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Abstract

Cholangiolocarcinoma (CLC) is a primary liver carcinoma that resembles the canals of Hering

and which has been reported to be associated with stem cell features. Due to its rarity, the nature

of CLC remains unclear, and its pathological classification remains controversial. To clarify the

positioning of CLC in primary liver cancers and identify characteristics that could distinguish

CLC from other liver cancers, we performed integrated analyses using whole-exome sequencing

(WES), immunohistochemistry, and a retrospective review of clinical information on eight CLC

cases and two cases of recurrent CLC. WES demonstrated that CLC includes IDHI and BAPI

mutations, which are characteristic of intrahepatic cholangiocarcinoma (iCCA). A mutational

signature analysis showed a pattern similar to that of iCCA, which was different from that of

hepatocellular carcinoma (HCC). CLC cells, including CK7, CK19, and EpCAM, were positive

for cholangiocytic differentiation markers. However, the hepatocytic differentiation marker AFP

and stem cell marker SALL4 were completely negative. The immunostaining patterns of CLC

with CD56 and EMA were similar to those of the noncancerous bile ductules. In contrast,

mutational signature cluster analyses revealed that CLC formed a cluster associated with

mismatch-repair deficiency (AIMMR), which was separate from iCCA. Therefore, to evaluate

MMR status, we performed immunostaining of four MMR proteins (PMS2, MSH6, MLH1, and

MSH2) and detected dMMR in almost all CLCs. In conclusion, CLC had highly similar

characteristics to iCCA but not to HCC. CLC can be categorized as a subtype of iCCA. In



contrast, CLC has characteristics of AMMR tumors that are not found in iCCA, suggesting that

it should be treated distinctly from iCCA.
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Introduction

Cholangiolocarcinoma (CLC), previously known as cholangiolocellular carcinoma, is a rare

primary liver carcinoma. Although the cellular origin of CLC is still unclear, it has been

suggested to be derived from bile ductules or the canals of Hering [1,2]. Because bipotent

hepatic stem or progenitor cells (HpSCs) are thought to exist in these locations, CLC are thought

to have differentiation traits for both hepatocellular carcinoma (HCC) and cholangiocarcinoma

[3,4]. Accordingly, the World Health Organization (WHO) Classification 2010 classified CLC as

a subtype of combined hepatocellular-cholangiocarcinoma (cHCC-CCA) with stem cell features

[5]. Subsequently, several studies described CLC as a distinct biliary-derived entity [6,7]. Other

studies have suggested that it should be classified as a subtype of small duct-type intrahepatic

cholangiocarcinoma (iCCA) based on immunohistochemical similarities and the presence of

recurrent genomic aberrations in iCCA, such as /DH mutations [8-10]. According to the WHO

classification 2019, CLC without components of HCC or intermediate carcinoma is classified as

iCCA [11]. Conversely, the Japanese General Rules for the Clinical and Pathological Study of

Primary Liver Cancer classifies CLC as distinct tumors [12]. Therefore, the pathological

classification of CLC remains to be established and is controversial.

This rarity hinders the understanding of CLC [3], and a definitive diagnosis is difficult without

a pathological evaluation after surgical resection, which further limits the accumulation of cases.

Therefore, few genetic analyses have been conducted using next-generation sequencing.



Actually, several genetic alterations have been reported to be associated with CLC, including

IDHI, FGFR2, and TP53 mutations [6,9,13]. IDHI mutations have been widely reported

[6,9,13]; however, they are not shared by most CLCs and are not CLC-specific. Previous studies

on pure CLC with a high tumor purity have included only a small number of cases and have

focused only on hot spots or limited gene mutations [9,13,14], without comprehensive genetic

analyses; thus, they do not provide a clear picture of CLC. Additionally, although various

international genome projects have been conducted, such as the International Cancer Genome

Consortium (ICGC) or The Cancer Genome Atlas (TCGA), they do not include any data on

CLC. The absence of public data also hinders the elucidation of CLC.

We aimed to clarify the positioning of CLC in primary liver cancers and identify characteristics

that could distinguish CLC from other liver cancers through integrated analyses using whole-

exome sequencing, immunohistochemistry, and a retrospective review of clinical information.

Materials and methods

Patients

We enrolled 144 patients with CLC (n=8), iCCA (n=119), or cHCC-CCA (n=17) who underwent

surgical resection at Kyoto University from 2005 to 2018. The pathological diagnosis was based

on hematoxylin and eosin staining, according to the latest WHO 2019 criteria [11]. The

diagnosis of CLC was confirmed by two expert pathologists (MF and YS). The CLC component



was defined based on the extent of nuclear atypia and the architectural growth pattern. Low-

grade nuclear atypia and a branching cord-like anastomosing pattern (“antler-like” pattern)

resembling a ductular reaction embedded in a fibrous stroma were considered the defining

features of CLC [9,11,12,15] (supplementary material, Figure S1). If the CLC component

comprised at least 80% of the tumor without hepatocellular differentiation, it was designated as

CLC. For whole-exome sequencing of CLC, cancer components were obtained from formalin-

fixed paraffin-embedded (FFPE) tissue specimens collected from eight patients with CLC.

Recurrent lesions were also obtained from two patients, one involving the CLC inside the liver

and the other involving the CCA in the gastric lymph node. Details for DNA extraction are

presented in Supplementary materials and methods.

Immunohistochemistry

Immunohistochemical staining was performed on 4-pm-thick FFPE whole-tissue sections from

eight patients with CLC. For comparisons with CLC, whole tissue sections from two patients

with small duct-type iCCA, two patients with well-differentiated HCC, and two liver transplant

donors (as normal livers) who underwent surgery at Kyoto University were also immunostained.

We immunostained for CK7, CK19, AFP, EpCAM, CD56, EMA, SALL4, CDS, PD-L1, and

four mismatch repair (MMR) proteins (PMS2, MSH6, MLH1, and MSH2). All

immunoreactivities were reviewed and evaluated by pathologists who were blinded to sample



information. A negative expression of MMR proteins was defined as the definite absence of

nuclear staining in at least 10% of tumor cells, despite positive staining in the surrounding

stromal cells and lymphocytes. Mismatch repair deficiency (IMMR) was defined as the negative

expression of at least one MMR protein in tumor cells. Mismatch-repair proficient (pMMR) was

defined as the positive expression of all four MMR proteins in all tumor cells [16]. The extent of

CD8" T-cell infiltration into the tumor was evaluated using four independent fields at mid-

magnification (x10 magnification objective lens). For EMA, cytoplasmic and membranous

staining patterns were recorded for each tumor. Details of the antibodies and dilutions used are

summarized in supplementary material, Table S1.

Whole-exome sequencing (WES) of CLCs

Genomic DNA was extracted from each CLC component and recurrent tumor and was subjected

to genetic analyses. Exome capture was performed using SureSelect Human All Exon V6

(Agilent Technologies, Santa Clara, CA, USA), according to the manufacturer’s instructions.

WES was performed using the NovaSeq 6000 platform (Illumina, San Diego, CA, USA) and a

150-bp paired-end read protocol. Sequencing reads were first aligned to NCBI Human

Reference Genome Build 38 (hg38) (https://gdc.cancer.gov/about-data/gdc-data-processing/gdc-

reference-files), and the sequencing data were analyzed for somatic mutation calling using the

Genomon?2 pipeline (v.2.6) (https://genomon.readthedocs.io/ja/latest/), as previously described




[17,18]. Somatic mutations were identified by comparing the tumor and non-tumor liver tissue

genomes.

Analysis of mutational signatures

The number of single nucleotide variants (SNVs) assigned to each of the 96 possible

substitution classifications, defined by the substitution class and sequence context immediately

57 and 3’ to each mutated base in the coding regions, was counted for each sample. The

frequency of each mutation was calculated by dividing the count by the total number of

mutations. The analysis was conducted using R v.4.1.2 (The R Foundation for

Statistical Computing, Vienna, Austria), with the MutationalPatterns package (v.3.4.0) at the

default setting [19,20] and based on Mutational Signatures version 3 in the Catalogue of

Somatic Mutations in Cancer (COSMIC) (https://cancer.sanger.ac.uk/signatures).

Statistical analyses

Statistical analyses were performed using R v.4.1.2 (The R Foundation for

Statistical Computing). Continuous data were expressed as the median and range and analyzed

using the Kruskal-Wallis test, followed by a pairwise Wilcoxon post hoc analysis for

comparisons of the three groups. Categorical data among the three groups were analyzed using

the chi-squared test followed by Bonferroni adjusted post hoc analysis. Survival curves were



estimated using the Kaplan—Meier method and compared using a log-rank test. Statistical

significance was set at P<0.05.

The methods used for DNA extraction, mutation calling, Sanger sequencing of TERT promoter

mutations, microsatellite instability (MSI) evaluation, copy number variation analysis, and

reanalysis of public database records are described in Supplementary materials and methods.

Results

Clinicopathological features of CLC

From 2005 to 2018, 1,035 cases underwent hepatectomy for primary liver tumors. The

frequency of CLC was 0.77%. The clinicopathological features of CLC, iCCA, and cHCC-CCA

are summarized in Table 1 and supplementary material, Table S2. There are some reports of

CLC arising in patients with chronic liver diseases [4,21,22], but in this study, none of the CLC

cases had underlying cirrhosis and all were negative for hepatitis B surface antigen (HBsAg)

and hepatitis C virus antibody (HCV-Ab). Most of the background livers in CLC cases showed

no fibrosis. Only two cases showed mild-moderate fibrosis (METAVIR Fland F2). The

underlying hepatic disease was cryptogenic in one case and caused by alcohol use in the other

case. These results indicated that CLC is not always associated with chronic hepatitis. Although

the clinicopathological features of CLC and the other two tumors were broadly similar, CLC
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cases tended to show favorable prognoses. Although the difference was not statistically

significant, the CLC cases tended to show less invasion of the major portal vein, hepatic vein,

and biliary tract and tended to have a better overall survival (OS) than the other groups

(supplementary material, Figure S2). The 5-year OS rates of CLC, iCCA, and cHCC-CCA cases

were 75.0%, 39.9%, and 41.5%, respectively. The two patients with CLC who underwent

resection for recurrent disease also showed a long-term survival, indicating that surgical

resection of recurrent CLC may contribute to a better prognosis. Similar to other tumors, CLC

recurred in the remnant liver, lymph nodes, and bones (supplementary material, Table S3).

Among them, Case 2 recurred as a CLC inside the remnant liver (Case 2rec), but interestingly,

Case 3 recurred as a CCA in the gastric lymph nodes (Case 3rec). Therefore, we included these

two recurrent tumors in the subsequent analysis.

CLC cells showed a cholangiocytic immunostaining pattern

To investigate whether CLC cells have bipotentiality, we immunostained for cholangiocytic and

hepatocytic differentiation markers and stem cell markers. CLC cells, including CK7, CK19 and

EpCAM [15,23,24]. Conversely, they were negative for both the hepatocytic differentiation

marker AFP and the stem cell marker SALL4 [25] (Figurel). These staining results were

consistent with those of the small duct-type iCCAs. As EMA and CD56 have been reported to

show different immunostaining patterns based on the size of the bile ducts [4,26,27], we
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compared non-tumor bile ducts and CLC cells. In the non-tumor area, EMA positivity was

observed in the cytoplasm of the interlobular bile ducts (Figure 2A) and in the membranes of the

ductules in ductular reactions (Figure 2C). The interlobular bile ducts were negative for CD56

(Figure 2B), whereas the proliferated bile ductules were positive for CD56 (Figure 2D). CLC

cells showed a similar staining pattern to the ductules in ductular reactions: part of the cells

showed membranous positivity for EMA (Figure 2E), and some of the cells were positive for

CD56 (Figure 2F). These results suggest that CLC might have the characteristics of bile ducts,

especially ductules, rather than HpSCs or hepatocytes.

CLC had iCCA-like driver gene mutations

As the clinical and immunostaining pictures of CLC were similar to those of iCCA, we explored

the characteristic gene mutations of CLC through comprehensive genetic analyses. The

landscape of genomic aberrations detected by WES is shown in Figure 3. The mean sequence

depth for CLCs and their recurrent tumors was 192.1 (supplementary material, Table S4). WES

identified 1,322 somatic mutations (881 non-silent and 441 silent) (supplementary material,

Table S5). SNVs accounted for most of the mutations (1,129 mutations), followed by INDELs

(163 mutations). We could not detect any driver gene mutations shared by any of the CLCs.

However, among the detected cancer-related alterations, CLC includes various recurrent

mutations in biliary tract cancers (BTC), including ARIDIA, ARIDIB, ARID2, BAP1, CDKN2A,
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GNAS, KRAS, and IDHI mutations [28,29]. Typical drivers of iCCA, IDH1 and BAPI

alterations have been detected [28-30]. Despite the lack of FGFR2 fusion, IDHI mutations,

which are typically detected in small duct-type iCCA [2,31], were detected in two cases.

However, CLC does not possess TERT promoter mutations, which are the most prevalent

genetic alterations in HCC [32-35], or CTNNBI and AXINI mutations, which are representative

of Wnt/B-catenin pathway mutations [34,36,37]. CLC also lacks 7P53 mutations, which are

repeatedly observed in cHCC-CCA [38-40]. These findings indicate that driver gene mutations

for CLC are characteristic mutations of iCCA, but not HCC or cHCC-CCA. Additionally, CLC

exhibits several actionable alterations, including ATM, CDKN2A4, HRAS, KRAS, IDH]I [30,41].

CLC exhibited a characteristic mutational signature associated with dMMR

Immunohistochemistry and somatic mutations in CLC showed cholangiocytic traits. Recent

studies have reported that mutational signature analyses provide clues regarding the process of

mutation generation [42,43]. We compared the mutational signatures of CLC with those of

iCCA and HCC. Hepatitis B and C were not present in any of the CLC cases. Accordingly, we

extracted the whole-genome sequencing data of 7 iCCA Japanese non-BC hepatitis patients and

14 HCC Japanese non-BC hepatitis patients from the ICGC database and compared the point

mutations with the primary CLC data. We found that somatic mutations in CLCs were

characterized by a predominance of C>T mutations, especially those within the CpG context,
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followed by T>C and C>A mutations (Figure 4A). These mutational signatures were similar to

those observed in iCCA but differed from those observed in HCC, which predominantly showed

T>C mutations. Additionally, we generated 96 trinucleotide mutational signatures and examined

their similarity to COSMIC single-base substitution (SBS) signatures (Figure 4B,C). Among the

COSMIC signatures to which CLCs showed similarity, SBS1 is a common mutational pattern

associated with adenocarcinoma [44]. While these findings also supported the similarity

between CLC and iCCA, CLCs formed their own clusters, with the exception of a few iCCAs.

To explore different characteristics from iCCA, we further extracted three de novo signatures

using a non-negative matrix factorization (NMF) analysis [19,20] (supplementary material,

Figure S3), and evaluated the relative contributions of each signature for each sample (Figure

4D). The analysis found that almost all CLCs formed SBS6-like characteristic clusters,

suggesting that they acquired a AIMMR [44,45]. The SBS40-like and SBS12-like clusters formed

by iCCA and HCC, respectively, are consistent with previous reports, which suggests the

reliability of the cluster analysis results [44].

Almost all CLCs lacked the expression of MMR proteins

A mutational signature analysis suggested that CLCs were associated with dAMMR. However, no

major alterations in MMR genes were detected in exon regions (supplementary material, Tables

S5 and S6). Therefore, we immunostained for four MMR proteins (PMS2, MSH6, MLH1, and

14



MSH?2) [16]. These proteins are not immunostained if the MMR genes are mutated or

inactivated. To select these antibodies, we compared the immunostaining of PMS2 and MSH6

using two different antibodies, as they are sufficient for AIMMR screening [46,47]. Since the

DAKO antibodies stained strongly, and effectively immunostained the pMMR iCCAs as well as

the colorectal cancer we previously reported [47] (supplementary material, Table S7), we

assessed the immunoreactivity of the four MMR proteins using the DAKO antibodies. As

positive controls, we immunostained whole tissue sections from two patients with small duct-

type iCCA, two patients with well-differentiated HCC, and two normal livers from transplant

donors. All cells were clearly stained and determined to be pMMR (supplementary material,

Figure S4). Conversely, almost all CLCs and their recurrent tumors showed dMMR (Figure 3,

Figure 5, and supplementary material, Figure S5 and Table S8). However, they showed a range

of immunostaining profiles (Figure 5 and supplementary material, Figure S6 and Table S8).

Supplementary material, Figure S6 shows the immunostaining profile for PMS2. When we

extracted three different regions from one specimen, the tumor cells of small duct-type iCCA

were diffusely stained in every region (supplementary material, Figure S6OA—C), whereas CLC

showed a diffusely positive region (supplementary material, Figure S6D), which is a

heterogeneously negative region (supplementary material, Figure S6E) and a completely

negative region (supplementary material, Figure S6F). Since these results were shared by other

MMR proteins, we defined the negative expression of MMR proteins as the definite absence of
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nuclear staining in at least 10% of tumor cells. According to this determination, only case 2 had

pMMR and all of the remaining cases had dMMR (Figure 3, Figure 5, and supplementary

material, Figure S5 and Table S8). Several CLCs also showed high CD8* tumor infiltrating T

cells (TILs) (Figure 3 and Figure 5). In short, CLC had dMMR tumor characteristics that were

not found in iCCA.

dMMR and other tumor immune biomarkers in CLCs

dMMR tumors are often associated with tumor immune biomarkers of high tumor mutational

burden (TMB-H), microsatellite instability-high (MSI-H) status, and the expression of PD-L1

[16,48]. Therefore, we evaluated the expression of these biomarkers (supplementary material,

Table S9). The median TMB of typical iCCA has been reported to be 2.0 [49], and pMMR Case

2 exhibited a similar TMB. Of the eight AIMMR CLC tumors, five showed a TMB higher than

the median value. Three of the tumors exhibited an MSI-H status and three tumors expressed

PD-L1 with a combined positive score (CPS) of >1.

CLC showed heterogeneous copy number variations

We performed whole-exome copy number variation (CNV) analysis of primary CLCs. CLCs

presented various CNV patterns in each case, with no common arm-level CNVs (supplementary

material, Figures S7A and Figure S8). Owing to the low number of cases, we combined the data
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and analyzed them using the GISTIC2. A GISTIC2 analysis demonstrated several amplifications

and deletions, but among these regions, we could not detect any important cancer-related genes

in BTC or HCC (supplementary material, Figure S7B). These findings indicated that specific

CNVs may not be relevant to the tumorigenesis of CLC.

The phylogenetic analysis of somatic mutations supported a genetic association between

CLC and CCA.

To examine the evolutionary relationships between primary CLC and recurrent tumors, we

constructed a schematic evolutionary tree for cases 2 and 3 based on somatic mutations and

estimated the subclonal cellular populations (Figure 6). This analysis was performed using all

somatic mutations detectable by WES, including those in non-exonic regions, because

SureSelect Human All Exon V6 can also capture considerable non-exonic regions, and

evolutionary traits are generally analyzed with the inclusion of passenger mutations

(supplementary material, Table S10). In Case 2, which recurred as CLC, the primary tumor cells

were partially positive for CD56, and EMA showed heterogeneity of cytoplasmic and

membranous positive cells. Recurrent tumor cells preserved this immunostaining profile (Figure

6A). Genetically, primary and recurrent tumors share several common mutations. A

phylogenetic analysis suggested that some clones of the primary tumor acquired dIMMR, MSI-H

status, and TMB-H, and progressed by acquiring driver gene mutations, such as ARID1A4/1B.
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Conversely, in case 3, which recurred as CCA, the immunostaining profiles of the primary and

recurrent tumors were different. While the primary tumor included CD56-positive cells, and

both the cytoplasm and the membrane of the cells were positive for EMA, the recurrent tumors

lacked CD56-positive cells and cells with membranous positivity for EMA, which is a

characteristic of the bile ductules. Furthermore, the genomic profiles of primary and recurrent

tumors were different. Only in the primary tumor, /DH1 frameshift was detected as a driver gene

mutation, and we found clusters of point mutations, so-called kataegis events on chromosome

19. Notably, however, the primary tumor and the recurrent tumor shared a few common

mutations (Figure 6B), suggesting that the two tumors originated from the same cell population

but evolved separately at an early stage of carcinogenesis and supported a genetic association

between CLC and CCA.

Discussion

More than 60 years have passed since Steiner and Higginson first reported CLC in 1959

[1]. However, their nature remains unclear. CLC are considered to be derived from the canals of

Hering owing to their pathological morphology [1,2]. Since the canals of Hering are thought to

contain HpSCs, CLC have been thought to be associated with stem cell features [3,4]. Although

recent developments in next generation sequencing techniques have revealed genomic

aberrations in CLC [6,9,13,14], previous reports included only a small number of cases and
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analyzed limited genetic mutations; thus, the specific characteristics of CLC remain unknown.

Among the studies in the literature, our study, which included comprehensive genetic analyses,

analyzed the largest number of strictly defined CLC cases. This study combined WES,

immunohistopathology, and retrospective review of clinical information to provide a more

detailed picture of the nature of CLC.

In the WES data of this study, CLC was found to have somatic mutations characteristic

of iCCA. Previous reports have suggested that CLC is a subtype of iCCA because it expresses a

biliary molecular profile [6] and exhibits somatic mutations characteristic of iCCA, including

IDH1/2 and FGFR2 mutations [9]. We herein found multiple somatic mutations that are

commonly observed in BTC [28,29], as well as IDHI and BAP1 mutations, which are

characteristic of iCCA [28-30]. In particular, /DH1, which is a known driver gene for small

duct-type iCCA [2,31], was mutated in several CLC cases in this study. A mutational signature

analysis showed a similar pattern to that of iCCA, namely, a predominance of C>T mutations,

especially those within the CpG context, followed by T>C and C>A mutations. In contrast,

TERT promoter mutations, which are the most prevalent genetic alterations in HCC [32-35],

were not found in CLC, and a mutational signature analysis showed a different pattern between

CLC and HCC. The finding that CLC showed similarity to SBS1, which is a mutational pattern

frequently associated with adenocarcinomas [44], supported the observation that CLC was

similar to iCCA, but not HCC. Furthermore, we analyzed a case of lymph node recurrence of
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CCA after hepatic resection for CLC. A phylogenetic tree analysis showed that the primary and

recurrent CCA tumors shared common mutations, suggesting that the primary CLC tumor and

recurrent CCA tumor originated from the same cell population and supported a genetic

association between CLC and CCA. Additionally, immunostaining of CLC showed the same

staining patterns as those of CD56 and EMA, as previously reported for CLC [4,6,21,26,27,50].

We further compared the staining patterns of CLC with CD56 and EMA with those of the

interlobular bile ducts and bile ductules in normal liver tissue and revealed that some of the CLC

cells showed similar staining patterns to those of bile ductules. The stem cell marker SALL4

[25] and hepatocytic differentiation marker were negative for CLC. Considering the above

findings, CLC showed similarity to iCCA, particularly to much smaller iCCA, while CLC cells

may not have bipotentiality.

Although the clinical, immunohistochemical, and genetic features of CLC are very

similar to those of iCCA, mutational signature cluster analyses revealed that CLC formed a

separate cluster from most iCCAs. Additionally, CLC had a lower tendency to invade the bile

ducts or vessels and tended to show a better prognosis than iCCA. These findings suggest that

CLC has different characteristics than iCCA, which might be significant for distinguishing CLC

from iCCA.

The findings in this study showed that the mutational signature of CLC was analogous

to SBS 6 and 15, which are IMMR-related signatures, and that the de novo signature was
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similar to that of SBS 6, suggesting that CLC might be characterized by dAMMR. Therefore, we

evaluated four MMR proteins by immunostaining, which is recommended for the identification

of AMMR [16]. The frequency of AMMR/MSI-high in biliary tract cancers has been reported to

be 1-2% [30,51-53]. However, almost all CLC cases in this study had a dMMR. The lack of

significant changes in copy numbers also supports this result. The MSI status has been reported

to be a continuous variable, not a discrete one, even within MSS and MSI-H tumors across

various carcinomas [54], which is consistent with the wide range of immunostaining profiles of

MMR proteins observed in our study. Furthermore, it has been reported that the heterogeneous

loss of MMR protein expression is related to IMMR and is not necessarily an artifact [55].

CLC may be considered an immune-hot tumor. This is because dAMMR tumors are more

susceptible to T-cell recognition by neoantigens [56,57]. The IMMR, MSI-H, TMB-H, and PD-

L1 expression statuses are often not consistent with one another and should be regarded as

separate biomarkers; however, they generally show some affinity and are associated with tumor

immunity [16,48]. CLC tended to have a higher TMB than iCCA. CLC showed highly

heterogeneous immunostaining profiles of MMR genes; therefore, the coexistence of both

dMMR and pMMR cells in the extracted DNA may potentially suppress the MSI score, but

several CLCs showed an MSI-H status. As previously reported, the PD-L1 expression is

infrequently observed in adenocarcinomas other than non-small cell lung cancer [58]. It was

evident from the low cutoff value for PD-L1 positivity in the companion diagnosis of PD-1/PD-
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L1 inhibitors that the PD-L1 expression was low. However, in the present study, we confirmed

its expression in several CLCs. Furthermore, although tumors with mutations in the Wnt/j3

pathway are said to be immune cold tumors, CLC does not have mutations in the Wnt/B-catenin

pathway, including CTNNBI mutations [37,59,60]. In summary, although the mechanism

remains unclear, the characteristics of dAMMR might be unique to CLC and immune checkpoint

inhibitors could be effective against CLC.

The present study is associated with two limitations. First, CLC has a much greater

stromal component, resulting in low tumor purity. Therefore, the sensitivity of WES is not high

enough to detect low-abundance subclonal gene mutations. However, this means that significant

gene mutations relevant to CLC were detected in the current study. Second, owing to the low

number of cases, the statistical analysis was insufficient, and the data presented in this study

may not be fully generalizable [61]. Therefore, future large-scale studies are warranted.

In conclusion, CLC had characteristics that were closely similar to iCCA, especially to

small duct-type iCCA, but not to HCC. On the other hand, by combining the genetic,

immunohistochemical, and clinical features, we characterized CLC for the first time. CLC has

dMMR tumor characteristics that are not found in iCCA. We hypothesized that treatment with

immune checkpoint inhibitors would be beneficial for CLC. The results of the present study

suggest that CLC should be treated as a disease that is distinct from iCCA.
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Figure Legends

Figure 1. Immunostaining profile of CLC, small duct-type iCCA, and well-differentiated

HCC.

Representative morphological and immunohistochemical staining features observed in CLC,

small duct-type iCCA, and well-differentiated HCC tumor cells. Scale bar, 100 pm.

Figure 2. Immunohistochemical staining for EMA and CD56.

(A-D) Immunohistochemical staining of the bile ducts in the non-tumor area. Scale bar, 50 pm.

(A) Cytoplasmic positivity for EMA was detected in the interlobular bile ducts. (B) The

interlobular bile ducts were negative for CD56. (C) Membranous positivity for EMA was

detected in the ductules in ductular reaction. (D) CD56 positivity was detected in proliferated

bile ductules. (E) Partially membranous positivity for EMA was detected in CLC cells. Scale

bar, 50 um. (F) CLC cells were partially positive for CD56. Scale bar, 100 pm.

Figure 3. Summary of genomic aberrations detected by whole-exome sequencing and

MMR status.

Each column represents one sample, and each row represents mutated cancer-related genes,

deficient MMR proteins, and the extent of CD8" T cell infiltration into the tumor of each

sample. The case number is shown at the top of the figure, and the color key is shown on the
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right. Various iCCA-related genes were mutated, whereas CLCs did not possess TERT promoter

mutations, which are the most prevalent genetic alterations in HCC. With the exception of Case

2, almost all CLCs were AMMR. Several CLCs showed large numbers of CD8" tumor-

infiltrating T-cells.

Figure 4. Mutational signatures detected in CLCs, iCCAs, and HCCs.

(A) Mutation patterns determined in CLCs, iCCAs and HCCs. (B) Ninety-six mutational

patterns of CLCs, iCCAs and HCCs are shown. Each context is described at the bottom. The Y-

axis shows the relative contribution of each context. (C) Cosine similarities between the

mutational signatures of each case and COSMIC signature. Each COSMIC signature is

described at the bottom. The Y-axis represents each case. (D) Relative contributions of de novo

mutational signatures in each case. The X-axis demonstrates each de novo signature. The Y-axis

represents each case. SBS, single-base substitution.

Figure 5. Immunohistochemistry for MMR proteins and CD8"* T-cells in CL.Cs and their

recurrent tumors.

All CLC specimens and recurrent tumors are shown. Scale bars for MMR proteins are 50 um.

Scale bars for CD8 represent 100 pm.
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Figure 6. The phylogenetic analysis of somatic mutations.

Schematic phylogenetic trees based on genetic information (top) and immunohistochemical

staining of EMA and CD56 (bottom) of the two cases are shown. In each tree, the trunks are

shown in blue, and branches toward primary and recurrent tumors are colored brown and red,

respectively. Known biliary cancer-associated driver genes with some genetic aberrations are

described in each tree according to the estimated phase at which the aberrations accumulate in

tumor cells. Chr, chromosome; TMB, tumor mutation burden.
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SUPPLEMENTARY MATERIAL ONLINE

Supplementary materials and methods

Figure S1. Representative histological features of cholangiolocarcinoma.

Figure S2. The survival analysis plots for overall survival and recurrence-free survival in CLC,

iCCA and cHCC-CCA cases for which surgical resection was performed.

Figure S3. Contribution of the three de novo mutational signatures among the CLCs, iCCAs

and HCCs.

Figure S4. Immunohistochemistry for MMR proteins in normal liver tissue, small duct-type

1CCA, and well-differentiated HCC.

Figure S5. Immunohistochemistry for MMR proteins.

Figure S6. Immunostaining profiles of PMS2.

Figure S7. Whole-exome copy number variation analyses of primary CLCs.

Figure S8. The landscape of whole-exome copy number variation determined by CNVkit.

Table S1. Details of the antibodies used for immunohistochemistry.

Table S2. The clinical features of cholangiolocarcinoma.

Table S3. The sites of recurrence of CLC, iCCA and cHCC-CCA.

Table S4. Mutation profiles of CLCs and their recurrent tumors.

Table S5. Somatic mutations in tumor tissue detected by whole exome sequencing.

Table S6. The sequencing coverages of MMR genes.
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Table S7. The comparison of immunostaining intensity between antibodies for PMS2 and

MSHE6.

Table S8. The proportion of MMR protein-positive cells in tumor cells.

Table S9. TMB, MSI score and PD-L1 score of CLCs and their recurrent tumors.

Table S10. Somatic mutations used for the phylogenetic analysis.
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Table 1. The clinicopathological characteristics of the CLC, iCCA, and cHCC-CCA cases.

CLC (n=8) iCCA (n=119) cHCC-CCA (n=17) P-value Statistical analysis
Age (years), median (range) 73 (56-83) 69 (32-84) 65 (45-81) 0.216 NS
Sex Male: 7 Male: 69 Male: 10 0.256 NS
Female: 1 Female: 50 Female: 7
Platelet number (x 10%/ul), 208.00 (13.20- 188.00 (12.90—- 142.00 (32.00- 0.330 NS
median (range) 281.00) 514.00) 490.00)
Total bilirubin (mg/dl), median 0.85 (0.60-1.10) 0.70 (0.30-7.20) 1.00 (1.00-4.00) <0.001 CLC vs. cHCC-CCA:
(range) P=0.002
iCCA vs. cHCC-CCA:
P<0.001
Albumin (g/dl), median (range) 4.40 (3.40—4.70) 4.00 (2.00-4.90) 4.00 (3.00-5.00) 0.402 NS
Prothrombin time (%), median 88.00 (27.00— 94.00 (27.00- 82.00 (65.00— 0.004 iCCA vs. cHCC-CCA:
(range) 122.00) 131.00) 120.00) P=0.003
HBsAg Positive: 0 Positive: 5 (4.2%) Positive: 2 (11.8%) 0.335 NS
Negative: 8 Negative: 111 Negative: 15
(100%) (93.3%) (88.2%)
Missing data: 0 Missing data: 3 Missing data: 0
HCV-Ab Positive: 0 Positive: 17 Positive: 9 (62.9%) <0.001 iCCA vs. cHCC-CCA:
(14.3%) P=0.002
Negative: 8 Negative: 100 Negative: 8 (47.1%)
(100%) (84.0%)

Missing data: 0

Missing data: 2

Missing data: 0



AFP (ng/ml), median (range)

DCP (mAU/ml), median (range)

CEA (ng/ml), median (range)

CA19-9 (U/ml), median (range)

Tumor number, median (range)

Tumor size (cm), median
(range)

Major portal vein invasion
Major hepatic vein invasion

Major biliary tract invasion

Surgical procedure

Resection of extrahepatic bile
duct
Lymph node dissection

4.80 (1.70-115.20) 3.60 (1.10-160.6)

42.00 (24.00—
18851.00)
2.95 (0.90-6.40)

26.35 (0.60—
1467.60)
1.00 (1.00—4.00)

4.00 (1.20-15.00)

Presence: 1
(12.5%)
Presence: 0

Presence: 0

AR: 6 (75.0%)
NAR: 2 (25.0%)
Presence: 1
(12.5%)
Presence: 5
(62.5%)

21.00 (9.00—
37836.00)

3.10 (0.40-
133.10)

38.20 (0.00—
5461.40)

1.00 (1.00-5.00)

4.00 (1.00-20.00)

Presence: 56
(47.1%)
Presence: 25
(21.0%)
Presence: 49
(41.2%)

AR: 105 (88.2%)
NAR: 14 (11.8%)

Presence: 34
(28.6%)
Presence: 106
(89.1%)

11.00 (2.00—
1517.00)

59.00 (13.00—
22480.00)

3.00 (1.00-13.00)

32.50 (1.00—
121.00)
1.00 (1.00-2.00)

4.00 (1.00-13.00)

Presence: 7
(41.2%)
Presence: 1 (5.9%)

Presence: 6
(35.3%)

AR: 13 (76.5%)
NAR: 4 (23.5%)
Presence: 1 (5.9%)

Presence: 15
(88.2%)

0.004

0.007

0.810

0.537

0.870
0.993

0.157

0.125

0.065

0.273

0.091

0.088

iCCA vs. cHCC-CCA:
P=0.004

CLC vs. iCCA:
P=0.011

NS

NS

NS
NS

NS

NS

NS

NS

NS

NS

HBsAQg: hepatitis B surface antigen, HCV-Ab: hepatitis C virus antibody, AFP: alpha-fetoprotein, DCP: des-gamma-carboxy



prothrombin, CEA: carcinoembryonic antigen, CA19-9: carbohydrate antigen 19-9, AR: anatomical resection, NAR: non-
anatomical resection, NS: not significant. Bold font indicates statistical significance.
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Fig.6
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