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INTRODUCTION: Intertumor and intratumor heterogeneity may explain the diagnostic challenge and limited efficacy of

chemotherapy for primary sclerosing cholangitis–associated cholangiocarcinoma (PSC-CCA). In this
study, tumor heterogeneity was assessed through p53 and p16 protein expression analysis and nextgeneration sequencing (NGS) of TP53 and CDKN2A genetic alterations in PSC-associated CCA.
METHODS:

Formalin-fixed paraffin-embedded tissue samples from resection material of patients with PSC-CCA or
patients with PSC diagnosed with biliary dysplasia were selected. Sections with CCA and foci with
dysplastic epithelium were identified by 2 independent gastrointestinal pathologists.
Immunohistochemical evaluation of p53 and p16 protein expression and NGS of TP53 and CDKN2A
genetic alterations were performed.

RESULTS:

A total of 49 CCA and 21 dysplasia samples were identified in the resection specimens of 26 patients. P53
protein expression showed loss of expression, wild type, and overexpression in 14%, 63%, and 23% CCA and
in 19%, 62%, and 19% dysplasia samples, respectively. P16 protein expression showed negative,
heterogeneous, and positive results in 31%, 57%, and 12% CCA and in 33%, 53%, and 14% dysplasia
samples, respectively. NGS showed high intertumor and intratumor heterogeneity of TP53 mutations and
CDKN2A loss. Nearly 70% of the samples with a TP53 missense mutation demonstrated p53 overexpression,
whereas all samples with a TP53 nonsense mutation demonstrated loss of p53 protein expression.

DISCUSSION:

PSC-associated CCA is characterized by high intertumor and intratumor heterogeneity of both p53/p16
protein expression and genetic alterations in TP53/CDKN2A, indicating that these tumors consist of
multiple subclones with substantially different genetic makeup. The high intertumor and intratumor
heterogeneity in PSC-CCA should be acknowledged during the development of diagnostic and
therapeutic strategies.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A694
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INTRODUCTION
Primary sclerosing cholangitis (PSC) is a major risk factor for the
development of cholangiocarcinoma (CCA), with a lifetime risk
up to 15% (1). Unfortunately, timely diagnosis of PSC-associated
CCA (PSC-CCA), or preferably high-grade dysplasia, remains a
challenge, and PSC-CCA is largely resistant to chemotherapy.
All currently available diagnostic strategies have limitations
with disappointing diagnostic value of imaging, tumor markers,

and brush cytology (2). The diagnostic value of imaging for PSCCCA is often limited because the tumor can mimic the characteristic benign ﬁbrotic strictures in PSC (3). The accuracy of serologic tumor markers—especially CA-19.9— is hampered by the
occurrence of elevated levels in case of a benign biliary obstruction (4). Cytological assessment of brush samples, obtained
during endoscopic retrograde cholangiopancreatography
(ERCP), has limited sensitivity and a considerable rate of false-
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negative results (5). Diagnostic accuracy remains disappointing
even when routine cytology is combined with ﬂuorescence in situ
hybridization (FISH) by using probes for chromosomes 3, 7, 9,
and 17 (6) or MCL1, MYC, EGFR, and CDKN2A (7).
Intertumor and intratumor heterogeneity of PSC-CCA may
partly account for the diagnostic limitations regarding assessing
molecular aberrations, including FISH, and the relative resistance
of cancer to chemotherapy. Molecular diagnostic methods may
be hampered by diﬀerences in the level of genetic proﬁles and
transcription and protein expression proﬁles. High intratumor
clonal diversity has been observed for sporadic intrahepatic CCA
(8). However, molecular data of PSC-CCA are scarce.
Prompted by the abovementioned considerations, we decided
to study the clonal diversity of PSC-CCA. Mutations in TP53 and
CDKN2A genes and protein expression of p53 and p16 were
selected as markers in this respect because of their important and
well-known role in the regulation of apoptosis and senescence.

METHODS
Tissue samples and histology

Patients with PSC diagnosed with biliary dysplasia or CCA in
hepatobiliary resection specimens were included after liver
transplantation, pancreaticoduodenectomy, or extrahepatic biliary resection between 1996 and 2019 at Erasmus MC University
Medical Center, Rotterdam and Amsterdam University Medical
Center, the Netherlands. The diagnosis of PSC was based on the
presence of a cholestatic biochemical proﬁle combined with
characteristic bile duct changes in histological examination or on
cholangiography. Causes of secondary sclerosing cholangitis had
to be excluded. After ﬁxation of the specimen, the tissue was
sampled and embedded in paraﬃn (FFPE) directly after surgical
resection, according to standard routine care. From the FFPE,
tissue blocks of 4-mm thick sections were cut, and histological
areas with tumor or dysplasia were selected. To explore intratumor heterogeneity, multiple distinct tumor areas were chosen.
Two expert hepatobiliary pathologists (M.D. and J.V.) independently reviewed hematoxylin and eosin –stained tissue
slides. In case of discrepancies, a consensus diagnosis was achieved. This study was approved by the local Medical Ethics Review
Board (MEC-2018-1262).
Immunohistochemistry

An Immunohistochemical analysis for p53 and p16 was performed
on the selected FFPE sections using the Ventana Benchmark ULTRA (Ventana Medical Systems Inc). The 4-mm FFPE sections
were stained for p53 and p16 using UltraView Universal DAB (3,3’Diaminobenzidine) Detection Kit (#760-700, Ventana). In brief,
after deparaﬃnization and heat-induced antigen retrieval with
CC1 (#950-500, Ventana) for 64 minutes, the tissue samples were
incubated with either p53 or p16 antibody for 32 minutes at 37°C.
Incubation was followed by hematoxylin II counterstain for 8
minutes and then a blue-coloring reagent for 8 minutes according
to the manufacturer’s instructions (Ventana) (Supplementary
Table 1, http://links.lww.com/CTG/A694). The speciﬁcity of the
reaction was conﬁrmed by positive and negative controls. Protein
expression was scored according to a consensus of 2 investigators
(E.K. and M.D.). Nuclear expression of p53 was classiﬁed as loss of
expression, wild type, or overexpression. Protein expression of p16
was scored as negative, heterogeneous, or positive (Supplementary
Figure 1, http://links.lww.com/CTG/A694).
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Tumor genetic heterogeneity analysis

The tumor and dysplastic areas were manually microdissected
under a dissecting microscope from hematoxylin-stained sections. DNA was extracted with 5% Chelex resin and proteinase K,
after which DNA concentrations were measured using the Qubit
2.0 ﬂuorimeter. Next-generation sequencing was performed with
a gene panel targeting 96% and 99% of the open reading frame
and all exon–intron boundaries of TP53 and CDKN2A, respectively. Libraries were created with the Ion AmpliSeq 2.0 Library Plus Kit; template preparation was performed using an Ion
Chef system and sequencing using the Ion GeneStudio S5 Prime
System on 540 chips with the Ion 540 Chef Kit. Data were analyzed with the Variant Caller v5.10.0.18. The threshold for total
coverage per amplicon was 100 reads, and variants reported in the
ESP6500si or 1000 genomes databases in more than 1% were
excluded, assuming that these were single nucleotide polymorphisms. Variants were considered potentially reliable if present in
at least 20% of the called reads and/or corresponded to the tumor
cell percentage.
Copy number variations were identiﬁed using Sequence Pilot
from JSI medical systems. Control samples required for this
analysis consisted of DNA isolated from the nonneoplastic liver
or pancreas tissue from the same resections. Normalized and
relative coverages were calculated for each amplicon of tumor and
dysplasia samples. The copy number variations were considered
reliable when all amplicons in the indicated gene reached the
thresholds for loss or gain.
In case of loss of expression and overexpression of p53 within a
neoplastic lesion on 1 section, the tumor tissue with loss of expression and overexpression was manually microdissected from
stained sections of FFPE tissue blocks, separately. Both samples
were analyzed for mutations and CNVs, after which these genetic
alterations were compared.
Finally, the concordance between gene aberrations and the
corresponding protein expression was examined.

RESULTS
Tissue samples

A total of 26 patients with PSC were identiﬁed: 24 patients with
CCA and 2 patients with biliary dysplasia as the most severe
neoplastic lesion. Patient characteristics, diﬀerent tumor locations, and surgical procedures are given in Table 1. Two pathologists reviewed hematoxylin and eosin–stained sections
independently and selected 49 tumor and 21 dysplasia regions in
the resection specimens; in 3 samples, a consensus diagnosis of
indeﬁnite for dysplasia was reached.
Immunohistochemistry

Overexpression of p53 protein was present in 11 CCA (23%) and
4 dysplasia (19%) samples, loss of expression in 7 CCA (14%) and
4 dysplasia (19%) samples, and wild type expression in 31 CCA
(63%) and 13 dysplasia (62%) samples (Figure 1). Three indeﬁnite
for dysplasia samples showed wild type expression. Focal loss of
expression with an abrupt transition to overexpression was observed in 2 samples (1 CCA and 1 dysplasia) of 1 patient
(Figure 2A).
Strong and diﬀuse staining of p16 was observed in 6 CCA
(12%) and 3 dysplasia (14%) samples and negative staining in 15
CCA (31%) and 7 dysplasia (33%) samples, and the remaining 28
CCA (57%) and 11 dysplasia (53%) samples demonstrated a
heterogeneous pattern. One indeﬁnite for dysplasia sample
VOLUME 12 | OCTOBER 2021 www.clintranslgastro.com

Table 1. Patient characteristics
Characteristics
Men

No. of patients
18 (69%)

Age at PSC diagnosis (yr)

40 (SD 5 3)

Age at CCA diagnosis

27 (SD 5 3)

Survival after resection (mo)

29 (SD 5 9)

IBD

17 (65%)

Ulcerative colitis

16

Crohn’s disease

1

Location of CCA

n 5 24

Distal

6 (25%)

Perihilar

13 (54%)

Intrahepatic

5 (21%)

Surgical resection

n 5 26

Liver transplantation

6

Liver transplantation and Whipple procedure

1

Hemihepatecomy

11

Hemihepatectomy and Whipple procedure

1

Whipple procedure

5

Cholecystecomy

1

Autopsy

1

CCA, cholangiocarcinoma; IBD, inflammatory bowel disease; PSC, primary
sclerosing cholangitis.

showed heterogeneous expression that gradually changed into a
strong and diﬀuse positive staining. Remarkably, tumor samples
of this patient showed a heterogeneous p16 expression pattern.
Genetic alterations and tumor heterogeneity

In 9 patients, TP53 mutations were detected, including missense
mutations in 11 CCA and 3 dysplasia samples (see Supplementary
Table 2, http://links.lww.com/CTG/A694). Two diﬀerent missense mutations were found in 1 tumor sample of a patient. One
dysplasia sample showed the combination of a splice site and
missense mutation. Samples of 2 patients demonstrated a TP53
nonsense mutation. Loss of CDKN2A was found in 6 patients: 8
CCA and 3 dysplasia samples. No CDKN2A mutations were
detected. Genetic variation existed between samples in 6 patients.
Both TP53 mutations and CDKN2A loss demonstrated subclonality in 4 tumors, of which 2 tumors showed heterogeneity of
TP53 mutations and CDKN2A loss.
In the abovementioned case with abrupt transition of loss of p53
protein expression to p53 overexpression, genetic alterations in both
expression regions were analyzed. The CCA region with p53 overexpression showed a missense mutation in TP53 (NM_001126114;
c.818G.A; p.Arg273His), whereas no TP53 mutation was found in
the CCA sample region with loss of p53 expression (Figure 2B).
Concordance between genetic alterations and protein expression

In total, 9 (69%) of 14 CCA and dysplasia samples with TP53
missense mutations showed p53 overexpression. The remaining 5
samples with TP53 missense mutations showed wild type expression. The 4 samples with a TP53 nonsense mutation
American College of Gastroenterology

demonstrated loss of p53 expression. In addition, aberrant p16
protein expression was observed in only 3 (27%) of 11 samples (1
negative and 2 positive results) with CDKN2A loss, whereas 8
samples showed a heterogeneous expression pattern.

DISCUSSION
Molecular data on the carcinogenesis of PSC-CCA are required to
improve timely diagnosis of PSC-CCA and develop targeted
therapy. In this study, we demonstrated that PSC-CCA exhibits a
diversity of p53 and p16 protein expression patterns and contains
multiple genetic alterations in TP53 and CDKN2A genes. This
diversity in protein expression and genetic alterations is evident
both between and within tumors, consistent with high intertumor
and intratumor heterogeneity. In apparent agreement, dissimilar
gradual changes and abrupt transitions in protein expression
patterns are observed within tumors. Although intratumor heterogeneity has been described in several cancer types (9), the
extent of this heterogeneity in PSC-CCA observed is remarkable
and may hold important clues as to explaining the speciﬁc features of the disease, especially regarding therapy resistance. Indeed, alternative p53 and p16 protein expression and genetic
alterations of TP53 and CDKN2A are already observed in dysplasia, indicating a role for these genes early in the neoplastic
cascade leading to PSC-CCA. These ﬁndings thus not only alter
our view of PSC-CCA carcinogenesis and signify the important
role of these genes in the development of CCA but also show the
presence of multiple competing clones in this process.
The observed high intratumor heterogeneity in this study
provides new insights into the biological processes involved in the
oncogenesis of PSC-CCA. In a large study (n 5 186), Goeppert
et al. (10) identiﬁed several interesting molecular alterations in
PSC-CCA, which are potential targets for individualized therapy.
This study adds to these data that because of signiﬁcant tumor
heterogeneity, the number of mutations per tumor might be
underestimated in the study of Goeppert et al. because only 1
sample per tumor was investigated. This is a general consequence
of whole genome sequencing (WGS) and whole exome sequencing studies because usually only 1 region of the tumor is
selected, and additional genetic alterations in other regions of the
tumor (i.e., subclonal populations of tumor cells) will escape
detection (11,12). This study serves as a plea to recognize subclonal cell populations in the future whole genome sequencing
and whole exome sequencing studies.
The most direct clinical implication of our ﬁndings concerns
the interpretation of a negative result of FISH or genetic analysis
of a biliary stricture in patients with PSC. The presence of subclonal populations should be taken into account because a single
brush or biliary biopsy may underestimate or fail to detect oncogenic mutations in these heterogeneous tumors. Similarly, for
FISH analysis, a small region of tissue, suspected of invasive
cancer, is selected for analysis, which can lead to the nondetection
of subclonal tumor cells with chromosomal instability. Therefore,
it may be recommended to repeat an ERCP to obtain a biliary
brush or biopsy when cytology or histopathology, mutational
analysis, and clinical context (including imaging results) reach
indistinct results. Previous studies substantiate the yield of repeated biliary brushes in PSC, both during one and repeated
ERCP procedures (13). In addition, more sensitive approaches
might improve diagnostic outcomes with less invasive procedures, including molecular sequencing of circulating tumor cells
or circulating tumor DNA (14,15). However, these strategies are
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Figure 1. Overview of mutations, analysis of copy number variations, and immunohistochemistry in resection specimens of 26 patients with primary
sclerosing cholangitis with biliary neoplasia.
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Figure 2. Illustrative case of primary sclerosing cholangitis–associated cholangiocarcinoma of intratumor heterogeneity. (a) Immunohistochemistry of p53
with an abrupt transition from loss of p53 expression to overexpression (black arrow). (b) Next-generation sequencing analysis showing subclonality of
TP53. The cells with p53 overexpression contained a pathogenic TP53 missense mutation (G . A), Arg273His, whereas this mutation was not observed in
cells with loss of expression.

relatively new, and more studies are needed for optimization
before these approaches can be implemented in routine practice.
Tumors with extensive molecular heterogeneity have a
higher likelihood for rapid progression and development of
resistance to chemotherapeutic drugs (16–19). Although this
study demonstrated high tumor heterogeneity in PSC-CCA, an
association with progression or resistance to chemotherapy has
not been proven. In addition, how to exploit the observation of
the presence of subclonal cell populations for precision medicine remains for now not clear, but based on our results,
establishing protocols as to how heterogeneous tumors can still
be treated with targeted approaches is urgently needed for realizing improved treatment of PSC-CCA. At diagnosis, smart
protocols based on diﬀerences in cell cycle speed and involving
alternating application of diﬀerent forms of targeted medication
may hold promise in this respect. Generally speaking, however,
the evolutionary selection of drug-resistant tumor cells after
targeted therapies remains a formidable hurdle to be taken by
the biomedical research community. In this respect, it is interesting to note that senescence is activated to prevent the
proliferation of cancer cells in response to chemotherapy (20).
Although incomplete and heterogeneous senescence response
plays a key role in chemotherapy resistance, one can envision
strategies that more generally provoke this cellular state (21).
The ability of subclonal populations to become resistant to
diﬀerent kind of targeted drugs leads to disappointing therapy
success, even if these drugs are combined with chemotherapeutic agents (22–25). Therefore, further investigation into
targeted and chemotherapy in PSC-CCA and the importance of
subclonal cell populations in these strategies is urgently needed.
Although our study provided a detailed analysis of subclonal
populations in PSC-CCA, a few drawbacks need to be considered.
A total of 26 patients were included during an elongated period of
23 years, which is due to limited availability of resection specimens. We included all consecutive patients, and no patients were
excluded because of loss of data or resection material. During the
ﬁrst 10 years of the study, only 2 cases were included in the study.
This low number may be explained by more diagnoses at an
American College of Gastroenterology

advanced stage precluding surgical resection during this period
when compared with more recent years, although the possibility
of more incident cases or a change in referrals to our hospital
during recent years cannot be refuted. Unfortunately, the number
of included patients was too small to investigate the inﬂuence of
diﬀerent anatomical positions on intertumor and intratumor
heterogeneity. Regarding DNA quality, because of ﬁxation artifacts and a low amount of starting material, the isolated DNA was
of moderate quality. Consequently, strict criteria and a critical
look at especially the A . G and C . T substitutions resulted
probably in an underestimation of the genetic alterations. Nevertheless, this has not aﬀected the observation of high intertumor
and intratumor heterogeneity.
This study demonstrated the extensive presence of subclonal
cell populations in PSC-CCA, which has clinical implications for
the interpretation of diagnostic results and should be acknowledged during the development of new (targeted) therapeutic
strategies. Further studies are required to unravel the complex
pathogenesis of PSC-CCA, including the interaction between
chronic inﬂammation, ﬁbrosis, bile duct senescence, and multiclonal expansion of neoplastic cells.
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WHAT IS KNOWN

3 Intertumor and intratumor clonal diversity of
3

cholangiocarcinoma (CCA) is relevant for the development of
diagnostic and (chemo)therapeutic strategies.
The presence of intratumor clonal diversity has been
observed for sporadic intrahepatic CCA but is largely
unexplored for primary sclerosing cholangitis–associated
CCA.

WHAT IS NEW HERE

3 Primary sclerosing cholangitis–associated CCA is
3

characterized by high intertumor and intratumor
heterogeneity of both p53/p16 protein expression and genetic
alterations in TP53/CDKN2A genes, indicating that these
tumors consist of multiple subclones.
TP53 missense mutations are correlated with p53
overexpression, whereas TP53 nonsense mutations are
correlated with loss of p53 expression.
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