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Summary. Gallbladder neuroendocrine carcinomas
(GB-NECs) are a rare subtype of malignant gallbladder
cancer (GBC). The genetic and molecular characteristics
of GB-NECs are rarely reported. This study aims to
assess the frequency of microsatellite instability (MSI)
in GB-NECs and characterize their clinicopathologic and
molecular features in comparison with gallbladder
adenocarcinomas (GB-ADCs). Data from six patients
with primary GB-NECs and 13 with GB-ADCs were
collected and reevaluated. MSI assay, immunohisto-
chemistry for mismatch repair proteins (MLH1, MSH2,
MSH6, and PMS2), comprehensive genomic profiling
(CGP) via next-generation sequencing (NGS), and
evaluation of tumor mutation burden (TMB) were
conducted on these samples. The six GB-NEC cases
were all female, with a mean age of 62.0+9.2 years. Of
these, two cases were diagnosed as large cell
neuroendocrine carcinomas (LCNECs), while the
remaining four were small cell neuroendocrine
carcinomas (SCNECs). Microsatellite states observed in
both GB-NECs and GB-ADCs were consistently
microsatellite stable (MSS). Notably, 7P53 (100%, 6/6)
and RBI (100%, 6/6) exhibited the highest mutation
frequency in GB-NECs, followed by SMAD4 (50%, 3/6),
GNAS (50%, 3/6), and RICTOR (33%, 2/6), with RBI,
GNAS, and RICTOR specifically present in GB-NECs.
Immunohistochemical (IHC) assays of p53 and Rb in the
six GB-NECs were highly consistent with genetic
mutations detected by targeted NGS. Moreover, no
statistical difference was observed in TMB between GB-
NECs and GB-ADCs (p=0.864). Although overall
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survival in GB-NEC patients tended to be worse than in
GB-ADC patients, this difference did not reach
statistical significance (p=0.119). This study has
identified the microsatellite states and molecular
mutation features of GB-NECs, suggesting that co-
mutations in 7P53 and RBI may signify a
neuroendocrine inclination in GB-NECs. The IHC assay
provides an effective complement to targeted NGS for
determining the functional status of p53 and Rb in
clinical practice.
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Introduction

Gallbladder cancers (GBCs) are rare digestive
system malignancies, exhibiting a worldwide incidence
of 1.2% and a mortality rate of 1.7% (Bray et al., 2018).
Several predisposing factors, including chronic
inflammation, genetic traits, gender differences, and
developmental dysplasia, contribute to the distinct nature
of this cancer (Hundal and Shaffer, 2014). Among
GBCs, Gallbladder Adenocarcinomas (GB-ADCs)
represent the predominant histological type, accounting
for roughly 90% of cases (Roa et al., 2021).

Neuroendocrine neoplasms (NENs) originating from
neuroendocrine cells are infrequent, primarily occurring
in the digestive and respiratory systems (Gustafsson et
al., 2008; La Rosa and Ucella, 2021). According to the
2022 WHO classification of endocrine and
neuroendocrine tumors (Rindi et al., 2022), NENs are
divided into well-differentiated neuroendocrine tumors
(NETs), poorly differentiated neuroendocrine
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carcinomas (NECs), and Mixed neuroendocrine-non-
neuroendocrine neoplasms (MiNENs), which are
generally composed of adenocarcinoma and neuro-
endocrine carcinoma (=30% of tumor burden). NECs
further subdivide into small cell types (SCNECs) or
large cell types (LCNECs) based on morphological
features. Gallbladder neuroendocrine carcinomas (GB-
NECs) are exceedingly rare and highly malignant,
constituting only 0.5% of all NENs and 2.1% of GBCs
(Yao et al., 2008). Owing to the absence of specific
clinical manifestations and typical imaging features in
GB-NECs, it is difficult to distinguish GB-NECs from
GB-ADCs without pathological diagnosis. Un-
fortunately, GB-NECs are typically diagnosed at
advanced stages, resulting in unsatisfactory outcomes
and a poor prognosis.

Microsatellite instability (MSI) has been observed in
intestinal and gastric neuroendocrine carcinomas
(Sahnane et al., 2015). However, microsatellite states in
GB-NECs have been rarely reported. Moreover, owing
to its low incidence, the molecular characteristics of GB-
NECs remain largely unknown. Molecular disparities
between GB-NECs and GB-ADCs have not been clearly
recognized. In this study, we reported and analyzed the
histopathological and molecular characteristics of six
poorly differentiated GB-NEC cases. Additionally, we
provided detailed insights into the microsatellite states
and comprehensive genomic profiles (CGP) of these rare
cases of GB-NECs alongside 13 GB-ADC cases.
Identifying gene mutation disparities between GB-NECs
and GB-ADCs may aid in identifying specific molecular
pathological diagnostic biomarkers of GB-NECs.

Materials and methods
Patients and study design

This retrospective study examined six patients with
GB-NECs admitted to the First Affiliated Hospital,
Zhejiang University School of Medicine between
January 2018, and January 2023. Pathological diagnoses
were confirmed by two expert pathologists using four
postoperative resection specimens and two biopsy
specimens. Thirteen age-matched patients with GB-
ADCs who underwent surgical resection and received

Table 1. Antibody list used in IHC.

confirmed pathological diagnoses were randomly
selected for comparison. Detailed clinical information
for each patient, including sex, age, physical
examinations, presence of gallbladder stones, surgical
treatment, pathologic diagnosis, serum tumor markers,
and prognosis, was recorded. All samples were analyzed
using an MSI assay and comprehensive genomic
profiling through NGS sequencing. The Ethics
Committee of the First Affiliated Hospital, Zhejiang
University School of Medicine approved this study (No.
2023-0579). Patient consent was waived due to the
retrospective study using previous medical records.

Morphologic assessment

All tissue samples were fixed in 4%
paraformaldehyde, embedded in paraffin wax, and
sectioned (thickness, 3 um). Paraffin sections were
stained with hematoxylin-eosin (H&E) for
morphological examinations. Expert pathologists
evaluated histological features according to the WHO
Classification of Endocrine and Neuroendocrine Tumors
(2022), including neuroendocrine cytologic subtype
(small or large cell), tumor grade, exocrine component
type (adenomas, adenocarcinomas, squamous cell
carcinomas), vascular and perineural invasion, presence
of necrosis, mitotic count per 2 square mm, bile duct
infiltration, liver or pancreas tissue invasion, resected
margins, and local lymph node metastases. TNM stage
was assigned according to the 8th American Joint
Committee on Cancer (AJCC) guidelines for gallbladder
cancer (Byrd et al., 2017).

Immunohistochemical staining

Consecutive tissue sections (3 pm) underwent
dewaxing, rehydration, epitope retrieval, primary
antibody incubation, and detection using the Leica Bond
polymer refine detection kit (Leica, Germany) or
Ventana® Ultraview universal DAB detection kit
(Roche, Switzerland), following the primary antibody’s
instruction manual. Detailed antibody information is
listed in Table 1. The Ki67 proliferative index was
calculated as Ki-67+ staining (%): Ki-67+ tumor cells/
(Ki-67+ tumor cells + Ki-67- tumor cells) x 100. A total

Antibodies Catalog no. Source MAb/RAb Dilution

Anti-Syn ZA-0506 ZSGB-BIO, Beijing M 1:300 for IHC/IF
Anti-CD56 M-0148 Shangai Long Island Biotec. Co. M 1:300 for IHC/IF
Anti-CgA M-0202 Shangai Long Island Biotec. Co. M 1:500 for IHC/IF
Anti-Ki-67 MIB-1 DAKO, Denmark M 1:1000 for IHC/IF
Anti-MSH2 BPM6143 Biolynx, Hangzhou M 1:200 for IHC/IF
Anti-MSH6 ZA-0541 ZSGB-BIO, Beijing R 1:200 for IHC/IF
Anti-MLH1 ZM-0154 ZSGB-BIO, Beijing M 1:100 for IHC/IF
Anti-PMS2 ZA-0542 ZSGB-BIO, Beijing R 1:50 for IHC/IF
Anti-p53 DO-7 Enzo, American M 1:1000 for IHC/IF
Anti-Rb AMO0207 Talent Biomedical Technology Co., Ltd, Xiamen M 1:1000 for IHC/IF
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of 2000 tumor cells in areas with the highest
immunostaining were counted. MSH6, MSH2, MLH]1,
and PMS2 were used to examine the expression of
mismatch repair (MMR) proteins. IHC staining of Syn,
CgA, CD56, Ki-67, and p53 used known positive tissue
samples as positive controls, MSH6, MSH2, MLHI,
PMS2, and Rb used known negative tissue samples as
negative controls. Non-malignant tissue was used as an
internal control for each sample. Two independent
pathologists evaluated the IHC slides based on the
intensity and extent of the staining observed under a
microscope.

Microsatellite instability assay by PCR

Genomic DNA from paired tumor-normal tissue
paraffin sections was extracted using a commercial DNA
FFPE tissue extraction kit. MSI analysis was performed
using an MSI detection kit (SINOMD gene, China) on
the ABI 3500 Genetic Analyzer (ABI, USA), evaluating
a panel of five monomorphic mononucleotide repeat
sequences (BAT25, BAT26, NR-21, NR-22, and NR-24).
Microsatellite instability at two or more loci was
interpreted as MSI-high (MSI-H); instability at a single
locus was MSI-low (MSI-L); no instability at any locus
was interpreted as microsatellite stable (MSS). Both
normal and tumor tissue from each patient were
assessed.

Comprehensive genomic profiling (CGP) sequencing and
tumor mutational burden (TMB) estimation

Genomic DNA was extracted from the FFPE tumor
samples of GB-NECs and GB-ADCs using a
commercial DNA FFPE tissue extraction kit according
to the manufacturer’s protocol (Concertbio Inc., China).
Libraries were constructed with fragmented DNA,
purified, end-repaired, ligated with indexed pair-end
adaptors, and amplified by polymerase chain reaction
(PCR). The quality-controlled DNA libraries were
sequenced using OncoScreen® Plus (Burning Rock Dx
Inc., China) or GENESEQ PRIME® (Geneseeq
Technology Inc., China) panels on the Illumine
MiseqDx/NextSeq platform, covering 520 and 425
cancer-related genes, respectively. Although the two
CGP panels covered different genes, the most commonly
known cancer-related genes were included. Parallel
sequencing was performed on paired peripheral blood
leukocytes to filter germline variants. Sequencing results
were mapped to the human genome reference
GRCh37/hg19. A variety of mutations, including single-
nucleotide variants (SNVs), small insertion-deletion, and
copy number variations (CNV), were detected. Mutation
types were categorized as missense, nonsense,
frameshift, or splice site mutations, initiator codon loss,
copy number loss, copy number amplification, and
mutations in non-coding regions. Pathway enrichment
analysis was conducted using PANTHER18.0 (https://
www.pantherdb.org/).

TMB, representing the number of somatic mutations

per million bases in the genome, was estimated based on
the total number of non-silent mutations within the
panel's detection range. MSI status was determined by
evaluating microsatellite sites' length distribution
through an MSI algorithm using NGS Sequencing data,
as previously reported. (Zhu et al., 2018)

Statistical analysis

Continuous parameter associations were assessed
using independent sample Student's t-tests, while
categorical data comparisons were made using the Chi-
square test or Fisher's exact test. Patient survival was
evaluated by the Kaplan-Meier method and statistically
tested with the log-rank test. p-values<0.05 were
considered statistically significant. GraphPad Prism
V8.0 software was used for these analyses and
visualizations (San Diego, CA, USA).

Results
Clinical characteristics of GB-NEC and GB-ADC patients

All six GB-NEC patients were female, with ages
ranging from 52 to 73 years and a median age of 62.0
years. Among these cases, four (4/6) experienced upper
abdominal pain, and five (5/6) presented with
complications related to gallbladder stones. Jaundice
was observed in only one case (1/6). Imaging
assessments via computed tomography (CT) or magnetic
resonance imaging (MRI) led to a presumptive diagnosis
of gallbladder carcinoma in all examined patients.
Laboratory findings indicated elevated CA199, CA125,
and CA153 levels in two patients (33.3%), with one
patient exhibiting increased ferritin levels (16.7%). In
contrast, CEA levels were within the normal range for all
GB-NEC patients, while four GB-ADC patients (30.8%)
exhibited elevated CEA levels. However, there was no
significant difference noted in these serum tumor
markers between the two groups.

Four GB-NEC patients underwent radical
cholecystectomy, accompanied by synchronous hepatic
segmental or extrahepatic bile duct resection based on
individual patient conditions, followed by postoperative
chemotherapy. Conversely, two GB-NEC patients with
unresectable lesions solely underwent biopsy procedures
and subsequently received chemotherapy. Detailed
clinical characteristics of GB-NEC and well-matched
GB-ADC patients are summarized in Table 2.

Pathologic and immunohistochemical features of GB-
NEC patients

Two cases were situated at the fundus, two at the
body, and two at the neck of the gallbladder (Table 3).
The resected GB-NECs exhibited diameters ranging
from 2.5 to 7.5 cm, with a median diameter of 4.55 cm.
Concerning AJCC staging, two cases were classified as
stage IIIA, one case as stage I1IB, while three cases were
categorized as stage IVB. Lymph node metastasis was
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identified in one case of LCNEC and two cases of
SCNEC. Distant metastasis to the liver was detected in
three cases of SCNECs. Vascular and perineural invasion
were observed in all cases (4/4) (Table 3).
Morphological assessment revealed that two cases
were LCNECs characterized by deeply stained,

Table 2. Clinical characteristics of GB-NEC and GB-ADC patients.

Variables GB-NECs GB-ADCs p value
(n=6) (N=13)

Age (years) 0.895
Mean+SD 62.0+£9.2 62.8+12.5
Range 52-73 36-77

Sex 0.225
Male 0 4
Female 6 9

Abdominal pain >0.999
Yes 4 8
No 2 5

Gallbladder stone >0.999
Yes 5 10
No 1 3

Jaundice >0.999
Yes 1 4
No 5 9

Laboratory Test
NLR (> 4) 5 (83.3%) 10 (76.9%) >0.999
CEA (> 5ng/ml) 0 (0%) 4 (30.8%) 0.255
CA199 (> 37U/ml) 2 (33.3%) 9(75.0%,n=12)  0.141
CA125 (> 35U/ml) 2 (33.3%) 2(18.2%,n=11)  0.584
AFP (> 20ng/ml) 0 (0%) 1 (0.08%) >0.999
Ferritin (> 323ng/ml) 1(16.7%) 5 (45.5%, n=11) 0.333
CA153 (> 20U/ml) 2 (40.0%, n=5) 0 (0%, n=7) 0.151

Surgical treatment
Radical resection? 4 (n=4) 12
Extensive radical resection® 0 (n=4) 1

Receipt of chemotherapy
Yes 6 13
No 0 0

Follow-up (months)
Range time 7-26 2-46 (n=7)
Median time 16 31 (n=7)

a: Radical resection: patients received synchronous hepatic segmental
or extrahepatic bile duct resection according to the conditions of
patients. : Extensive radical resection: patients underwent partial liver
resection, colon resection, and pancreaticoduodenectomy.

vesicular-like nuclei, and abundant cytoplasm (Fig. 1,
cases 1-2). Four cases were SCNECs, displaying small
to medium-sized cells with scant cytoplasm and
hyperchromatic nuclei with indistinct nucleoli (Fig. 1,
cases 3-6). Mitoses were more frequently observed in

Table 3. Pathologic features of GB-NEC and GB-ADC patients.

Variables GB-NECs GB-ADCs  pvalue
(n=6) (n=13)
Primary tumor site 0.850
Fundus 2 4
Body 2 4
Neck 2 5
Pathologic classification
GB-NECs large cell subtype 2 (33.3%)
GB-NECs small cell subtype 4 (66.7%)
Adenocarcinoma 13 (100%)
Pathologic grade
good differentiation 1(7.7%)
moderate differentiation 1(7.7%)
moderate-poor differentiation 9 (69.2%)
poor differentiation 6 (100%) 2 (15.4%)
Tumor size 4.65+1.882 3.18+1.12  0.068
AJCC pathologic tumor stage 0.441
Stage IIA op 1
Stage 1IB ob 3
Stage IlIIA 2b 5
Stage IIIB 10 2
Stage IVB 3b 2
Tumor depth 0.213
T2a 2p 1
T2b oP 3
T3 4b 9
Lymph node metastasis 0.0886
NO 3b 10
N1 10 3
N2 2b 0
Distant metastasis 3 (50%)P 2 (15.4%) 0.075
Vascular invasion 4 (100%)2 8 (61.5%) 0.261
Perineural invasion 4 (100%)2 6 (46.2%) 0.103
Negative margin status 4 (100%)2 13 (100%) 1.000

a: n=4, four GB-NEC cases with surgical section were evaluated. : n=6,
four GB-NEC cases with surgery provided pathologic AJCC and TNM
stagings, and the other two cases without surgery provided the clinical
AJCC and TNM stagings.

Table 4. Immunohistochemical and MSI molecular characterization in GB-NEC patients.

Case No.  Histological Syn CgA CD56 Ki-67 P53 RB1 MMR proteins MSI
subtype (100%)  (50%)  (83.3%) (%) MSH6  MSH2  MLH1 PMS2 by PCR
1 LCNEC + + - 70 - - + + + + MSS
2 LCNEC + + local + 70 +* - + + + + MSS
3 SCNEC + + + 90 + - + + + + MSS
4 SCNEC; + weak - + 95 - - + + + + MSS
5 SCNEC + - + 80 - + weak + + + + MSS
6 SCNEC + weak - + local 90 - - + + + + MSS

*: cytoplasmic expression pattern of the P53 protein; LCNEC: large cell neuroendocrine carcinoma; SCNEC: small cell neuroendocrine carcinoma; Syn:
synaptophysin; CgA: chromogranin A; MMR: mismatch repair; MSI: microsatellite instability; MSS: microsatellite stability.
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each sample.

IHC staining of synaptophysin (Syn), chromogranin
A (CgA), and CD56 was employed to assess the
neuroendocrine cell component. The positive rates for
Syn, CgA, and CD56 were 100% (6/6), 50% (3/6), and
83.3% (5/6), respectively (Fig. 1, Table 4). The
six NECs comprised poorly differentiated cells,
demonstrating Ki67 proliferative indices ranging from
70% to 95% (Table 4).

MSI molecular characterization in GB-NEC and GB-ADC
patients

To validate the microsatellite status, we analyzed the
mononucleotide panel consisting of BAT-25, BAT-26,
CAT-25, NR-24, and MONO-27. Each patient's tumor

Case 1 Case 2 Case 3

HE

HE

Syn

CgA

s S
KiB7 .« ;3

tissue as well as its corresponding normal part
underwent simultaneous analysis. All six GB-NEC cases
exhibited MSS. Correspondingly, IHC expression of
MMR proteins (MSH6, MSH2, MLH1, and PMS2) was
positive in all GB-NEC patients (Table 4). The incidence
of the MSI phenotype was also investigated in 13 GB-
ADC patients. Similarly, mononucleotide MSI analysis
of these patients revealed microsatellite stability, and
intact IHC expression of MMR proteins was observed
(Table 4).

Distinct genetic mutations between GB-NECs and GB-
ADCs

CGP sequencing of tumor samples unveiled a
spectrum of genetic mutations in both GB-NEC and GB-

Case 4

Case 6
-

Fig. 1. Morphology and immunohistochemical profile of the 6 GB-NECs cases. Case 1: LCNEC, positive for Syn and CgA, negative for CD56, Ki67
proliferative index 70%. Case 2: LCNEC, positive for Syn and CD56, locally positive for CgA, Ki67 proliferative index 70%. Case 3: SCNEC, positive for
Syn, CgA and CD56, Ki67 proliferative index 90%. Case 4: SCNEC, weakly positive for Syn, negative for CgA, positive for CD56, Ki67 proliferative
index 95%. Case 5: SCNEC, positive for Syn and CD56, negative for CgA, Ki67 proliferative index 80%. Case 6: SCNEC, weakly positive for Syn,
negative for CgA, locally positive for CD56, Ki67 proliferative index 90%. HE staining scale bar: 50um, IHC staining scale bar: 100 ym.
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7 _ Frame shift mutation
1 Splice site mutation
M Initiator codon loss
B Copy number loss
TNFR;?I?: — [l Mutations in non-coding region
75¢2
- C GB-NECs D GB-ADCs
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
RB1 ARID1A
GNAS CTNNB1
RICTOR CDKN2A
AKT2 EPHA2
ARFRP1 ERBB3
ARID2 NF1
AURKA ABCB1
CCONE1 ALK
CD79A ASXL1
GB-ADCs CcSMD3 ATM
DDR2 AXIN2
DICER1 B2M
0% 20% 40% 60% 80% 100% ERCC4 BAX
FANCA BCOR
FANCI BRAF
FAT1 BTG2
FOXP1 cavp1
FGF6 CDK4
GATA1 CDK12
HIST1H2BD CDKN1A
HIST1H3E cic
IFNA6 cvip
7R cypP2a6
IRS2 DNMT3B
KEAP1 DoTIL
KMT2B ERBB2
E LRP1B ERBB4
LYN ERCC1
MECcOmM ERCC2
MAPK4 FANCG
MAP2K3 FBXW7
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B NOTCH3 GU1
=1 PREX2 MAP2K1
= PRKDC MLH1
m PTCH1 mPL
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[ RAD50 NOTCH1
RASA1 NSD1
RBM10 PAXS
spca RHOA
SDHA SMAD3
SMARCB1 SPTA1
TERT STK11
TNFRSF14 TET2
T5C2 TGFBR2
WRN TSHR
YES1 VHL
ZNF217 XRCC2

Fig. 2. Characteristics of genetic mutations in GB-NECs and GB-ADCs. A. Mutated gene names, mutation types, frequency and distribution in six GB-
NECs and 13 GB-ADCs cases. B. Overlap of mutated genes detected in both GB-NECs and GB-ADCs (upper), the frequency of overlapping mutated
genes in all cases (lower). C. Mutated gene names and frequency specially observed in GB-NECs. D. Mutated gene names and frequency specially
observed in GB-ADCs. E. Comparison of tumor mutational burdens between GB-NECs and GB-ADCs, p value<0.05 by Student's t test.
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ADC patients. A total of 59 cancer-related genes were
found to be mutated in the six GB-NEC cases, while 13
GB-ADC cases exhibited mutations in 60 cancer-related
genes (Fig. 2A). Notably, the tumor suppressor genes
TP53 and RBI displayed the highest mutation frequency,
both at 100% (6/6), in GB-NECs. This was followed by
SMAD4 (50%, 3/6), GNAS (50%, 3/6), and Rapamycin-
insensitive companion of mammalian target of
rapamycin (RICTOR, 33%, 2/6). Most mutations in
TP53, RB1, and SMAD4 led to functional loss. TP53
mutations comprised copy number loss, nonsense

mutations in exons 5 and 9, frameshift mutations in exon
6, missense mutations in exon 2 and 10, and splice site
mutations in exon 10. RB/ mutations included initiator
codon loss, frameshift mutations in exons 8 and 18,
nonsense mutations in exons 12 and 14, missense
mutations in exon 16, and splice site mutations in intron
5. Notably, cases 1, 2, and 4 of GB-NECs exhibited two
different types of 7P53 mutations simultaneously, while
case 4 showed two different types of RBI mutation.
SMAD4 mutations encompassed copy number loss (2/3)
and a nonsense mutation (1/3). In contrast, mutations in

A p53 pathway by glucose deprivation 4
P53 pathway feedback loops 24
InsulinIGF pathway-protein kinase B signaling cascade <
Hypoxia response via HIF activation < ]
Insulin/IGF pathway-mitogen activated protein kinase kinase/MAP kinase cascade [ ]
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Fig. 3. Pathway enrichment analyses of mutant genes in

o GB-NECs (A) and GB-ADCs (B).
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GNAS and RICTOR were predominantly gain-of-
function mutations, including copy number amplification
and missense mutations (Fig. 2A).

In GB-ADC samples, the most frequently mutated
gene was also TP53 (69%, 9/13), followed by ARIDIA
(31%, 4/13), CTNNBI (23%, 3/13), KRAS (23%, 3/13),
SMAD4 (23%, 3/13), ERBB3 (15%, 2/13), CDKN24
(15%, 2/13), ARID2 (15%, 2/13), EPHA2 (15%, 2/13),
and NF1 (15%, 2/13) (Fig. 2A).

Comparing the distinct genetic mutations between
GB-NECs and GB-ADCs, RBI (100%, 6/6), GNAS
(50%, 3/6), and RICTOR (33%, 2/6) were mutations
specific to GB-NECs (Fig. 2C), while mutations in
ARIDI1A (31%, 4/13), CTNNBI (23%, 3/13), ERBB3
(15%, 2/13), CDKN2A4 (15%, 2/13), EPHA2 (15%,
2/13), and NF1 (15%, 2/13) were only found in GB-
ADCs (Fig. 2D). TP53 (79%, 15/19), SMAD4 (32%,
6/19), KRAS (21%, 4/19), ARID2 (16%, 3/19), APC
(11%, 2/19), BRCAI (11%, 2/19), BTK (11%, 2/19),
MYC (11%, 2/19), PIK3CA (11%, 2/19), and RET (11%,
2/19) were mutated in both GB-NECs and GB-ADCs
(Fig. 2B). Notably, the major P53 mutation type in GB-
ADCs was a missense mutation (6/9, 66.7%), and
mutations mainly occurred in exon 8 (7/9, 77.78%),
whereas in GB-NECs, TP53 mutations were mainly
nonsense mutations or frameshifts (5/6, 83.3%),
sporadically distributed in exons 5, 6, 8, and 9. Pathway
enrichment analysis showed that mutant genes in GB-
NECs and GB-ADCs were mostly enriched in the P53,
angiogenesis, PI3K, Ras, and Wnt pathway (Fig. 3).

As previously reported, TMB results obtained from
CGP are highly correlated with whole exon sequencing
(WES). (Sholl et al., 2020) One GB-NEC patient and
three GB-ADC patients displayed high TMB. There was
no significant difference in TMB between GB-NEC and
GB-ADC patients (p=0.864) (Fig. 1E). The
microsatellite states of six GB-NECs and 13 GB-ADCs
obtained from NGS analysis were all MSS, consistent
with observations from the MSI PCR assay and THC

expression of MMR protein.

Consistency of p53 and Rb IHC with their genetic
mutations

The protein levels of p53 and Rb were further
assessed in the six GB-NECs tissue samples by IHC.
Four cases with nonsense mutation/frameshift
mutation/copy number loss in exons 5, 6, and 8§
exhibited absent expression of p53. Case 2 missense/
splice site mutation in exon 10 and Case 3 with a
nonsense mutation in exon 9 showed the abnormal
cytoplasmic expression pattern characterized by diffuse
cytoplasmic staining with variable and weaker than
nuclear staining, both patterns indicated a 7P53 mutation
status at the molecular level (Singh et al., 2020; Rabban
et al., 2021; Vermij et al., 2022) (Fig. 4). Regarding Rb
IHC, five cases with frameshift mutation/nonsense
mutation/initiator codon loss in different exons showed
negative expression, while case 5 with an RB/ splice site
mutation in intron 5 showed weak nuclear expression,
differing from the strong nuclear expression of wild-type
Rb (Febres-Aldana et al., 2022) (Fig. 4). Therefore, IHC
assessment of p53 and Rb demonstrated high
consistency with 7P53 and RB/ mutations at the
molecular level.

Clinical outcome in GB-NECs

Follow-up data were available for the six GB-NEC
and seven GB-ADC patients. The median overall
survival time for patients with GB-NECs was 16
months, whereas it was 31 months for those with GB-
ADCs (Table 2). The overall survival rate among
patients with GB-NECs displayed a trend towards poorer
outcomes compared with those with GB-ADCs.
However, the statistical analysis did not reveal a
significant difference between the two groups
(pP=0.119) (Fig. 5).

sl o

Fig. 4. Immunohistochemical analyses of p53 and Rb in six GB-NECs cases. Case 1, 4-6: Negative expression of p53. Case 2, 3: Abnormal
cytoplasmic expression of p53, diffuse cytoplasmic staining with variable and weaker than nuclear staining. Case 1-4, 6: Negative expression of Rb.
Case 5: Weakly positive expression of Rb. Scale bar: 100 pym.
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Discussion

Primary neuroendocrine carcinomas of the
gallbladder are rare yet highly malignant. Given the low
incidence rate of GB-NECs, research into the molecular
mechanism underlying their pathogenesis remains
limited. Our study attempted to elucidate clinico-
pathologic and molecular characteristics of
neuroendocrine carcinomas in gallbladder based on the
analysis of GB-NEC and GB-ADC patients, which was
conducive to a deeper understanding of the molecular
pathological features of GB-NECs.

In line with trends observed in other gallbladder
cancers (Wistuba and Gazdar, 2004; Sahnane et al.,
2015; Baiu and Visser, 2018), a significant prevalence of
older females was noted among GB-NEC patients (all
six were female, mean age of 62 years). Abdominal pain
and gallstones (Yan et al., 2020; Zhang et al., 2021) were
common clinical symptoms in GB-NEC patients. In our
study, SCNEC was the primary pathological subtype,
accounting for 66.67% (4/6). The overall survival (OS)
of GB-NEC patients appeared worse than that of GB-
ADC, although statistical significance was not attained.
This finding aligns with some previous reports (Yan et
al., 2020; Cai et al., 2022) The main treatment for
gallbladder cancer involves surgical resection and
cytotoxic chemotherapy (Wang et al., 2022b; Wu et al.,
2023). The Ki67 index of six GB-NEC cases in our
report ranged from 70% to 95%, which was a predictive
marker for platinum-based chemotherapy (Janson et al.,
2021; Ooki et al., 2023). Currently, combined treatment
with immune checkpoint inhibitors or targeted therapy in
GB-NECs has limited evidence and requires further
investigation (Hussain et al., 2019; Chorath et al., 2020;
Chu et al., 2021).

Our study did not observe microsatellite instability
(MSI) in GB-NECs nor GB-ADC patients, with a high
concordance between immunohistochemical expression
of MMR proteins and the MSI PCR assay. In line with
our findings, a previous study reported that the MSI
phenotype was frequently observed in gastroentero-
pancreatic neuroendocrine carcinomas but not in GB-
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Fig. 5. Kaplan-Meier curves displaying the difference of overall survival
between GB-NECs and GB-ADCs. No significant difference was found
between two groups.

NECs (Sahnane et al., 2015). However, Li et al. reported
a GB-SCNEC case with genome-wide MSI in both the
primary and metastatic GB-SCNEC tissue (Li et al.,
2017). Giraldo et al. found that out of 233 GBC patients,
six tumors showed high MSI (Giraldo et al., 2022). We
acknowledge that this study has a limitation of small
sample size, therefore the results in this and prior studies
suggest that the incidence of MSI is relatively low in
GBC patients.

We identified 59 and 60 gene mutations in GB-
NECs and GB-ADCs, respectively. TP53 and RBI
exhibited high mutation rates in GB-NEC patients
(100% mutation in TP53 and RB1), contrasting with
GB-ADCs (69% mutation in 7P53 and 0% in RBI).
Concurrent RBI1/TP53 mutations emerged as a
significant molecular pathological feature of GB-NECs.
Supporting our findings, Lee et al. observed the loss of
Rb1 expression in 74% (25/34) of GB-NEC cases (Lee
and Sung, 2020). Additionally, Liu et al. reported a high
mutation frequency (27%) of RB1 in GB-NEC:s,
contrasting with its absence in GB-ADCs (Liu et al.,
2021). Co-mutations of RB1/TP53 have been observed
in various cancer types, particularly in small cell
carcinomas, neuroendocrine carcinomas, and sarcomas
(Uccella et al., 2021; Cai and Wu, 2022; Rindi et al.,
2022; Ooki et al., 2023), possibly affecting the self-
renewal program in neuroendocrine cells with stem cell
potential (Ouadah et al., 2019), and co-mutation of these
two tumor suppressor genes may collaborate to disrupt
cell fate control (Yamada and Beltran, 2021). Several
preclinical studies have now supported combined TP53
and RB1 deficiency as key facilitators of the
neuroendocrine-like phenotype (Ku et al., 2017; Mu et
al., 2017; Kaur et al., 2020). The involvement of SOX2
downstream of RBI and TP53, along with SOX2
methylation, suggests a role in reverting cells to a stem-
like state before differentiating into a neuroendocrine
lineage (Mu et al., 2017; Ooki et al., 2023). However,
further investigation is required to elucidate the
mechanism underlying RB1/TP53 co-mutation in the
malignant transformation of GB-NECs.

Our study also highlighted the consistency between
the IHC assay of p53 and Rb with their genetic
mutations, as identified by NGS. Abnormal p53 THC
expression patterns, including overexpression, negative
and cytoplasmic expression, correlated with specific
TP53 genomic alterations (Singh et al., 2020; Rabban et
al., 2021; Vermij et al., 2022). In our study, nonsense
mutation/frameshift mutation in exons 5, 6, and 8 were
associated with absent expression of p53. While the
nonsense mutation in exon 9 [c.991C> T (p. Q331%)]
located in the TP53 tetramerization domain (amino acids
325 to 356) correlated with the cytoplasmic expression
pattern. A splice site mutation and a missense mutation
in exon 10 of TP53 also exhibited the cytoplasmic
expression pattern. Similarly, RB/ gene mutations were
associated with varied levels of nuclear Rb expression.
Frameshift mutation/nonsense mutation/ initiator codon
loss in exons of RBI resulted in a total loss of Rb
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expression, while a splice-site mutation in intron 5
(c.540-2A>G) of RBI exhibited low levels of nuclear
expression. The RB/ gene is a 178 kb large gene
containing 29 exons, and the introns account for 99% of
the total gene length. RB1 genomic alterations are
mainly enriched in intronic splice-site mutations and
structural variants (Jung et al., 2021). A previous study
analyzing 10 small cell lung cancer cases with
expressed/mutated Rb harbored predominantly splice-
site mutations in RBI (70%) (Febres-Aldana et al.,
2022). Hence, the IHC of p53 provides an effective
complement to targeted NGS for determining the
functional status of p53 and Rb in clinical practice.

Moreover, other frequently mutated genes in GB-
NECs included SMAD4 (50%), GNAS (50%), and
RICTOR (33%). SMAD4 is a tumor suppressor involved
in the TGF-B/SMAD4 signaling pathway and inhibits
tumor proliferation mainly by inducing cell cycle arrest
and apoptosis. In our study, SMAD4 exhibited loss-of-
function mutations in 50% of GB-NECs and 23% of
GB-ADCs. Deletions or mutations in SMAD4 have been
implicated in pancreatic cancer, cholangiocarcinoma,
and colorectal cancer (Zhao et al., 2018). This suggests a
potential tumor-suppressive role for SMAD4 in both GB-
NECs and GB-ADCs. The GNAS gene encodes the a-
subunit of a stimulatory G-protein (Gas), which
activates adenylate cyclase, thereby increasing cyclic
adenosine monophosphate (cAMP) levels, leading to
cancer-promoting activities (Ohtsuka et al., 2019).
Initially, genetic alterations in G proteins were primarily
detected in endocrine tumors, GNAS mutations promoted
hyperplasia of endocrine cells in human thyroid and
pituitary tumors (O'Hayre et al., 2013). Then GNAS
activating mutations particularly in codons R201C and
R201H are frequently detected in colorectal cancers and
intraductal papillary neoplasms of the pancreas and
biliary tract (O'Hayre et al., 2013; Ohtsuka et al., 2019;
Afolabi et al., 2022). In our study, GNAS amplification
mutations were detected in two GB-NEC cases, and one
case exhibited a missense mutation, ¢.1048G>C (p.
E350Q). This suggests a potential role for GNAS as an
active oncogene in GB-NECs. RICTOR, critical in the
PI3K/AKT/mTOR pathway and cell growth, was
amplified in one GB-NEC case. Co-mutation of RICTOR
[c.2062C>G (p. L688V)], PIK3CA [c.1624G>A (p.
E542K)], and AKT2 (amplification) was observed in
another GB-NEC case. A high RICTOR expression was
associated with low OS in tumors such as colorectal
cancer, ovarian cancer, lung adenocarcinoma (Sun et al.,
2023). Genetic alteration in RICTOR has also been noted
in LCNEC of the lung (Miyoshi et al., 2017) and
SCNEC of the cervix (Madzarac et al., 2023). The
amplification of RICTOR or co-mutation of RICTOR
with PI3K/AKT/mTOR pathway molecules might
contribute to tumor activation in GB-NECs, warranting
further investigation.

The KRAS G12C mutation was detected in one case
each of GB-NECs and GB-ADCs. This mutation has
been reported in other neuroendocrine tumors (Wang et

al., 2022a). Targeted therapy for KRAS G12C mutations
has shown remarkable progress in recent years,
suggesting the feasibility of adjuvant therapy combined
with targeted therapy in GB-NET patients. In our study,
mutations in ERBB2/3/4 were only found in three cases
of GB-ADCs (23%), consistent with the research results
of Li et al. (2014). The ErbB signaling pathway may be
extensively mutated in GB-ADC:s.

Conclusions

In conclusion, both GB-NECs and GB-ADCs were
identified as microsatellite stable. Despite a limited
number of GB-NEC cases, distinct somatic mutation
profiles were observed between these subtypes. The
presence of RBI/TP53 co-mutations may indicate a
neuroendocrine tendency for GB-NECs. Additionally,
global loss or abnormal expression of p5S3/Rb by IHC
may serve as an ancillary marker for the pathologic
diagnosis of GB-NECs. The frequently mutated genes
identified in our study were similar to those of the
existing literature. The results of our investigation will
contribute to a deeper understanding of the molecular
pathological characteristics of GB-NECs.
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