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Abstract
Advances in tissue clearing and microscopy make it possible to study human diseases in three dimensions (3D). High-
grade tumor budding is known to be associated with poor prognosis in various cancers; however, little is known about
the 3D architecture of tumor budding. Using tissue clearing, we analyzed the 3D structure of tumor budding and E-
cadherin expression in 31 extrahepatic cholangiocarcinomas. A total of 31 thick slabs (up to 5 mm) were harvested
from surgically resected tumor tissue, including 27 hilar and 4 distal cholangiocarcinomas. Twenty-eight cases were
adenocarcinoma, and three were undifferentiated carcinoma. After clearing, the tissues were immunolabeled with
antibodies to cytokeratin 19 and to E-cadherin, and then visualized using light-sheet and confocal laser scanning
microscopy. Tumor budding was evaluated in hematoxylin and eosin–stained sections (2D) using standard patholog-
ical criteria. Of the 31 cancers, 13 showed low-grade tumor budding and 18 showed high-grade tumor budding.
First, 3D analysis revealed that the neoplastic cells in tumor buds of adenocarcinoma were typically not individual
islands of cells, but rather tips of attenuated protrusions connected to the main tumor. Second, adenocarcinomas
with low-grade tumor budding were composed predominantly of tubules that only focally form cords at the periph-
ery. By contrast, adenocarcinomas with high-grade tumor budding predominantly formed cords in both centers and
peripheries of the tumors. Third, adenocarcinoma with low-grade tumor budding was characterized by a few short
protrusions with few branches, whereas adenocarcinomawith high-grade tumor budding was characterized by longer
protrusions with more branching. Finally, immunolabeling of E-cadherin was stronger in the center of the adenocar-
cinoma but decreased at the tips of protrusions. E-cadherin loss was more extensive in the protrusions of high-grade
tumor budding than in the protrusions of low-grade tumor budding. Our findings suggest that tumor buds as seen in
2D are, in fact, cross-sections of attenuated but contiguous protrusions extending from the main tumor.
© 2020 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

The prognosis for patients with cholangiocarcinoma is
dismal because usually the disease is advanced at the
time of diagnosis, rendering surgical removal and a cure
difficult, if not impossible. Even when surgery is possi-
ble, there are often local or distant recurrences after sur-
gery. Therefore, elucidation of the mechanism of tumor
invasion leading to metastasis at the invasive front is
important to predict prognosis as well as to understand
the mechanisms that eventually lead to metastasis.
Tumor budding (TB), which is defined as the presence

of single cells or small clusters of four neoplastic cells or

less, on standard hematoxylin and eosin (H&E)–stained
sections was first identified in colorectal cancer. High-
grade TB has been established as a poor prognostic indica-
tor that may be helpful for patient stratification [1,2]. TB
has also been recognized as prognostic factor in other types
of cancer, including gastric adenocarcinoma [3–7], esopha-
geal squamous cell carcinoma [8–10], pancreatic adenocar-
cinoma [11–13], ampullary adenocarcinoma [14], head and
neck squamous cell carcinoma [15–19], breast cancer [20],
and bladder cancer [21]. In addition, TB has been reported
to be a useful prognostic factor for cholangiocarcinoma
[22–24]. Although the biological mechanism of TB and
poor patient prognosis is not clear, it has been hypothesized
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that TB is related to the epithelial-mesenchymal transition
(EMT), based on its morphological and molecular charac-
teristics [25,26].

In two-dimensional (2D) H&E-stained sections, tumor
buds appear to be isolated single neoplastic cells or small
clusters of neoplastic cells detached from the main tumor.
The neoplastic cells in tumor buds have been reported to
show a loss of epithelial markers such as E-cadherin and
an increase in mesenchymal markers such as vimentin
[22]. However, little is known about the three-dimensional
(3D) architecture of tumor buds. Bronsert et al studied the
3D architecture of tumor buds in human adenocarcinomas
by reconstructing serial immunohistochemical slides, and
they observed that tumor buds with detached appearance
in 2D represent cell clusters that were protruding from,
but still connected to, the main tumor [27]. The same study
also reported decreased E-cadherin expression and
increased zinc finger E-box binding homeobox 1 (ZEB1)
expression in tumor buds. However, this study was a rela-
tively small cohort of multiple tumors, and the 3D architec-
ture of cholangiocarcinoma was not fully defined. Tanaka
et al examined cleared solid human tumors by light-sheet
fluorescence microscopy and observed heterogeneity in
immunolabeling for EMT markers in three dimensions
[28]. However, quantitative 3D analysis of EMT markers
has not been performed.

Recently, advances in tissue clearing, antibody penetra-
tion, and microscopy offer the potential to obtain detailed
3D images of cancer tissue. We have previously demon-
strated the utility of this new technique in obtaining 3D
images of invasive pancreatic cancers [29,30]. Here, using
clearing, we analyzed the 3D architecture of extrahepatic
cholangiocarcinoma and TB, and we couple this with an
analysis of the patterns of E-cadherin expression, a marker
of EMT.

Materials and methods

Patients and tissue preparation
We investigated 31 slabs (up to 20 × 10 × 5 mm) of
extrahepatic cholangiocarcinoma from patients who
underwent surgical resection at the Johns Hopkins Hos-
pital or at the Asan Medical Center. Approval of the rel-
evant institutional review boards was obtained. Twenty-
nine samples were obtained at Johns Hopkins Hospital,
and two were from the Asan Medical Center. Patients
who received neoadjuvant chemotherapy or neoadjuvant
radiation therapy were excluded.

Fresh samples
Ten fresh cholangiocarcinoma tissues were processed as
described previously [29,30]. In brief, the fresh tissues
were fixed in 80%methanol and 20% dimethyl sulfoxide
(DMSO). On the following day, tissues were fixed in 4%
paraformaldehyde for 24 h at 4 �C. Next, these tissues
were dehydrated with a series of methanol washes
(50%, 80%, and 90%, and 3 × 100% methanol).

Following this, the samples were cooled for 60 min at
4 �C and then incubated overnight in 66% dichloro-
methane/33% methanol at room temperature. The tissue
samples then were washed two times with 100% metha-
nol, after which 5% hydrogen peroxide was added and
incubated overnight at 4 �C to oxidize endogenous pig-
ments and auto-fluorescent proteins. The tissues were
rehydrated with a series of washes (90%, 80%, and
50% methanol, and 1 × PBS) and then washed twice
for an hour each in 1 × PBS/0.2%Triton X-100 (Milli-
pore Sigma, St. Louis, MO, USA). Finally, these tissues
were incubated for 2 days in a permeabilization solution
of 1 × PBS/20% DMSO/0.2%Triton X-100/0.3 M gly-
cine at 37 �C. The samples were then incubated for
2 days in a blocking reagent comprised of 1 × PBS
/0.2%Triton X-100/10%DMSO/6% donkey serum.

Formalin-fixed, paraffin-embedded (FFPE) samples
As described previously, the 21 FFPE tissues were
released from the paraffin wax by incubating twice in
xylene at 37 �C for 3 h each [29,30]. The tissues were
washed three times in 100% methanol after which they
were incubated overnight in 66% dichloromethane/
33% methanol at room temperature. Following this,
5% hydrogen peroxide was added, and the tissues were
incubated overnight at 4 �C. The tissues were then rehy-
drated using a series of washes (90%, 80%, and 50%
methanol, and 1 × PBS) and then washed twice for
60 min each in 1 × PBS/0.2%Triton X-100 and incu-
bated for 2 days in a permeabilization solution of
1 × PBS/20%DMSO/0.2% Triton X-100/0.3 M glycine
at 37 �C. The samples were then incubated for 2 days in
a blocking reagent comprising 1 × PBS /0.2%Triton X-
100/10%DMSO/6%.

Immunolabeling
Two primary antibodies, cytokeratin 19 (CK19;
EP1580Y, rabbit monoclonal; final concentration,
1:200; Abcam, Cambridge, UK) and E-cadherin
(M168, mouse monoclonal; final concentration, 1:150;
Abcam) were used for immunolabeling. To allow anti-
body penetration, the antibody concentration was gradu-
ally increased over 5 days. In addition, centrifugal flow
was used to promote antibody penetration. During
5 days of antibody incubation, the tissues were alterna-
tively centrifuged for 12 h at 600 × g and then shaken
for 12 h at 37 �C. After the primary antibody was
applied to the tissues, the tissues were washed five times
with 1 x PBS/0.2% Tween-20 with 10 mg/ml heparin for
60 min each at room temperature. The sections were the
incubated in Alexa Fluor 488-conjugated AffiniPure F
(ab’)2 fragment donkey anti-rabbit IgG (Jackson Immu-
noResearch, West Grove, PA, USA), and a Cyanine 3-
conjugated AffiniPure F(ab’)2 fragment, donkey anti-
mouse IgG (Jackson ImmunoResearch), for 4 days and
protected from light. In selected cases, cell nuclei were
visualized by adding 406-diamino-2-phenylindole
(DAPI; concentration 1:500, Sigma-Aldrich) at the same
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time as the secondary antibody. During this procedure,
the tissues were also alternatively centrifuged for 12 h
at 600 × g and shaken for 12 h at 37 �C. The tissues
were then washed five times with 1 × PBS/0.2%
Tween-20 with 10 mg/ml heparin for 60 min each at
room temperature.

Tissue clearing
As described previously, the tissues were dehydrated
using a series of methanol washes (50%, 80%, and
90%, and 3 × 100% methanol) each for 60 min, after
which they were incubated with 66% dichloro-
methane/33% methanol for 3 h, and twice with 100%
dichloromethane for 15 min. Finally, the tissues were
transferred to dibenzyl ether (DBE) overnight at
4 �C [29,30].

Sample imaging
Cleared immunolabeled tissues were imaged primarily
with a Light Sheet Microscope (Ultramicroscope II;
LaVision BioTec, Bielefeld, Germany) equipped with a
Neo sCMOS camera (Andor Technology, Belfast, UK)
and a 4 × objective lens immersed in DBE in the imag-
ing chamber. To obtain high magnification images, a
confocal laser scanning microscope (LSM800; Carl
Zeiss, Jena, Germany) with ×5, ×10, and ×20 objectives
was used.
The Alexa 488 signals from epithelial cells (normal

bile duct cells and neoplastic cells) were visualized using
a bandpass filter set with an excitation range of 421/
50 nm and an emission range of 480/40 nm. To detect
the E-cadherin antibody labeling, the Cy3 signals were
visualized using a filter set with an excitation range of
550/40 nm and an emission range of 570/50 nm. DAPI
labeling of nuclei was visualized with a filter set with
an excitation range of 400/40 nm and an emission range
of 421/50 nm. 3D and surface-rendering image con-
struction were performed using IMARIS software (Ver.
9.4, Bitplane, Zurich, Switzerland).

Validation of observations made in cleared tissues
When fresh tissue was available, sections next to the
fresh tissue harvested for clearing were processed for
the FFPE blocks. These were sectioned at 4 μm thick-
ness and stained with H&E for microscopic examina-
tion. When fresh tissue was unavailable, FFPE sample
tissues were cleared. After the area of TB was marked
on H&E slides, the same lesion in fresh tissue or FFPE
tissue was evaluated on 3D images.
Grading of adenocarcinoma was assessed based on

the proportion of gland formation in the tumor according
to the 8th edition of the AJCC classification system [31].
Well-differentiated carcinomas were defined as having
greater than 95% of the tumor composed of glands, mod-
erately differentiated as having 50–95% of the tumor
composed of glands, poorly differentiated as having less
than 50% of the tumor composed of glands, and undif-
ferentiated carcinoma as having no gland formation or

mucin, and no squamous or neuroendocrine differentia-
tion. TB was defined on H&E (2D) sections as single
cells or clusters composed of fewer than five cells, and
budding was classified into low (0–4 buds) and high
(≥5) budding cases counted in the highest density of
tumor buds at the invasive front (per ×200 magnification
field, 0.785 mm2) [22]. Two pathologists (TY and KO)
graded the differentiation of the carcinoma and evalu-
ated the TB status. When two pathologists did not agree,
discrepancy was resolved with discussion.

Pathological evaluation and statistical analysis
Using filament tracer analysis of IMARIS software, the
morphological differences of protrusions between low-
grade and high-grade TB cases in 3D were analyzed.
We compared the number of branching points and the
median value of protrusion length per a fixed volume
(500 μm × 500 μm × 100 μm).

In addition, using volume calculating analysis of
IMARIS software, we analyzed and compared the vol-
ume ratio of E-cadherin/CK19 expression in high-grade
and low-grade TB cases per a fixed volume
(500 μm × 500 μm × 100 μm). Imaging thresholding
using the display adjustment functions of IMARIS soft-
ware was utilized to remove the autofluorescence and
artifacts before the analysis.

Statistical comparisons of the morphological and the
volume ratio differences between low-grade and high-
grade TB were analyzed by the Mann–Whitney test
using R statistical programming language (http://r-
project.org). Results were deemed statistically signifi-
cant if p < 0.05.

Results

Patients and 2D analysis
The median age of the patients was 65 years (range 43–
78 years). There were 27 patients with hilar cholangio-
carcinoma and 4 with distal cholangiocarcinoma. H&E
examination confirmed that 4 cases were well-differenti-
ated adenocarcinoma, 15 cases were moderately differ-
entiated adenocarcinoma, 9 cases were poorly
differentiated adenocarcinoma, and 3 cases were undif-
ferentiated carcinoma. Of the 31 cancers, 13 were cate-
gorized as low-grade TB cases and 18 as high-grade
TB. The 13 low-grade TB cases included 4 well-differ-
entiated adenocarcinomas, 8 moderately differentiated
adenocarcinomas, and one poorly differentiated adeno-
carcinoma. The 18 high-grade TB cases included 7 mod-
erately differentiated adenocarcinomas, 8 poorly
differentiated adenocarcinomas, and 3 undifferentiated
carcinomas.

3D analysis of adenocarcinomas
All 31 cases were successfully cleared and immunola-
beled to observe 3D morphology. All cases were exam-
ined by light sheet microscopy (4× objective) to
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determine the region of tumor buds in 3D. Next, details
of structures were examined in all cases using confocal
laser scanning microscopy (10×, 20× objectives). 3-D
imaging revealed that the main tumor of adenocarci-
nomas, but not undifferentiated carcinomas, were com-
posed of complex interconnecting tubules and cords.
‘Tubules’ were defined as lumen-forming projections
of carcinoma. ‘Cords’ were defined as thread/rope-like
solid (non–lumen-forming) projections of the carci-
noma. ‘Protrusions’ were defined as an extension of the
carcinoma composed of greater than four cells from the
main mass. Each tubule and cord structure was com-
posed of a disorganized irregular CK19–positive epithe-
lial cells. These neoplastic structures could easily be
distinguished from normal bile duct by their irregular
and complex 3D architecture. Protrusions formed
tubules and/or cords (Figure 1A–D).

DAPI and CK19 labeling was performed to determine
which would be better for counting cell numbers in tumor
buds. We counted cell numbers randomly at the tips of 15
protrusions qualified for tumor buds (five protrusions per
a case, three high-grade TB adenocarcinomas), and com-
pared DAPI and CK19 cell counts at the same locations.
We chose to analyze high-grade TB adenocarcinomas,
because of the large number of protrusions available for
analysis in each case. Counting cells using DAPI nuclear
labeling gave a mean of 2.64 cells (range 1–4 cells), and
cells using CK19 labeling (the non-labeling centers of
the cells served to define nuclei) gave a mean of 2.78 cells
(range 2–4 cells, supplementary material, Figure S1 A,
B). Although these two methods generated comparable
cell counts, we found the DAPI labeling more difficult
to interpret, because the nuclei of non-neoplastic cells,
including inflammatory cells, labeled with DAPI and the
signals from the non-neoplastic cells and the neoplastic
cells often overlapped (supplementary material, Figure
S1C). In subsequent experiments, we therefore used
CK19 labeling only to count cells.

3D analysis of adenocarcinomas with low-grade TB
Cases with low-grade TBwere characterized in 2DH&E
sections as gland-forming adenocarcinomas without or

with at most minimal budding (Figure 2A). In the 3D
images, the main tumor of these carcinomas was com-
posed predominantly of complex interconnecting
tubules, and multiple lumens were observed in the main
tumor. At the periphery of the tumors, there were a few
short protrusions, and these were primarily tubules, the
tips of which often transitioned into short cords.
Detached clusters of neoplastic cells and single cells
were not observed (Figure 2B and supplementary mate-
rial, Movie S1).

3D analysis of adenocarcinomas with high-grade TB
High-grade TB cases included 15 adenocarcinomas and
3 undifferentiated carcinomas, and these two groups had
different morphologies. In 2DH&E sections, the 15 ade-
nocarcinomas were characterized by a mixture of gland-
forming areas and areas of cord-like or single-cell
growths. Multiple tumor buds were observed at the
periphery of these carcinomas. These tumor buds
appeared to be detached from the main tumor and
embedded in and completely surrounded by stroma (Fig-
ure 2C). 3D analysis of these 15 adenocarcinomas with
high-grade TB revealed that tumor buds corresponded
to the tips of contiguous attenuated protrusion which,
on cross-section, contained four cells or fewer. The main
tumors were composed primarily of complex intercon-
necting cords, and tubules were rare. As the protrusions
branched they became attenuated, and in cross-section
these gave the impression of discontinuous islands of
cells (tumor buds) (Figure 2D and supplementary mate-
rial, Movie S2, supplementary material, Figures S1–S3).
Compared with the adenocarcinomas with low-grade
TB, the protrusions of adenocarcinomas with high-grade
TB were more numerous and longer, with more complex
branching.

3D analysis of undifferentiated carcinomas with
high-grade TB
In 2D H&E sections, undifferentiated carcinomas
showed single cells and clusters of neoplastic cells
embedded in the stroma without any gland formation
(Figure 3A). 3D analysis of the cleared tissues revealed

Figure 1. 3D image of adenocarcinomas. (A) The main tumor was composed predominantly of tubules lined with irregular disorganized epi-
thelium. The lumens in the tubules (arrows) were identified. Note the adjacent normal bile duct (arrowheads) (low-grade TB, confocal laser
scanning microscope). (B) The main tumor was composed predominantly of complex interconnecting cords (arrowheads) (high-grade TB, con-
focal laser scanning microscope). (C) The main tumor and protrusions (surface rendering image). (D) Higher magnification of the periphery of
tumor showing protrusions. Protrusion may form tubule (arrows) or cords (arrowheads) (surface rendering image, scale bar, 100 μm).
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sheets of neoplastic cells without tubular formation.
Toward the periphery of the tumor, neoplastic cells were
discohesive, with sheets of neoplastic cells forming
small clusters of cells and eventually separate single
cells (Figure 3B). Surface rendering highlighted sheets
of small clusters and separate single neoplastic cells
(Figure 3C, D and supplementary material, Movie S3).
In 3D the tumor buds of undifferentiated carcinoma cor-
responded to detached isolated neoplastic cells com-
posed of four cells or fewer, and there was no
connection of these cells with the main tumor.

Serial images of adenocarcinoma with high-grade TB
Serial 2D images (every 9 μm) of the thick slabs of tissue
using confocal laser scanning microscopy showed how
contiguous structures in 3D could appear as discontinu-
ous islands in 2D. In 2D the thin sections of the

branching contiguous structures appeared as multiple
detached small clusters and single cells (Figure 4A–F,
supplementary material, Figures S2, S3).

E-cadherin expression in low- and high-grade TB
cases
In low-grade TB cases, double immunofluorescence
labeling with E-cadherin (red) and CK19 (green)
showed intact E-cadherin expression in the neoplastic
cells in the center of the tumor. By contrast, E-cadherin
expression was attenuated at the periphery of the neo-
plastic protrusions (Figure 5A–C). In the high-grade
TB cases, co-expression of E-cadherin and CK19 was
again seen in the neoplastic cells in the center of the
tumor. E-cadherin expression was also lost in the periph-
ery of the neoplastic protrusions. The extent of

Figure 2. Low-grade TB and high-grade TB of adenocarcinoma cases. (A) H&E staining of low-grade TB case. The tumor was composed pre-
dominantly of anastomosing neoplastic glands. TB was not observed in this case. (B) 3D image of a low-grade TB case (confocal laser scanning
microscope). The tumor was composed of mainly interconnecting tubules, and cross-sections of multiple lumens were observed in the main
tumor (arrows). The tubule (yellow arrows) was transitioned into short cords (arrowheads), and a few cords were noted at the periphery. (C)
H&E staining of a high-grade TB adenocarcinoma case. Carcinoma showed the area of glandular formation as well as sheet of neoplastic cells
and single cells. (D) 3D image of a high-grade TB adenocarcinoma case. The tubular formation was not obvious in the tumor. There were mul-
tiple protrusions with branching. The branching points were observed (yellow arrow heads). The protrusions were predominantly cord-like
structure (arrowheads) (confocal laser scanning microscope) (scale bar, 100 μm).
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peripheral loss was greater in high-grade TB cases than
in low-grade TB cases (Figure 5D–F).

Surface rendering images highlighted strong E-cad-
herin expression in the center of the tumors. In con-
trast, expression of E-cadherin disappeared at the
tips of the tumor protrusions. Areas of E-cadherin loss
were again seen to be more extensive in high-grade TB
cases than in low-grade TB cases (Figure 5G–J, and
supplementary material, Movies S4, S5). These obser-
vations were confirmed by quantitative image analysis
(see below).

Filament tracer analysis and volume calculating
analysis using surface rendering
Although the antibody penetration into the cleared tissue
was adequate for 3D observations in all cases, the quan-
titative analyses performed using IMARIS software
required strong and even luminosity, which was best
achieved when there was deep and uniform penetration
of antibodies into the cleared tissue. The depth of anti-
body penetration was variable from case to case, and

we restricted our quantitative analyses to the 12 cases
with clear uniform antibody penetration. This resulted
in sharp border lines between stained and unstained
structures recognizable by the software. We performed
filament tracer analysis on 12 cases, including 6 adeno-
carcinomas with low-grade TB (3 well-differentiated
adenocarcinomas and 3 moderately differentiated ade-
nocarcinomas) and 6 adenocarcinomas with high-grade
TB (2 moderately differentiated adenocarcinomas and
4 poorly differentiated adenocarcinomas) to compare
between two groups. Eleven regions in total (one or
two regions per case) were analyzed in each group.
Regions were selected based on the area of TB in
matched H&E sections. First, the branch points in pro-
trusions were counted. High-grade TB had more branch
points than did low-grade TB (median, 26 versus 20,
p = 0.021). Next, the average length of a protrusion
was measured. When a protrusion has branches, the
length of all branches was summed. When calculated
in this manner, high-grade TB had longer protrusions
than did low-grade TB (median, 53.3 versus 32.1 μm,
p < 0.001) (Figure 6A, B).

Figure 3. High-grade TB of undifferentiated carcinoma cases. (A) H&E staining showed small clusters tumor cells and single cells invading the
stroma without glandular formation. (B) 3D image of undifferentiated carcinoma (confocal laser scanning microscope). The tumor was com-
posed of sheet of neoplastic cells. Toward the periphery, the tumor became discohesive, with neoplastic cells forming small clusters of cells
and eventually single cells. (C) Detached clusters of cells and single cells were noted (surface-rendering image). (D) High magnification of
undifferentiated carcinoma at the periphery of tumor in the region shown in C (surface-rendering image). Detached single cells (arrows) were
noted (scale bar, 100 μm).
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We also performed volume calculating analysis on 12
cases described above. Ten regions in total (one or two
regions per case) in each group were analyzed using vol-
ume calculating analysis of IMARIS software. The vol-
ume ratio of E-cadherin/CK19 expression represents
the volume ratio of neoplastic cells expressing both E-
cadherin/CK19. The volume ratio of E-cadherin/CK19
expression was lower in high-grade TB than in low-
grade TB (median, 0.65 versus 0.81, p = 0.0052)
(Figure 6C). The finding that high-grade TB cases lose
E-cadherin expression more is consistent with more
EMT in these cancers.

E-cadherin expression in undifferentiated carcinoma
The expression of E-cadherin in the undifferentiated car-
cinoma was almost completely lost in the neoplastic

cells and observed only in the epithelium of non-neo-
plastic bile ducts overtaken by the cancer (supplemen-
tary material, Figure S4A–D).

Discussion

In this study of cleared cholangiocarcinoma, we compre-
hensively integrated the 3D architecture of TB with E-
cadherin expression. We found that the neoplastic cells
in tumor buds were not individual islands of neoplastic
cells, but rather tips of contiguous attenuated protrusions
extending form the main tumor. In 2D cross-sections,
these connected branching protrusions appeared to be
small clusters or single cells completely surrounded by
stroma. Bronsert et al came to similar conclusions when

Figure 4. Serial sections of a high-grade TB adenocarcinoma case (images every 9 μm) (confocal laser scanning microscope). (A) Tumor buds
were found as detached small clusters of neoplastic cells and single cells (arrows). (B–F) Serial sections showing that isolated clusters and a
single cell were connected to the main tumor (arrowhead) (scale bar, 100 μm).
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Figure 5 Legend on next page.
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they described the 3D architecture of the tumor buds of
human adenocarcinomas using reconstruction of serial
immunohistochemically labeled 2-D slides [27]. Their
study included, in total, 15 adenocarcinoma cases, 3
cases each from five organs (pancreas, colorectum, met-
astatic colorectal adenocarcinoma to liver, lung, and
breast). Here we studied the 3D architecture of cholan-
giocarcinoma and analyzed differences between high-
grade and low-grade-TB cases. In our study, tissue
clearing with immunolabeling made it possible to exam-
ine intact tissue using fluorescent microscopy.
Using clearing, we were able to delineate 3D struc-

tural differences between high-grade TB and low-grade
TB. We found that both high-grade and low-grade TB
adenocarcinomas formed tubules and cords. The low-
grade TB cases predominantly formed tubules; when
they formed cords, the cords were at the leading edges
of the tumors. By contrast, the high-grade TB cases pre-
dominantly formed cords, which were observed both at
the center of the tumors as well as at the periphery. In
addition, differences were observed in the complexity
and overall length of protrusions. There was more
branching, and the protrusions were longer, in high-
grade TB cases than in low-grade TB cases. This com-
plexity explains the appearance of greater TB in 2D
sections.
In 2D analysis, undifferentiated carcinoma lacked

gland formation, and all three cases included in our study
were classified as high-grade TB cases. We observed
that the 3D architecture of undifferentiated carcinoma

is characterized by detached small clusters and single
cells, a pattern totally different from the gland-forming
adenocarcinoma cases. This finding differs somewhat
from Bronsert’s 3D study, as they were unable to find
single cell migration in the 15 tumors they examined;
however, this could be due to the relatively small num-
ber of samples they studied as well the absence of undif-
ferentiated carcinomas in their series of cases [27]. Thus,
single cells can occur, but they must be relatively rare
events.

Two types of cancer cell migration have been
described at the leading edges of carcinomas; one is col-
lective cell migration and the other is individual cell
migration [32]. In the case of collective invasion, the
leading cells have partial mesenchymal characteristics
and invade into the stroma accompanied by peri-cellular
proteolysis [33,34]. Proteolysis was thought to make sin-
gle cells detach from the main tumor and infiltrate into
the stroma. However, recent studies have revealed that
single cell invasion is a relatively rare event [35]. Our
findings support the hypothesis that most cancer cells
infiltrate with connected branching protrusions that
extend into connective tissue, mimicking collective
invasion. Only rare types of cancer, such as undifferen-
tiated carcinoma, infiltrate as detached singe cells.

EMT is a process in which epithelial cells lose their
cell–cell adhesion and gain migratory properties typi-
cally seen in mesenchymal cells [36]. EMT has been
hypothesized to play a role in cancer invasion andmetas-
tasis. A hallmark of EMT is downregulation of the

Figure 5. CK19 and E-cadherin expression in a low-grade TB case (A–C) and a high-grade TB case (D–F) (confocal laser scanning microscopy).
(A) CK19 and E-cadherin merged image in a low-grade TB case. (B) CK19 (green) image. (C) E-cadherin (red) image. (D) CK19 and E-cadherin
merged image in a high-grade TB case. (E) CK19 (green) image. (F) E-cadherin (red) image. E-cadherin loss was more extensive in the high-
grade TB case than the low-grade TB case at the periphery of the tumor. Surface-rendering image of CK19 and E-cadherin expression (G–J).
(G) Low-grade TB case. Co-expression of CK19 (green) and E-cadherin (red) was present at the center of the tumor. (H) Higher magnification
of the low-grade TB case at the periphery. Loss of E-cadherin expression was noted at the tips of protrusions. (I) High-grade TB case. Co-
expression of CK19 (green) and E-cadherin (red) was also present at the center of the tumor. (J) E-cadherin loss at the protrusions was more
extensive in the high-grade TB case than in the low-grade TB case (scale bar, 100 μm).

Figure 6. Filament tracer analysis and volume calculating analysis for protrusion. (A) The number of branching points in protrusions was more
in high-grade TB than in low-grade TB case (p = 0.021). (B) The length of protrusion was longer in high-grade TB than low-grade TB case
(p < 0.001). (C) Volume ratio of E-cadherin/CK19 expression of high-grade TB was lower than that of low-grade TB case (p = 0.0052) (ana-
lyzed by Mann–Whitney test).
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expression of the cell adhesion molecule E-cadherin,
which is a transmembrane protein that is vital for adher-
ent junctions, accompanied by the upregulation of mes-
enchymal molecules such as ZEB1, ZEB2, TWIST, or
vimentin [37]. It has been hypothesized that TB is
related to EMT because the membrane localization and
expression of E-cadherin are relatively low in the cells
of tumor buds, and the cells appear in 2D to be detached
from the main tumor [12,15,27,38]. Our 3D imaging
analysis revealed that the expression of E-cadherin is
attenuated only focally, at the tips of protrusions. We
also quantified E-cadherin and found that the loss of E-
cadherin is greater in high-grade TB cases than it is in
low-grade TB cases. The poor prognosis of high-grade
TB cases may be related to more neoplastic cells being
in the state of focal, or possibly transient, EMT [39].
These findings with quantitative volume measurement
highlight the importance of analyzing diseases in 3D.

There were several limitations in the present study.
First, because of the complexities of large 3D structures
and focally incomplete antibody penetration deep in tis-
sues, we were not able to quantify our qualitative obser-
vations for all cases. In the future we hope to improve the
antibody penetration techniques, standardize the 3D
images, and obtain quantitative data to more precisely
measure the differences observed. Second, although the
decreased expression of E-cadherin is critical, additional
markers of EMT, such as ZEB1, TWIST, or vimentin,
will help solidify EMT status in these cancers [40].

In conclusion, this study provides comprehensive
analysis of 3D architecture and E-cadherin distribution
in cholangiocarcinoma. We find that TB is a reflection
of attenuated, but contiguous, protrusions extending
from the main tumor. High-grade TB cases show more
complex branching and longer length of protrusions, as
well as more extensive E-cadherin loss at the leading
edge of protrusions. These results provide a deeper
understanding of the structural and molecular processes
underlining tumor invasion, enabling future studies to
further dissect the mechanism of metastasis in
cholangiocarcinoma.
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SUPPLEMENTARY MATERIAL ONLINE
Supplementary figure legends

Figure S1. 3D image of protrusions in high-grade TB adenocarcinoma

Figure S2. Serial sections of two high-grade TB adenocarcinoma cases (images every 9 μm; confocal laser scanning microscope)

Figure S3. Serial sections of two high-grade TB adenocarcinoma cases (images every 9 μm; confocal laser scanning microscope)

Figure S4. Localization of E-cadherin expression in high-grade TB undifferentiated carcinoma case

Movie S1. 3D movie image of low-grade TB case

Movie S2. 3D movie image of high-grade TB case

Movie S3. 3D surface rendering movie image of high-grade TB of undifferentiated carcinoma case

Movie S4. 3D surface rendering movie image of CK19 and E-cadherin expression of low-grade TB case

Movie S5. 3D surface rendering movie image of CK19 and E-cadherin expression of high-grade TB case

410 T Yoshizawa et al

© 2020 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

J Pathol 2020; 251: 400–410
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com

	Three-dimensional analysis of extrahepatic cholangiocarcinoma and tumor budding
	Introduction
	Materials and methods
	Patients and tissue preparation
	Fresh samples
	Formalin-fixed, paraffin-embedded (FFPE) samples
	Immunolabeling
	Tissue clearing
	Sample imaging
	Validation of observations made in cleared tissues
	Pathological evaluation and statistical analysis

	Results
	Patients and 2D analysis
	3D analysis of adenocarcinomas
	3D analysis of adenocarcinomas with low-grade TB
	3D analysis of adenocarcinomas with high-grade TB
	3D analysis of undifferentiated carcinomas with high-grade TB
	Serial images of adenocarcinoma with high-grade TB
	E-cadherin expression in low- and high-grade TB cases
	Filament tracer analysis and volume calculating analysis using surface rendering
	E-cadherin expression in undifferentiated carcinoma

	Discussion
	Acknowledgements
	Author contributions statement
	References


