everolimus\Temsirolimus\Copanlisib. Level 
3. (PMID: 26859683, 25886409, 27672108, 
27091708)

Everolimus\Temsirolimus\Copanlisib. Level 
3. (PMID: 21113138, 18852163, 19029838, 
10851074)

None None

ATM Olaparib\Rucaparib\Niraparib. Level 2. (PMID: 
23851492, 26510020, 26282658, 28182994, 
16912188)

none None Olaparib\Rucaparib. Level 3.  
(PMID: 23851492)

AXL None Foretinib. Level 3. (PMID: 22918720) None None

VEGFA None Sorafenib\Remonoluzumab\ 
Bevacizumab. Level 3.  
(PMID: 22565005, 28928842, 24687604)

None None

FGFR2/3 Pazopanib. Level 3.  
(PMID: 23786770, 25249557)

Pazopanib. Level 3. (PMID: 25766722) None None

TSC2 Everolimus\Temsirolimus. Level 3.  
(PMID: 21306238, 23312829, 23401075)

Everolimus\Temsirolimus. Level 2. (PMID: 
25295501, 27751352)

Everolimus\Temsirolimus. Level 3. (PMID: 
22923433, 28341110, 25295501, 27751352)

None

CDK6 None Palbociclib\Ribociclib\Abemaciclib. Level 
3. (PMID: 27217383, 26658964, 22761470, 
23197022)

None None

BRCA1/2 Olaparib\Rucaparib\Niraparib. Level 2. (PMID: 
15829966, 15829967, 16110319, 20609467)

Olaparib\Rucaparib\Niraparib. Level 1. (PMID: 
20609467, 20609468, 25366685)

None Olaparib\Rucaparib\Niraparib.  
Level 2. (PMID: 20609467, 20609468, 
25366685, 28578601)

EGFR Gefitinib\Erlotinib\Icotinib\Afatinib\ 
Osimertinib. Level 2. (PMID: 16011858, 
15710947, 18458038, 26354527, 23242437)

Necitumumab. Level 2. (PMID: 18337605, 
16284218, 15163002, 15920544)

Gefitinib\Erlotinib\Icotinib\Afatinib\Osimertinib. 
Level 2. (PMID: 16187797, 1731821, 25846096, 
28498782, 28692381)

None

MET Crizotinib\Cabozantinib. Level 2.  
(PMID: 23208509, 7518457, 16397241, 
25971938, 11741535)

Crizotinib\Cabozantinib. Level 2. (PMID: 
27664533, 25971939, 21926191, 23553846)

Crizotinib\Cabozantinib. Level 1. (PMID: 
25922291, 26791794, 26724472, 27664533)

None

MTOR Everolimus\Temsirolimus. Level 3.  
(PMID: 24535670, 21498506, 26071483, 
28032309)

Everolimus\Temsirolimus. Level 3. (PMID: 
21521416, 19427302, 24368400, 17020981)

None None

BRAF Trametinib\Cabozantinib\Sorafenib\ 
Regorafenib. Level 3. (PMID: 26200454, 
28783719, 27388325, 26237499, 24035431)

Trametinib\Cabozantinib\Regorafenib\Sorafenib. 
Level 3. (PMID: 20535844, 20179705,  
26882073, 22805292, 28278423)

None None

VHL Axitinib\Sunitinib\Sorafenib\ 
Bevacizumab. Level 3. (PMID: 18635227, 
16827904, 25538263)

None None None


