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OR I G I N A L AR T I C L E

NGS of brush cytology samples improves the detection of
high-grade dysplasia and cholangiocarcinoma in patients
with primary sclerosing cholangitis: A retrospective and
prospective study

Sonja Boyd1 | Taru Mustamäki2 | Nelli Sjöblom1 | Arno Nordin3 |

Andrea Tenca4 | Kalle Jokelainen4 | Tommi Rantapero5 |

Thomas Liuksiala5 | Laura Lahtinen2 | Teijo Kuopio2 | Soili Kytölä6 |

Heikki Mäkisalo3 | Martti Färkkilä4 | Johanna Arola1

Abstract

Background: Biliary dysplasia, a precursor of cholangiocarcinoma (CCA), is

a common complication of primary sclerosing cholangitis. Patients with high-

grade dysplasia (HGD) or early CCA who have received oncological

treatment are candidates for liver transplantation. The preoperative

diagnosis of CCA or HGD is challenging, and the sensitivity of biliary brush

cytology (BC) is limited.

Methods: By using next-generation sequencing (NGS), we retrospectively

analyzed archived tissue samples (n= 62) obtained from explanted liver

tissue and CCA samples to identify oncogenic mutations that occur during

primary sclerosing cholangitis carcinogenesis. BC samples were pro-

spectively collected from patients with primary sclerosing cholangitis

(n= 97) referred for endoscopic retrograde cholangiography to measure

the diagnostic utility of NGS combined with BC compared with traditional

cytology alone.

Results: Mutations in KRAS, GNAS, FLT3, RNF43, TP53, ATRX, and

SMAD4 were detected in archived CCA or HGD samples. KRAS, GNAS,

TP53, CDKN2A, FBXW7, BRAF, and ATM mutations were detected in

prospectively collected brush samples from patients with histologically

verified CCA or HGD. One patient with low-grade dysplasia in the

Abbreviations: BC, brush cytology; CA19-9, carbohydrate antigen 19-9; CCA, cholangiocarcinoma; ERC, endoscopic retrograde cholangiography; GBC, gallbladder
carcinoma; HGD, high-grade dysplasia; LGD, low-grade dysplasia; LT, liver transplantation; NGS, next-generation sequencing; PSC, primary sclerosing cholangitis;
UMI, unique molecular identifiers.
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explanted liver had KRAS and GNAS mutations in brush sample. No

mutations were observed in brush samples or archived tissues in liver

transplantation cases without biliary neoplasia. While KRAS mutations are

common in biliary neoplasms, they were also observed in patients without

biliary neoplasia during surveillance.

Conclusions: In summary, NGS of BC samples increased the sensitivity

of detecting biliary neoplasia compared with traditional cytology. Per-

forming NGS on BC samples may help diagnose HGD or early CCA,

benefiting the timing of liver transplantation.

INTRODUCTION

Primary sclerosing cholangitis (PSC) is a chronic
cholestatic disease that can lead to cholangiocarcinoma
(CCA) and/or liver cirrhosis. The prevalence of PSC is
particularly high in Finland, and the risk of CCA among
patients with PSC is 9%–13%, or 200-fold higher than
that in the general population.[1–3] CCA causes most
cancer-related deaths among patients with PSC[4] and,
like many other cancers, appears to develop sequen-
tially from inflammation, followed by metaplasia, low-
grade dysplasia (LGD), high-grade dysplasia (HGD),
and carcinoma.[5] Brush cytology (BC) is generally
recommended to identify dysplasia or CCA in patients
with PSC.[6]

The main precursors of CCA are biliary intraepithelial
neoplasia (dysplasia) and intraductal papillary neo-
plasms of the bile duct.[7] Intrahepatic and extrahepatic
or distal CCAs have distinct morphologies;[8] however,
PSC-associated CCA often have a large duct morphol-
ogy, regardless of localization.[7] Furthermore, although
intrahepatic and extrahepatic CCAs have slightly
different molecular profiles,[9–11] the molecular profile
of PSC-associated CCA is similar to that of extrahepatic
CCA—including mutations in TP53, KRAS, CDKN2A,
and SMAD4—regardless of tumor location.[7] Some
mutations are already present in dysplastic bile ducts
and PSC-associated CCA; however, copy number
variations appear early in cholangiocarcinogenesis.[12]

Importantly, identifying HGD before its progression to
invasive CCA is vital for early liver transplantation (LT)
or, in cases with early CCA, LT after neoadjuvant
chemoradiation.[13]

At Helsinki University Hospital, early LT is an option for
patients suspected of having biliary HGD,[14] and
dysplasia screening is regularly performed using endo-
scopic retrograde cholangiography (ERC) with BC.[15]

The sensitivity and specificity of BC for detecting biliary
malignancies in PSC-associated CCA are 43% and 97%,
respectively.[16] We previously reported that repeated BC
has a sensitivity and specificity of 71% and 91%,
respectively, for detecting biliary neoplasia in patients

with PSC with systematic surveillance using ERC and
BC.[15] A targeted next-generation sequencing (NGS)
panel has been shown to improve the detection of
malignant biliary strictures from 35% to 77% compared
with traditional BC.[17] However, although NGS-based
analysis of cell-free bile DNA increases the sensitivity
(100%) for detecting malignant biliary strictures, it is less
specific than BC.[18] Therefore, it is necessary to evaluate
new diagnostic approaches for improving patient
management.

To assess the molecular profile of PSC carcinogene-
sis, we retrospectively investigated the molecular find-
ings in archived explanted liver tissue samples of PSC-
associated histologically confirmed cases of CCA and
biliary dysplasia. Using prospectively collected BC
samples analyzed via NGS, we aimed to determine
whether molecular changes can support the diagnosis of
biliary neoplasia in patients with PSC compared to
traditional cytology and improve the timing of early LT.
Establishing NGS as a tool for detecting biliary neoplasia
may lead to earlier identification of candidates suitable for
early LT and, thus, improvements in patient outcomes.

METHODS

Study design

This retrospective and prospective study included 2
separate cohorts of patients with PSC. In this retro-
spective study, histological and NGS analyses were
performed using archived paraffin tissue blocks from
patients with PSC with explanted liver and/or histolog-
ical samples from CCA. Histological samples were
collected between December 2000 and May 2020. In
the prospective study, brush samples were collected
during ERC and analyzed using cytology and NGS.
ERCs were performed between May 2019 and June
2022. Patients who reached the end point (LT,
histologically verified CCA, or 1-year surveillance with
no signs of malignancy) by February 2023 were
included in this study.
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Patients

Patients were identified from the PSC Registry of the
Helsinki University Hospital. PSC diagnosis was
confirmed using magnetic resonance cholangiography
and ERC, which were performed as described.[19] The
ERC results were classified according to the Helsinki
score.[19] Written informed consent was obtained from
all patients, and the study protocol was approved
by the ethics committee of Helsinki University Hospital
(HUS/1566/2020). The study was conducted in
accordance with both the Declarations of Helsinki
and Istanbul.

Retrospective cohort

To investigate the molecular changes in biliary neopla-
sias and compare them with histologically benign bile
ducts, we retrospectively analyzed histological samples
from patients with PSC (Figure 1A) who underwent LT
and/or were diagnosed with histologically verified CCA.
A large NGS panel (QIAseq Targeted DNA Panel
Human Comprehensive Cancer Panel) was used. The
results from the latest BC before LT or CCA diagnosis
were collected.

Among the 75 patients, sufficient DNA amount or
sequencing quality was reached for 62 patients, of
whom 55 underwent transplantation indicated for either
end-stage liver disease or symptoms of end-stage liver
disease (n= 37) or suspicion of biliary neoplasia (n= 18,
early LT). Preoperative assessment identified 7 patients
diagnosed with CCA who did not undergo transplanta-
tion. All patients with CCA (n=10) had histological
samples showing primary or metastatic CCA; 1 patient
was diagnosed with gallbladder carcinoma (GBC), 6
with HGD, and 12 with LGD in the explanted liver
(Table 1). In one patient with CCA, samples from bile
ducts with HGD were analyzed because of the low DNA
content of samples obtained from the CCA site.
Explanted livers with LGD or without biliary neoplasia
were included in the analysis to evaluate whether
pathogenic NGS findings were observed in LGD,
histologically benign bile ducts, or areas interpreted as
indefinite for dysplasia.

Representative histological slides were scanned in
the retrospective cohort, and a liver pathologist (Sonja
Boyd) reviewed the histological findings. Representa-
tive CCA, GBC, HGD, LGD, and benign biliary
epithelium areas were annotated using CaseViewer
software (3dHistec, Budapest, Hungary); 1–4 punches
(diameter: 1 mm) were extracted from each location
using a TMA Grand Master (3dHistec). After punching,
a new histological section was cut from the block and
stained with hematoxylin and eosin to confirm the
correct location of the punch. DNA was extracted from
the tissue block punches using a QIAsymphony DSP

DNA Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions.

Gene libraries were prepared according to the
manufacturer’s instructions using the targeted DNA
panel QIAseq Comprehensive Cancer Panel with unique
molecular identifiers (UMI) (Qiagen). Paired-end
sequencing (2×150 cycles) was performed using an
Illumina NextSeq500 (Illumina Inc., San Diego, CA)
according to the manufacturer’s instructions. Variants
were called using theQiagen CLCGenomicsWorkbench
(version 20.0.2) with the Qiagen workflow. Variants with
frequencies of <2% were filtered from the final list of
variants. Variants were annotated using Variant Effect
Predictor version 104[20] and CRAVAT version 5.2.4.[21]

The minimum average read depth for number of UMI
was set to 100. The average UMI depth was 349 UMIs
for all samples (range, 103–1192 UMI). To remove likely
false-positive mutations, postquality filtering required
that the depth at the mutation site and number of reads
supporting the alternative allele be >20 and >10 UMI
reads, respectively. A variant allele fraction of 0.025
was also required at the mutation site. From the
remaining set of mutations, likely germline variants
were filtered out by requiring the variant allele fraction of
the mutations and the reported maximum population
allele frequency in any population database to be
≤0.25 and <0.001, respectively. Furthermore, all
mutations reported in Database for Single Nucleotide
Polymorphisms (https://www.ncbi.nlm.nih.gov/snp/)
were excluded unless they were also reported in
Catalogue of Somatic Mutations in Cancer (https://
cancer.sanger.ac.uk/cosmic). Putative cancer-driving
somatic mutations were identified based on the impact
of the mutation (according to Variant Effect Predictor) as
moderate or high with either the Cancer Specific High-
throughput Annotation of Somatic Mutations or Variant
Effect Scoring Tool score >0.7. All filtering procedures
were performed using in-house Python scripts, and the
oncoplot was prepared using the “maftools” R package,
version 4.0.3.[22]

Prospective cohort

Patients with PSC in Helsinki University Hospital have
regular ERCs to screen for biliary dysplasia. The
frequency of ERC depends on the severity of the
disease, previous BC/NGS findings, and the need for
dilation (Supplemental Figure S1, http://links.lww.com/
HC9/A838). Suspicious BC or NGS findings are
evaluated in a multidisciplinary team and if biliary
HGD is suspected based on the results, patients are
referred for evaluation of LT. To analyze molecular and
cytological findings in brush samples of patients with
PSC with histologically verified end point (LT and/or
CCA) or benign follow-up, brush samples were system-
atically collected regardless of the dominant strictures.

NGS OF BRUSH CYTOLOGY IMPROVES THE DETECTION OF HGD AND CCA | 3
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The total number of patients in ERC surveillance during
the study period was 565, and the number of ERCs was
913. Among these, 97 patients had NGS performed due
to clinical suspicion of CCA, dominant stricture, ele-
vated carbohydrate antigen 19-9 (CA19-9) levels, or a
history of suspicious cytology and were enrolled in
the study (Figure 1B). Altogether, 176 ERCs were
performed during the study period for the patients
included in the study. Helsinki ERC scores[19] and

serum CA19-9 levels were recorded. A hotspot NGS
gene panel targeting 50 oncogenes (Ion AmpliSeq
Cancer Hotspot Panel v2; Thermo Fischer Scientific,
Waltham, MA) was used for the BC samples.

BC was collected systematically from both extrahepatic
and intrahepatic (left and right) bile ducts using a brush
with a guide wire (RX Cytology Brush, Boston Scientific,
MA), regardless of possible dominant stricture using one
brush and to reach asmany branches as possible. In case

(A)

(B)

33 benign or
indefinite for

dysplasia

55 liver
transplanted

62 with 
sufficient

DNA

75 patients

All patients
(97)

71 benign
follow up

26 end
points

16 LT

10 CCA

13 with 
insufficient

DNA

12 LGD 6 HGD 1 GBC 3 CCA 7 CCA

7 non-
neoplastic 1 LGD 7 HGD 1 GBC

F IGURE 1 (A) Patients in the retrospective cohort. (B) Patients in the prospective cohort. Abbreviations: CCA, cholangiocarcinoma; GBC,
gallbladder carcinoma; HGD, high-grade dysplasia; LGD, low-grade dysplasia; LT, liver transplantation.
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of suspicious lesion, a targeted brush sample was also
obtained. Brush samples were collected in 50% ethanol,
and Papanicolaou staining was performed on cytocen-
trifuge slides. If there was sufficient material, cell blocks
were prepared and stained with hematoxylin and eosin.
The brush samples were evaluated by liver pathologists
(Sonja Boyd and Johanna Arola) and interpreted as being
benign, suspicious, or malignant. Alcohol was removed
from the remaining BC material, and DNA was extracted
using the Maxwell CSC Blood DNA Kit (Promega,
Madison,WI) according to themanufacturer’s instructions.

DNA was subjected to library preparation using Ion
AmpliSeq Cancer Hotspot Panel version 2 (designed
to target 2800 Catalogue of Somatic Mutations in
Cancer (https://cancer.sanger.ac.uk/cosmic) mutations
from 50 oncogenes and tumor suppressor genes) and
sequenced in both forward and reverse directions
on an Ion Torrent Proton and S5Prime System
(Thermo Fisher Scientific). Library preparation, template
preparation, and sequencing were performed according
to the manufacturer’s instructions. Minimum depth of
coverage was 500. Data analysis was performed using
Torrent Suite Software version 5.12.3. After trimming and
aligning to the hg19 human reference genome, sequence
variants were detected using VariantCaller version
5.12.0.4. Ion Reporter software version 4.6 was used to
filter noncoding, synonymous, and germline polymorphic
variants. Gene mutations were defined using an ampli-
con sequencing panel capable of identifying mutations
with a variant allele frequency >1%–2%.

Statistical analysis

The detection of high-grade biliary neoplasia (HGD or
CCA) in the prospective cohort was assessed using 3
alternatives (BC alone, NGS alone, and BC + NGS) for all
patients and separately for histologically verified patients
only. The sensitivity, specificity, positive predictive value,
and negative predictive value were calculated, and 95%

CIs were estimated using the Clopper-Pearson method
(for sensitivity and specificity) and a logit-based approach
(for positive predictive value and negative predictive value).
The analysis was performed using R statistical software.[23]

RESULTS

NGS findings in the retrospective cohort

In the retrospective cohort (n=62), 10 patients had CCA, 1
had GBC, and 6 had HGD. Among them, pathogenic
mutationswere found inDNAextracted fromarchived tissue
blocks in 11/17 (65%) samples, and previous BC was
suspicious for malignancy in 13/17 (Table 1). The most
frequently mutated genes were KRAS, GNAS, RNF43,
FLT3, and TP53 (Figure 2). TP53 and SMAD4 mutations
were identified in the explanted liver of 1 patient,
histologically interpreted as LGD. One patient with CCA
had only HGDareas analyzed, and pathogenicmutations in
multiple genes, including ATRX and MSH6 were detected.
There were no pathogenic mutations in benign bile duct
samples or regions interpreted as indefinite for dysplasia.

Histological findings in the prospective
cohort

The objective of this prospective cohort analysis was to
assess the prevalence of pathogenic mutations in prospec-
tively collected BC compared with traditional BC findings to
evaluate the additional role of NGS in the early diagnosis of
HGD and CCA. In the prospective cohort, 18/97 (19%)
patients were diagnosed with CCA, GBC, or HGD during
the study period, 8 underwent LT, and 10 had other
histological verifications (Table 2). None of the patients who
underwent LT had CCA; however, 1 patient was diagnosed
with GBC after LT. Two patients with distal intrapancreatic
CCA underwent pancreatoduodenectomy. One patient
who underwent LT had LGD in the explanted liver.

TABLE 1 Demographic and clinical characteristics of the patients in the retrospective analysis

N Suspicious BC NGS mutations by histology

All patients, n (M/F) 62 (38/24) 23 12

Biliary neoplasia, n (M/F), all including LT 29 (19/10) 19 12

CCA (M/F) 10 (6/5) 8 8

GBC (M/F) 1 (0/1) 0 0

HGD (M/F) 6 (4/2) 5 3

LGD (M/F) 12 (9/3) 6 1

LT, n (M/F) 55 (33/22) 18 6

End-stage liver disease or symptoms 37 (19/18) 2 1

Biliary neoplasia suspected 18 (14/4) 16 5

Patients with CCA who did not undergo LT (M/F) 7 (5/2) 5 6

Abbreviations: BC, brush cytology; CCA, cholangiocarcinoma; F, female; GBC, gallbladder carcinoma; HGD, high-grade dysplasia; LGD, low-grade dysplasia; LT,
liver transplantation; M, male; NGS, next-generation sequencing.
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NGS and BC findings in patients with CCA

Ten patients were diagnosed with CCA, 8 had suspicious
NGS results based on BC samples, including mutations in
TP53, CDKN2A, GNAS, BRAF, FBXW7, ATM, and KRAS
(Table 3, Figure 3), and BC was suspicious for malignancy
in 6. Cytology was not evaluated as malignant in any of the
patients. One patient with CCA had a KRASmutation only,
and one with intrahepatic CCA had negative NGS and
cytological results. One patient had GBC with negative
cytology and NGS results. Serum CA19-9 levels ranged
from 2 to 1165 kU/L among patients with CCA or GBC and
were elevated (>37 kU/L) in 3 of them.

NGS and BC findings in patients with
biliary dysplasia

HGD of the perihilar bile ducts was diagnosed in 7
patients who underwent LT. NGS (CDKN2A, TP53, or
GNAS mutations) and cytology were suspicious in 4
and 5 cases, respectively. One patient had cytology
findings suspicious of malignancy and KRAS and
GNAS mutations; however, only LGD was observed in
the perihilar bile ducts of the explanted liver. None of
the patients with HGD or LGD had elevated serum
CA19-9 levels.

10

0
KRAS
FLT3
GNAS
RNF43
TP53
ATRX
CALR
CBLB
CDH1

CTNNA1
EPAS1
EVI2A

FAM175A
KDM5C
LRP1B

MAP2K1
MSH6

PDGFRA
RAF1
SF3B1
SMAD4

SMARCA4

Missense

Mutation type Sample

Nonsense
Splice-site
Frame-shift insertion

Benign or indefinite for dysplasia
Low-grade dysplasia
High-grade dysplasia
Cholangiocarcinoma

Multi-hit

TET2

N
um

be
r o

f
m

ut
at

io
ns

CCA + HGD LGD Benign

F IGURE 2 Oncoplot image of the next-generation sequencing results of the retrospective cohort. One patient with gallbladder carcinoma
having no mutations by next-generation sequencing is included in the patients with CCA. Abbreviations: CCA, cholangiocarcinoma; HGD, high-
grade dysplasia; LGD, low-grade dysplasia.
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NGS and BC findings in patients with no
biliary neoplasia

Among the 7 patients who underwent LT due to
symptoms or cirrhosis, there was no biliary neoplasia
in the explant, and all patients had benign BC and were
negative for mutations by NGS in brush samples. One
patient with a suspicious NGS finding (PIK3CA muta-
tion) was not diagnosed with biliary neoplasia during
surveillance and did not undergo LT.

Patients with KRAS mutation only by NGS

Eleven patients had only KRAS mutations, one was
diagnosed with CCA, one had colorectal carcinoma
metastasis to the liver, and the remaining nine remained
under surveillance without signs of malignancy.

In summary, 80% of the patients with CCA had
suspicious NGS results. Altogether, 14 patients (14%)
had suspicious NGS findings during surveillance, and 13
were diagnosed with biliary neoplasia (CCA, HGD, or
LGD). In contrast, none of the patients who underwent LT
for cirrhosis or symptoms with benign BC and negative
NGS results showed biliary neoplasia in the explant.

Follow-up NGS samples

In 49 patients, only 1 NGS sample was obtained during the
study period; follow-up samples were obtained from 48
patients (n=2–7/patient). Among the patients who reached
the histologically verified end point (LT or CCA, n=26), 17
and 9 had 1 and 2–3 NGS samples, respectively.

Persistent NGS mutations

In 34 patients with repeated sampling, the NGS results
remained the same. In one patient diagnosed with
CCA, the NGS findings remained the same after the
first analysis, and the same TP53 mutation was
identified 4 times.

Mutations after repeated NGS

The results of BC and NGS analyses are presented in
Figure 4. In one patient, GNAS and FBXW7 mutations
were observed during the first NGS analysis. In
subsequent analysis, KRAS and TP53 mutations
were observed, but no FBXW7 mutations were
detected. The patient was diagnosed with CCA. In
another patient, only KRAS mutation was detected in
the first NGS analysis, but a TP53 mutation was
identified in the subsequent analysis. The patient was
diagnosed with CCA.

Lost mutations after repeated NGS

In one patient diagnosed with CCA, GNAS and BRAF
mutations were observed twice; however, only 1
GNAS mutation was observed in a subsequent
sample. In another patient diagnosed with HGD of
explanted liver tissue, CDKN2A, TP53, and KRAS
mutations were detected in the first NGS analysis, but
only CDKN2A mutations were detected in the 2
subsequent samples.

TABLE 2 Histology, brush cytology, NGS, CA19-9, and ERC findings in the prospective cohort

Total Suspicious BC
Suspicious

NGS

NGS
KRAS
only

CA19-9 kU/L mean/
median (range)

ERC Intrahepatic/
Intrahepatic and

extrahepatic disease

All patients, n 97 17 14 11 194/9 (2–14,201a) 21/76

Liver transplantation, n 16 6 5 0 31/18 (2–231) 4/12

HGD 7 5 4 0 10/4 (2–36) 2/5

GBC 1 0 0 0 26/26 (26) 0/1

LGD 1 1 1 0 9/9 (9) 1/0

No biliary neoplasia
in explanted liver

7 0 0 0 57/26 (7–231) 1/6

CCA 10 6 8 1 197/21 (2–1165) 1/9

Benign follow-up >1 y 71a 5 1 10a 230/9 (2–14,201a) 16/55

Note: Suspicious NGS was defined as a pathogenic mutation in TP53, CDKN2A, GNAS, ATM, BRAF, or FBXW7 + a mutation in KRAS. NGS KRAS only was defined
as a pathogenic mutation in the KRAS gene only.
aIncluding 1 patient with colorectal carcinoma metastasis to the liver but no biliary neoplasia. Serum CA19-9 value in this patient was 14,201 kU/L.
Abbreviations: BC, brush cytology; CCA, cholangiocarcinoma; ERC, endoscopic retrograde cholangiography; GBC, gallbladder carcinoma; HGD, high-grade dys-
plasia; LGD, low-grade dysplasia; NGS, next-generation sequencing.
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TABLE 3 Patients in the prospective cohort with histologically verified neoplasia

Histology (type)
NGS in brush

samples Histological diagnosis
Brush

cytology
ERC score

(1–16) CA19-9
Tumor

localization

CCA (large duct) GNAS Arg201Cys
FBXW7 Arg479Gln
TP53 Lys132Glu
KRAS Gly12Val

Liver
biopsy

Suspicious 8 3 Intrahepatic

CCA (large duct) TP53 Pro151Ser
TP53 Trp91Ter

KRAS amplification

Liver and lymph-node
biopsy

Suspicious 10 658 Perihilar

CCA (NA) GNAS Arg201Cys
BRAF Asp594Asn

Lymph-node metastasis
surgical sample

Suspicious 12 11 NA

CCA (NA) KRAS Gly12Asp
TP53 His179Tyr

Lymph-node metastasis
surgical sample

Suspicious 13 60 NA

CCA (NA) TP53 Ser241Cys Choledochal duct surgical
biopsy

Suspicious 6 31 Perihilar

CCA (large duct) CDKN2A
Arg80Ter

KRAS Gly12Asp
TP53 Cys242Phe
TP53 Gly245Ser

Pancreatoduodenectomy Suspicious 12 33 Distal

CCA (large duct) TP53 Arg248Gln Pancreatoduodenectomy Negative 6 2 Distal

CCA (NA) ATM Gln2730Arg Lymph-node metastasis
surgical sample

Negative 8 2 Perihilar

CCA (small duct) KRAS Gly12Asp Liver biopsy Negative 4 1165 NA

CCA (NA) No mutations Liver biopsy Negative 10 6 Intrahepatic

GBC No mutations Liver transplantation Negative 10 26 Gallbladder

HGD KRAS Gly12Val
CDKN2A Arg80Ter

Liver transplantation Suspicious 6 2 —

HGD TP53 Arg248Gln Liver transplantation Suspicious 7 2 —

HGD KRAS Gly12Asp
GNAS Arg201Ser

Liver transplantation Suspicious 5 4 —

HGD CDKN2A
His83Tyr

TP53 Arg175His
KRAS Gly12Asp

Liver transplantation Suspicious 4 6 —

HGD No mutations Liver transplantation Suspicious 10 2 —

HGDa No mutations Liver transplantation Negative 7 36 —

HGD No mutations Liver transplantation Negative 11 20 —

LGD KRAS Gln61His
GNAS Arg201Cys

Liver transplantation Suspicious 6 9 —

No biliary neoplasia No mutations Liver transplantation Negative 13 47 —

No biliary neoplasia No mutations Liver transplantation Negative 8 231 —

No biliary neoplasia No mutations Liver transplantation Negative 12 16 —

No biliary neoplasia No mutations Liver transplantation Negative 12 7 —

No biliary neoplasia No mutations Liver transplantation Negative 11 19 —

No biliary neoplasia No mutations Liver transplantation Negative 7 50 —

No biliary neoplasia No mutations Liver transplantation Negative 13 26 —

Helsinki ERC score,[19] serum CA19-9 levels (kU/L), brush cytology, NGS of brush cytology and histologically verified diagnosis. All detected mutations in successive
brush samples are presented in this table. Histological type (small/large duct) and tumor localization are presented when available.
aHGD in the perihilar and intrahepatic bile ducts after radiotherapy for suspected cholangiocarcinoma.
Abbreviations: CCA, cholangiocarcinoma; ERC score, Helsinki ERC score; GBC, gallbladder carcinoma; HGD, high-grade dysplasia; LGD, low-grade dysplasia; NGS,
next-generation sequencing; NA, data not available.
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Altered mutations after repeated NGS

In the first NGS analysis, 1 patient diagnosed with
HGD of explanted liver tissue tested negative
for mutations; however, a GNAS mutation was
observed in the subsequent sample. In the next
analysis, a KRAS mutation was detected.

Altered mutations among patients without
histologically verified end points

Eight patients had variable alterations in KRAS or
GNAS, and 1 had a PIK3CA mutation once during
surveillance. All patients remained under surveillance
without evidence of biliary neoplasia (Figure 4).

Sensitivity and specificity of NGS

The sensitivities and specificities of BC and NGS in the
prospective cohort are shown in Table 4. In histologically
verified cases, the sensitivity and specificity were 61%
and 88% for BC and 67% and 88% for NGS, respectively.
The combination of NGS and BC yielded the best
performance, with sensitivity and specificity of 72% and
88%, respectively, for histologically verified patients.
Overall, NGS combined with BCwas superior to BC alone.

DISCUSSION

The risk of biliary dysplasia and CCA is high in patients
with PSC, and early diagnosis of biliary neoplasia is
challenging but important, as radical surgery or LT is a
curative option only at an early stage. In a previous
study, the sensitivity and specificity of NGS-based
methods in the diagnosis of biliary neoplasia have been

shown to be increased compared to conventional biliary
BC.[24] In the present study, we report the NGS findings
of biliary neoplasms in a retrospective analysis of
histological samples from a cohort of patients with
PSC and demonstrate the benefit of performing NGS on
BC samples to detect biliary neoplasia. NGS combined
with BC resulted in sensitivity and specificity of 72% and
88%, respectively, in histologically verified cases. This
approach may increase the accuracy of BC combined
with NGS to detect biliary neoplasia, which would
enable early LT and, thus, markedly improve patient
prognosis.

Several mutations associated with PSC-CCA, includ-
ing TP53, CDKN2A, FBXW7, andGNAS, were observed
in the prospective cohort, supporting the findings of
earlier studies.[7,24] Despite their location in the biliary
tree, PSC-associated CCAs have a molecular profile of
large duct CCAs.[7] Furthermore, KRAS, CDKN2A, and
BRCA1 mutations are common[25] in extrahepatic CCAs.
In one patient with CCA in the prospective cohort, an
ATM mutation was detected, which can occur in both
intrahepatic and extrahepatic CCAs.[26] In the current
study, RNF43 mutations were also observed in retro-
spective CCA and HGD samples, which is consistent
with previous CCA studies.[27] No IDH or BAP1mutations
associated with intrahepatic CCA were detected.[28] One
patient in the retrospective cohort had several mutations,
including MSH6. This may reflect a hypermutated
phenotype due to mismatch repair defects, similar to a
previous case of prostate adenocarcinoma.[29]

Among patients with HGD, CCA-associated mutations,
including TP53, CDKN2A, and GNAS, were detected in
brush samples. Differentiating HGD from CCA using NGS
is difficult because these conditions seem to share several
mutations, although this does not pose a problem if early
LT is an option. However, oncological treatments are
needed if CCA develops, and when this occurs, LT
becomes possible only in select cases.

CCA 10

Cytology suspicious Cytology and NGS negativeNGS positive

HGD 7

GBC 1

LGD 1

Benign 7

F IGURE 3 Cytology and NGS results of the prospective cohort. NGS was considered positive if mutations in TP53, CDKN2A, GNAS, BRAF,
ATM, or FBXW7 were found. Abbreviations: CCA, cholangiocarcinoma; GBC, gallbladder carcinoma; HGD, high-grade dysplasia; LGD, low-grade
dysplasia; NGS, next-generation sequencing.
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CCA

HGD in explanted liver

Benign follow-up

Interval

Patient 1

Patient 29

Patient 56

Patient 76

Patient 97

Patient 16

Patient 22

Patient 24

Patient 28

Patient 36

Patient 51

Patient 55

Patient 62

Patient 91

Interval

Interval

Interval

Interval

Interval

Interval

Interval

Interval

3.5 mo

No

Yes

Benign

Suspicious

Mutation found

Cytology2.5 mo

6 mo

15 mo 6 mo

3.5 mo

42 mo

7 mo

11 mo

13 mo 15 mo

6 mo 6 mo

6 mo

3.5 mo

6 mo

5.5 mo 8.5 mo

5 mo 12 mo 19 mo

9 mo 3 mo 4 mo 7 mo 6 mo 6 mo

2 mo

3 mo

TP53 Lys132Glu

TP53 His179Tyr

TP53 Arg175His

CDKN2A His83Tyr

KRAS Gly12Val

KRAS Gly12Asp

KRAS Gly12Asp

KRAS Gly12Asp

KRAS Gly12Asp

KRAS Gly12Val

KRAS Gly12Cys

KRAS Gly12Asp

KRAS Gly12Asp

KRAS Gly12Val

KRAS Gln61His

GNAS Arg201Cys

KRAS Gln61His

KRAS Gln61His

GNAS Arg201Cys

PIK3CA His1047Arg

KRAS Gly12Asp

GNAS Arg201Cys

GNAS Arg201Cys

GNAS Arg201Ser

FBXW7 Arg479Gln

BRAF Asp594Asn

Cytology

Cytology

Cytology

Cytology

Cytology

Cytology

Cytology

Cytology

Interval

Cytology

Interval

Cytology

Interval

Cytology

Interval

Cytology
KRAS Gly12Val

Interval

Cytology

Cytology

F IGURE 4 Patients in the prospective cohort with altered next-generation sequencing results of follow-up brush samples. Brush cytology
interpretation is also included. Abbreviations: CCA, cholangiocarcinoma; HGD, high-grade dysplasia; mo, months.
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Although most patients with LGD in the retrospective
cohort did not harbor any mutations, TP53 and SMAD4
mutations were observed in one LGD histological
sample. In the prospective cohort, one patient with
KRAS and GNAS mutations was diagnosed with LGD.
Although the progression from LGD to HGD is probably
gradual, these findings demonstrate that worrisome
mutations may be present in histologically low-grade
lesions. Thus, in cases of LGD suspicion by BC, NGS
analysis should be performed in the next ERC.

In our study, KRAS mutations were observed without
other mutations in 9 patients with no signs of biliary
neoplasia during the surveillance period (12–44 months).
In 1 patient, CCA was diagnosed with only a KRAS
mutation in the brush sample, and 1 patient with a
KRAS mutation in the brush sample was diagnosed with
metastatic colorectal carcinoma. KRAS mutations
are considered early cholangiocarcinogenesis events
and may already be observed in cases of LGD.[30] In
another study, KRAS mutations were observed during
cholangiocarcinogenesis.[12] Without other evidence sug-
gesting biliary neoplasia, we believe that KRASmutations
alone are an indication for continued surveillance, which is
consistent with previous studies demonstrating thatKRAS
mutations may also occur in healthy individuals and
patients with benign disease.[31,32]

In gallbladder cancer, the same mutations are found in
carcinomas and coexisting dysplasia or adenoma tissues,
supporting the dysplasia-carcinoma sequence.[33] In our
study, no mutations were detected in biliary duct brush
samples of the patient with GBC in the prospective cohort,
probably reflecting the absence of cancer cells from the
gallbladder in BC. This finding suggests that the value of
BC and NGS is limited to diagnosing GBC, which requires
imaging.

CCA is a feared complication of PSC, and ERC with
BC has been used in the early diagnosis of CCA and to
monitor patients with PSC in our unit since 2006. Regular
imaging of patients with PSC is associated with improved
survival, enabling earlier tumor detection even without
MRI–magnetic resonance cholangiography features

suggestive of LGD/HGD.[34] Initially, we performed ploidy
analysis using DNA flow cytometry with BC;[19,35] how-
ever, as no significant additive value was observed during
dysplasia surveillance,[15] we began to use NGS analysis
as an ancillary test with BC in 2019. In our study, the BC
results were sufficient in most cases; therefore, the
additive value of NGS was limited. However, in some
cases, NGS alterations occurred before suspicious BC
findings were obtained. A suspicious NGS finding may
identify a patient needing closer surveillance and imaging
studies, leading to the possible early diagnosis of HGD
or CCA.

In our study, CA19-9 was not sensitive in the
detection of biliary neoplasia. Indeed, CA19-9 was
elevated only in 3/10 patients with CCA and not in
patients with dysplasia, which is in line with our
previous results.[15] While the CA19-9 level may be
observed in CCA, it is not specific to malignancy; it
may be elevated due to cholestasis, which is com-
monly seen in patients with PSC.[36] Moreover, 40% of
patients with PSC and elevated CA19-9 levels do not
have CCA,[37] and 10% of the general population does
not express CA19-9.[38] Thus, CA19-9 is neither
sensitive nor specific for the screening and surveil-
lance of CCA in patients with PSC. Recent American
Association for the Study of Liver Diseases guidelines
recommend that CCA and GBC surveillance should be
performed annually and include abdominal imaging,
with or without serum CA19‐9.[6]

Kamp et al[12] showed that BC findings remained
mostly the same in subsequent cases and were identical
to NGS findings in histological samples. However, we
observed some variation in the repeated samples,
probably reflecting the cellularity and amount of inflam-
mation in the samples. Our NGS detection rate for BC
was 1%–2%; abundant inflammation or benign ductal
cells in the samplemay have obscured the neoplastic cell
population. In 1 patient, the same TP53 mutation
remained in four subsequent BC samples. These
findings emphasize that repeated sampling may increase
the accuracy of BC detection of biliary neoplasia.

TABLE 4 Comparison of BC and NGS for detecting high-grade biliary neoplasia in patients with primary sclerosing cholangitis in the
prospective cohort

Parameter Sensitivity (95% CI) Specificity (95% CI)
Positive predictive value (95%

CI)
Negative predictive value (95%

CI)

All patients (%)

BC 61 (36–83) 92 (84–97) 65 (41-83) 91 (83–96)

NGS 67 (41–87) 97 (91–100) 86 (61–96) 93 (85–97)

BC or NGS 72 (47–90) 91 (83–96) 65 (43–82) 94 (86–97)

Histologically verified patients only (%)

BC 61 (36–83) 88 (47–100) 92 (93–98) 50 (27–73)

NGS 67 (41–87) 88 (47–100) 92 (69–98) 54 (29–77)

BC or NGS 72 (47–90) 88 (47–100) 93 (71–99) 58 (32–81)

Abbreviations: BC, brush cytology; NGS, next-generation sequencing.
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Cirrhosis is a common indication for LT in patients
with PSC. In our center, approximately one-third of
PSC-associated LTs are performed because of sus-
pected biliary neoplasia.[14] A patient is referred for the
evaluation of LT in cases of repeated suspicion of HGD
in BC; however, in cases of early CCA, LT may be
indicated after oncological treatment. Patients with early
perihilar CCA treated with neoadjuvant chemoradio-
therapy and LT have a 5-year survival rate of up to 65%.
[39] Early identification of CCA is essential for curative
treatment with neoadjuvant therapy and LT. Even in
diffusely infiltrating CCA, where preoperative diagnosis
is difficult, NGS of the bile can be used to preoperatively
identify cancer-related mutations.[40]

Genomic profiling of biliary tract cancers can
identify potential targetable mutations.[41] Occasion-
ally, BC samples may be the only tissue source of
prognostic/treatment markers if a histological sample
is not obtained. Intraductal biopsies of the bile ducts
can also be used to diagnose CCA or dysplasia, and
NGS performed on bile duct biopsies reflects the
resected tumor tissue,[42] although the diagnostic
accuracy of cholangioscopy for indeterminate biliary
strictures was inferior to that of BC.[43] In our
prospective study population, cholangioscopy (Spy-
Glass, Boston Scientific, MA) was performed in 5
patients. Four of the patients had HGD or suspicion of
CCA in the biopsy, and all these patients were
diagnosed with CCA. One patient had benign biopsy
results in cholangioscopy, and BC and NGS were
negative. This patient did not have any signs of
malignancy during follow-up.

The strength of this study is that it included a well-
defined cohort of patients who underwent structured
surveillance. In our institute, BC is performed in
patients with PSC by brushing the intrahepatic and
extra bile ducts as widely as possible, regardless of
the dominant stricture. However, as the number of
patients with histologically verified end points was low,
further studies are needed to evaluate the value of the
molecular analysis of BC. In the retrospective cohort,
the quantity and quality of DNA in the archived
samples was a limiting factor in NGS analyses.
Moreover, the rate of CCA development remains
unclear. With NGS, the early diagnosis of CCA or
HGD may be possible.

In conclusion, NGS is an important addition to
conventional BC for the diagnosis of biliary neoplasia in
BC. Mutations in KRAS, TP53, CDKN2A, and GNAS
were observed in brush samples from patients with HGD
or CCA, whereas mutations in FBXW7, ATM, and BRAF
were only seen in brush samples from patients with CCA.
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