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Abstract

Morphological features including infiltrative growth, tumour budding (TB), and poorly differentiated clusters (PDCs)
have a firmly established negative predictive value in colorectal cancer (CRC). Despite extensive research, the mech-
anisms underlying different tumour growth patterns remain poorly understood. The aim of this study was to inves-
tigate the involvement of epithelial-mesenchymal transition (EMT) in TB and PDCs in CRC. Using laser-capture
microdissection, we obtained distinct parts of the primary CRC including TB, PDCs, expansive tumour front, and
the central part of the tumour, and analysed the expression of EMT-related markers, i.e. the miR-200 family,
ZEB1/2, RND3, and CDH1. In TB, the miR-200 family and CDH1 were significantly downregulated, while ZEB2
was significantly upregulated. In PDCs, miR-141, miR-200c, and CDH1 were significantly downregulated. No signif-
icant differences were observed in the expression of any EMT-related markers between the expansive tumour front
and the central part of the tumour. Our results suggest that both TB and PDCs are related to partial EMT. Discrete
differences in morphology and expression of EMT-related markers between TB and PDCs indicate that they represent
different manifestations of partial EMT. TB seems to be closer to complete EMT than PDCs.
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Introduction

In recent decades, our knowledge about the pathogenesis
of colorectal carcinoma (CRC) has greatly expanded. It
is now clear that the invasive tumour front represents
the gateway for CRC progression and metastasis, and
the negative prognostic value of infiltrative tumour
growth exhibiting cancer cell dissociation is now firmly
established [1-3]. Despite extensive research, the mech-
anisms underlying different tumour growth patterns, and
the association between infiltrative growth and
unfavourable clinical outcomes, remain poorly under-
stood [4-6].

Tumour growth at the invasive front is traditionally
divided into an expansive and an infiltrative pattern.
The former is characterized by well-circumscribed
tumour margins and a clear boundary between the

tumour and the host tissue, while the latter features wide-
spread dissociation and dissemination of cancer cells
into the neighbouring normal tissue [5,7,8]. An infiltra-
tive pattern has long been associated with an
unfavourable prognosis [9,10]. Further studies in CRC
specified two morphological variants of cancer cell dis-
sociation, i.e. tumour budding (TB) and poorly differen-
tiated clusters (PDCs), which serve as independent
prognostic markers and upon which novel grading sys-
tems for CRC have been proposed [11-13].

TB is defined as the presence of cancer cells detached
from the main tumour either as single cells or as clusters
of fewer than five cells [14]. Studies suggest that TB is a
strong predictor of nodal metastasis, disease recurrence,
and cancer-related death in patients with CRC [12,15].
PDCs are defined as clusters of more than five cancer
cells in tumour stroma lacking gland formation [11].
They were found to correlate significantly with
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lymphatic invasion, occult nodal metastasis, cancer-
specific survival, and recurrence-free survival [16—18].

The true nature of and the pathogenetic mechanisms
associated with TB and PDCs are not completely under-
stood. On the one hand, it has been argued that TB and
PDCs share many morphological and biological features
and may be distinguished only by an arbitrary numerical
cut-off [17]. On the other hand, it has been hypothesized
that PDCs reflect the least differentiated component of
CRC [19], while TB represents a histological process
unrelated to the degree of differentiation [20,21]. Addi-
tionally, it has been proposed that TB and PDCs might
be related to complete or partial epithelial-mesenchymal
transition (EMT) [19,22,23].

Complete (full) EMT implies a switch from an epithe-
lial to a spindle cell morphology, accompanied by a
switch in intermediate filament expression, an alteration
in the composition of intercellular junctions, and
upregulation of EMT transcription factors [24-26].
EMT-related markers thus include intermediate fila-
ments (loss of epithelial markers and expression of mes-
enchymal markers), classical and desmosomal cadherins
(loss of E-cadherin and expression of N-cadherin, loss of
desmosomal cadherins), transcription factors [ZEB1/2,
TWIST1/2, SNAIl1 (SNAIL) and SNAI2 (SLUG)],
microRNAs (miRNAs), etc. It is now clear that full
EMT rarely occurs in human tumours, whereas partial
EMT is more common at various stages of tumour devel-
opment and progression. Partial EMT generates a spec-
trum of intermediate cellular phenotypes with varied
morphology, simultaneously expressing both epithelial
and mesenchymal markers and various transcription
factors [24-26]. In our experience, detection of EMT
should be based on morphology and a panel of various
EMT-related markers, including EMT transcription
factors and their regulatory molecules [27,28]. Among
them, miRNAs have been demonstrated to be sensitive
markers of EMT [29].

miRNAs are small non-coding RNAs that regulate
gene expression at the post-transcriptional level.
Among the miRNAs studied, the miR-200 family was
identified as one of the major contributors of EMT
activation. The miR-200 family includes two clusters
of miRNAs located on different chromosomes:
miR-200b, miR-200a, and miR-429 on chromosome 1;
and cluster miR-200c and miR-141 on chromosome
12 [30]. All these five members of the miR-200 family
regulate translation of both ZEBI and ZEB2, which are
important EMT transcription factors [26,30].

The aim of this study was to investigate the involve-
ment of EMT in TB and PDCs in CRC. We hypothesized
that EMT may be activated in TB and PDCs but not in
the central parts of the tumour or at the invasive tumour
front with an expansive growth pattern. We used laser-
capture microdissection to obtain distinct parts of the
primary tumour, including TB and PDCs, for further
analysis. Based on previous studies including ours,
the following EMT-related markers were chosen: the
miR-200 family, ZEB1/2, RND3, and CDH]I [29,30].
Their expression was compared in TB versus PDCs, as
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well as with the central part of the tumour and expansive
growth pattern at the invasive front.

Materials and methods

Patients and tissue samples

This study was approved by the National Medical Ethics
Committee, Republic of Slovenia, Ministry of Health
(reference number 0120-88/2020/3) and carried out fol-
lowing the rules of the Declaration of Helsinki. Archival
histopathological slides and tissue blocks from a cohort
of patients treated surgically for CRC at the University
Medical Centre Maribor, Slovenia during the period
from 1 January to 31 December 2019 were included.
After surgery, resection specimens were fixed in forma-
lin for 24 h and processed according to standard routine
practice: at least one tumour block per 1 cm of tumour
diameter was taken, including sections from the central
part of the tumour, tumour—stroma interface, transition
zone between the tumour and the adjacent mucosa,
and the deepest point of invasion, including serosa.
Resection margins and lymph nodes were also taken.
Tissue samples were embedded in paraffin wax, cut into
3- to 4-pm-thick sections and stained with haematoxylin
and eosin. CRC cases were classified according to the
pTNM classification of malignant tumours [31]. Clinical
information including age, gender, tumour location,
metastasis, history of radio-/chemo-therapy, and co-
morbidity was available for all patients as well as an
average follow-up of 35 months.

Only patients with CRC staged >T2 were included. A
total of 70 patients were available. Patients with a history
of radio-/chemo-therapy for rectal cancer (n = 3) or other
prior/concurrent malignancies (n = 2) were excluded.
After re-examining the histopathological slides, patients
with carcinomas exhibiting a monotonic invasive tumour
front, which was either purely infiltrative with no expan-
sive pattern (n = 26) or vice versa (n = 6); mucinous
carcinomas (n = 10); and microsatellite unstable cancers
(n = 2) were excluded. A case of an early CRC, with
minimal invasion of the muscularis propria, was also
excluded (n =1). A total of 20 cases were finally
included in the study.

Histological grading of TB and PDCs

Histopathological slides were re-examined and analysed
by two pathologists (AP and NZ). Tumour budding
(TB) was defined as single tumour cells or clusters of
fewer than five cells at the invasive tumour front, and
counted and graded as Bd1-Bd3 (Bdl, 04
buds/0.785 mm?; Bd2, 5-9 buds/0.785 mm?*; Bd3, 210
buds/0.785 mmz) according to recommendations [12].
Poorly differentiated clusters (PDCs) were defined as
clusters of more than five tumour cells at the invasive
front or within the tumour lacking gland formation; they
were counted in the hotspot area identified at scanning
magnification and graded as G1-G3 (Gl1, <5; G2, 5-9;
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G3, 210 PDCs in a microscopic field of objective lens
%20) as previously reported [11,17]. Areas with signifi-
cant electrocoagulation-induced cytological artefacts
and areas with prominent necrosis and/or inflammation
were not considered in the grading assessment.

From each tumour, representative slides of the central
part, expansive tumour front (Figure 1A), and areas with
the highest numbers of PDCs (Figure 1B) and TB
(Figure 1C,D) were selected, and corresponding paraffin
blocks retrieved from the archive. Samples of the central
part of the tumour were searched for in the area with the
greatest tumour thickness and taken from the same
distance towards the surface and the deepest point of
invasion. According to inclusion criteria, only tumours
containing the three patterns crucial for our investiga-
tion, i.e. expansive growth pattern, TB, and PDCs, were
selected for further analysis.

Laser-capture microdissection

Using laser-capture microdissection (LMD6; Leica
Microsystems, Wetzlar, Germany), tissue was obtained
separately from TB, PDCs, the expansive tumour front,

A Pavlic¢ et al

and the central part of the tumour. For the purpose of
laser-capture microdissection, 7-pm-thick slides were
cut from formalin-fixed, paraffin-embedded (FFPE) tis-
sue blocks and mounted on PEN membranes (2.0 pm,
nucleases and human nucleic acid-free, cat.
No. 11505189, Leica Microsystems). The slides were
dried overnight at 56 °C and then stained using Mayer’s
haematoxylin according to the recommended protocol
[32]. After staining, the slides were air-dried and either
immediately prepared for laser-capture microdis-
section or first stored at —80 °C until use for laser-
capture microdissection.

RNA isolation

RNA isolation was performed using an miRNeasy FFPE
Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The deparaffinization solution
used was hexadecane and overnight digestion was
performed in proteinase K. Elution was performed using
17 pl of RNase-free water. The successful isolation pro-
cedure was confirmed by adding 1 pl of a mixture of
spike-ins (UniSp2, UniSp4, and UniSp6) in proteinase

Figure 1. Growth patterns at the invasive tumour front. (A) Expansive front: well-circumscribed tumour margin, with a clear boundary
between the tumour and host tissue. (B) Poorly differentiated clusters: clusters of more than five tumour cells lacking gland formation,
sharply demarcated from the stroma, and surrounded by clefting artefacts. (C) Tumour budding: single tumour cells and clusters of fewer than
five cells. (D) Tumour budding highlighted by immunohistochemistry for cytokeratin AE1/AE3.
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K digestion buffer, followed by quantification of these
spike-ins. The concentration and quality of isolated
RNA were measured spectrophotometrically using a
NanoDrop One Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at Ao, A230, and Axgo.

miRNA expression analysis

The miRNAs miR-141, miR-200a, miR-200b, miR-200c,
and miR-429 were analysed using the miRCURY LNA
miRNA PCR system (Qiagen) based on SYBR Green
detection. As reference genes (RGs), miR-27a-3p,
miR-193a-5p, and let-7g-5p were used according to
published literature [33]. All reagents were from Qiagen
unless otherwise indicated. For reverse transcription, an
miRCURY LNA RT Kit was used according to the
manufacturer’s instructions in a 10 pl final volume
containing the reaction master mix and 10 ng of total
RNA including the UniSp6 spike-in.

The resulting cDNA was diluted ten-fold and 3 pl was
used in a 10 pl final JPCR reaction volume according to
the manufacturer’s instructions. qPCR was carried out
using the QuantStudio 7 Pro Real-Time PCR System
(Thermo Fisher Scientific). All qPCR reactions were
run in duplicates. To test the qPCR efficiency, cDNA
samples were first pooled and then qPCR was performed
as described above. qPCR reaction efficiency was tested
in triplicates for each analysed miRNA using three-fold
dilutions. The signal was collected after each cycle. Fol-
lowing amplification, melting curve analysis of PCR
products was performed to verify the specificity and
identity. Melting curves were acquired on the
SYBR channel using a ramping rate of 0.7 °C/60 s for
60-95 °C.

mRNA expression analysis

CDHI1, RND3, ZEBI, and ZEB2 mRNAs were assessed
using TagMan probes and abundance was expressed rela-
tive to B2M mRNA, which was found to be suitable for
CRC expression analyses in previous studies including
ours [34-36]. Samples were reverse-transcribed using
M-MLYV Reverse Transcriptase (Thermo Fisher Scientific)
as reported previously [37]. After mixing 6 pg of ran-
dom hexamers and 4 or 5 pl of RNA isolate, reverse
transcription (RT) was started by incubation at 65 °C
for 10 min. After this random priming step, the RT
Master mix, including 250 U of M-MLV RT, 1x First
Strand Buffer, 1 mm dNTP, 10 mMm DTT, 4 U of RNase
inhibitor, and 4.5 mm MgCl,, was added to achieve a final
20 pl volume. The RT reaction conditions were 25 °C for
10 min, 37 °C for 60 min, and 70 °C for 15 min.

Due to the small amounts of RNA isolated from
micro-dissected samples, we were unable to obtain
enough RNA for successful amplification of mRNAs.
Therefore, following RT, we performed pre-
amplification using the TagMan PreAmp Master Mix
(Applied Biosystems, Foster City, CA, USA) in a 12 pl
reaction according to the manufacturer’s instructions.
The resulting PreAmp reactions were diluted five-fold.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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In the qPCR reaction, 4.5 pl of diluted sample was used
with 5.0 pl of 2x FastStart Essential DNA Probe Master
Mix (Roche, Basel, Switzerland) and 0.5 pl of TagMan
20x probe in a 10 pl total reaction volume. Thermal
conditions were as follows: 50 °C for 2 min, initial
denaturation at 95 °C for 10 min, and 45 cycles of
denaturation at 95 °C for 15 s and annealing/extension
at 60 °C for 1 min. All qPCR analyses were performed
on a QuantStudio Pro7 in duplicates. The signal was
collected at the endpoint of each cycle. To test the gPCR
efficiency, cDNA samples were first pooled and then
gPCR was performed as described above. qPCR reaction
efficiency was tested in triplicates for each analysed
mRNA using five-fold dilutions.

Immunohistochemistry

We used the commercially available antibodies anti-
RhoE/Rnd3 (Clone 4, dilution 1:350; Merck Millipore,
MA, USA) and anti-CKAE1/AE3 (Clone NCL-L-AE1/
AE3, dilution 1:50; Novocastra Leica Biosystems,
Newcastle, UK). Sections of 4 pm thickness were cut
from paraffin blocks and processed for automated
antigen retrieval and staining using an automatic
immunostainer (BenchMark GX; Ventana Medical
Systems, Tuscon, AZ, USA). Deparaffinization was
performed using the EZ Prep reagent, followed by anti-
gen retrieval with Cell Conditioning Buffer 1 (Ventana
Medical Systems) at 100 °C for 56 min. Slides were
cooled to 36 °C and incubated with primary antibody
against the antigen (dilution 1:350). Immunoreactivity
was visualized using the OptiView DAB Detection Kit
(Ventana Medical Systems) according to the manufac-
turer’s instructions. Sections were counterstained with
haematoxylin II (Ventana Medical Systems) for 8 min
and Ventana Bluing Reagent for 4 min. Negative con-
trols omitting the primary antibodies were also included.

The percentage of staining in the tumour was scored
as 0 (no staining), 1 (between 1% and 25%), 2 (between
26% and 50%), and 3 (more than 50% of the tumour).
The staining intensity was evaluated separately in the
central part of the tumour, TB, and PDCs, and scored
as 0 (no staining), 1 (weak staining), 2 (moderate
staining) or 3 (strong staining). In cases with a variable
staining intensity, the strongest intensity was noted.
The intensity scores were compared between the central
part of the tumour, TB, and PDCs.

Statistical analyses

Results were presented as the relative gene expression.
Expression of the gene of interest (GOI, Cqgop) was
presented as ACq, which was calculated relative to the
geometric mean of RGs (Cqgrg). In CRC samples, mnRNA
and miRNA expression differences were compared
between the central part and the expansive tumour front,
PDCs, and TB, respectively. We further compared the
expression of mRNA and miRNA in PDCs and TB with
the expression in the expansive tumour front as well as
between PDCs and TB. For all statistical comparisons,
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ACq and the Wilcoxon rank test were used. For all inves-
tigated correlations/associations, Pearson’s correlation
coefficient was used. Statistical analysis of data was
performed using SPSS version 27 (SPSS Inc, Chicago,
IL, USA). Differences were considered significant at
p <£0.05. The results are shown as relative expression of
mRNAs and miRNAs at the expansive tumour front,
PDCs, and TB relative to the central part of the tumour.

Results

Patients and tissue samples

In total, we analysed tissue samples from 20 patients
(13 males and 7 females) with CRC, aged 54-87 years
(mean 72.8 years). Demographic and clinicopathologi-
cal features are presented in Table 1.

Expression of the miR-200 family

When the central part of CRC and the expansive tumour
front were compared, no significant differences were
observed in the expression of analysed miRNAs from
the miR-200 family. However, we observed significant
downregulation of all analysed miRNAs in TB com-
pared with the central part of CRC: p <0.001 for
miR-141, miR-200b, and miR-200c; p = 0.004 for
miR-200a and p = 0.001 for miR-429. Additionally, all
miRNAs were downregulated in TB compared with the
expansive tumour front.

Interestingly, in PDCs, compared with the central part
of CRC, the only significant downregulation was
observed for miR-141 and miR-200c (p = 0.001 and
p = 0.017, respectively). No significant differences
were observed in the expression patterns of the other
three miRNAs. Furthermore, all analysed miRNAs were

Table 1. Demographic and clinicopathological features of patients
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significantly downregulated in TB compared with
PDCs. Results are summarized in Figure 2 and supple-
mentary material, Table S1.

Expression of mRNAs

When the central part of CRC was compared with the
expansive tumour front, none of the other mRNAs,
namely CDHI, RND3, and ZEB2, showed any statisti-
cally significant change in expression. ZEBI was below
the detection limit, irrespective of the sampling area.
However, we observed significant downregulation of
CDHI (p=0.001) and upregulation of ZEB2
(»p = 0.021) in TB compared with the central part of
CRC. Although we observed upregulation of RND3, it
was not significant. The same expression pattern was
observed when TB was compared with the expansive
tumour front.

When PDCs were compared with the central part of
CRC, the only change observed was significant
downregulation of CDHI (p = 0.012). Results are sum-
marized in Figure 3.

Correlation between miRNAs in mRNAs

We investigated the correlation between the expression
of the miR-200 family and their target genes RND3 and
ZEB?2 as well as an EMT-related marker, CDHI. No sig-
nificant correlation was detected between miR-200b and
its target RND3. However, we observed a significant
positive correlation between all of the analysed miRNAs
and the expression of CDHI (ry = 0.262, p = 0.021
for miR-141; ry = 0.356, p = 0.001 for miR-200a;
rs = 0.230, p =0.0043 for miR-200b; r; = 0.376,
p = 0.001 for miR-200c; r, = 0.305, p = 0.007 for
miR-429). Moreover, we observed a significant negative
correlation between the expression of four out of five

Case No. Age (years) Gender Location pTNM B PDCs NED (months) Follow-up (months)
1 75 M Transverse colon T2NOMO Bd1 G3 34 34

2 74 F Caecum T2NOMO Bd1 G1 27 27

3 79 F Descending colon T2N1bMO Bd3 G1 31 31

4 81 F Descending colon T3NOMO Bd1 G1 32 32

5 70 M Ascending colon T3NOMO Bd2 G1 30 30

6 71 M Ascending colon T3NOMO Bd2 G1 3 4; DUC

7 71 M Transverse colon T3NOMO Bd1 G2 38 38

8 81 F Caecum T3NOMO Bd1 G1 37 37

9 69 M Caecum T3bNOMO Bd3 G1 36 36

10 70 M Transverse colon T3N1TMO Bd2 G1 33 33

11 81 M Transverse colon T3N1bMO Bd2 G2 0 0; DPC
12 73 F Transverse colon T3N1bMO Bd2 G2 27 27

13 63 M Descending colon T3N1bMO Bd2 G3 34 34

14 57 M Transverse colon T3N1bMO Bd2 G3 30 35; LR + DM
15 58 M Ascending colon T3N1bMO Bd2 G3 37 37

16 54 F Transverse colon T3cN1bMO Bd1 G1 35 35

17 75 M Transverse colon T3N2bM1b Bd2 G3 6 11; DM + DD
18 87 M Ascending colon T4aNOMO Bd2 G3 28 28

19 83 M Sigmoid colon T4N1bMO Bd3 G3 38 38

20 84 F Transverse colon T4aN2aMo Bd1 G1 0 0; DPC

DD, died of disease; DM, distant metastasis; DPC, died of perioperative complications, DUC, died of unrelated causes; LR, local disease recurrence; NED, no evidence of

disease; TB, tumour budding; PDCs, poorly differentiated clusters.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Figure 2. Fold-change of the miR-200 family at the expansive tumour front, tumour budding, and poorly differentiated clusters compared
with the central part of the tumour. CP, central part; EF, expansive tumour front; PDCs, poorly differentiated clusters; TB, tumour budding.
*p < 0.05; p < 0.01; *p < 0.001.
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Figure 3. Fold-change of the CDH1, RND3, and ZEB2 family at the expansive tumour front, tumour budding, and poorly differentiated clusters
in comparison to the central part of the tumour. CP, central part; EF, expansive tumour front; PDCs, poorly differentiated clusters; TB, tumour
budding. *p < 0.05; *p < 0.01; **p < 0.001.
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Figure 4. (A) Invasive tumour front with tumour budding and poorly differentiated clusters. (B) Inmunohistochemistry for RND3: the inten-
sity of staining in tumour budding and poorly differentiated clusters is stronger compared with the main tumour.

score 2 in eight cases, and score 3 in four cases. In
tumour cells, the cytoplasmic dot staining was of vari-
able intensity. The staining intensity was scored sepa-
rately in the central part of the tumour, TB, and PDCs.
In 15/20 cases, a similar staining intensity was observed
between the central part of the tumour, TB, and PDCs
(score 0 in two cases, score 1 in five cases, score 2 in
seven cases, and score 3 in one case). In 5/20 cases,
staining intensity at least one score higher was observed
in TB and/or PDCs compared with the central part of the
tumour: score 1 in TB and/or PDCs and score O in the
central part of the tumour in one case; score 2 in TB
and/or PDCs and score 1 in the central part of the tumour
in two cases; score 3 in TB and/or PDCs and score 1 in
the central part of the tumour in one case; and score
3 in TB and/or PDCs and score 2 in the central part of
the tumour in one case (Figure 4).

Discussion

The results of our study suggest the involvement of par-
tial EMT in TB and PDCs in CRC, based on significant
downregulation of the miR-200 family and CDHI as
well as upregulation of ZEB2 in TB, and on significant
downregulation of miR-141, miR-200c, and CDHI in
PDCs. The lack of spindle cell morphology in both TB
and PDCs is consistent with partial EMT. Conversely,
there was no evidence of EMT at the expansive tumour
front, which exhibited no significant differences in the
expression of any EMT-related markers compared with
the central part of the tumour. To our knowledge, this
is the first study to characterize and compare the expres-
sion of the miR-200 family and other EMT-related
markers between TB and PDCs in CRC.

Importantly, we found that TB and PDCs exhibit
different expression patterns of EMT-related markers,
indicating that TB and PDCs might represent different
manifestations of partial EMT. While miR-200c,
miR-141, and CDHI were significantly downregulated

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

in both TB and PDCs, TB additionally exhibited signifi-
cant downregulation of miR-200a/b as well as miR-429
and significant upregulation of ZEB2. Recent studies
showed that partial EMT generates a broad spectrum of
cellular states exhibiting intermediate/hybrid morpholog-
ical, transcriptional, and epigenetic features between epi-
thelial and mesenchymal cells [38]. Increasing evidence
suggests that cancer cells with different degrees of EMT
exhibit different functional roles during tumourigenesis,
invasion, and metastasis [39]. As dysregulation of EMT-
related markers was more extensive in TB than in PDCs,
we speculate that TB is closer to complete EMT than
PDCs. However, it is still unclear whether TB and PDCs
are cellular states undergoing a gradual transition from
an epithelial to a mesenchymal phenotype or only distinct
cell populations expressing different EMT-related
markers. It is also possible that pathogenetic mechanisms
other than EMT contribute to TB and PDCs.

The speculation that TB and PDCs represent different
manifestations of partial EMT is further supported by the
morphological differences between them [11]. Although
they are both composed of dedifferentiated cells, there are
several features typical of either TB or PDCs [3,40]. Firstly,
TB is commonly present at the infiltrative tumour front,
particularly in the areas of CRC exhibiting finger-like pro-
jections into the neighbouring stroma [41]. In contrast,
PDC:s often appear both within the tumour and at the inva-
sive tumour front [11]. Secondly, TB cells appear to be
actively detaching from the larger neoplastic glands
[41,42], whereas PDCs appear to be unrelated to the main
tumour, are sharply demarcated from the stroma, and are
often surrounded by clefting artefacts. The morphology of
PDCs overlaps substantially with that of micropapillary
carcinoma [17,43]. Finally, TB cells are round, elongated,
or atypical [42,44]. They have poorly developed or absent
junctional complexes and absent microvilli [45]. Most TB
cells lack mitotic and apoptotic activity [23]. Conversely,
PDCs consist of cells with abundant eosinophilic cyto-
plasm, retaining an epithelioid phenotype.

In this study, we analysed the expression of several
EMT-related markers, i.e. the miR-200 family, ZEB1/2,

J Pathol 2022; 258: 278-288
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RND3, and CDH]I. The different EMT-related marker
expression profiles between TB and PDCs found in this
study emphasize the importance of using multiple EMT-
related markers to analyse EMT. Previous research has
shown that the miR-200 family is among the most sensi-
tive EMT-related markers and can be used for studying
partial and complete EMT [29,46,47]. As the main
EMT regulator, the miR-200 family exerts much of its
effect through targeting ZEB1/2 [48]. ZEBI and ZEB?2
act as E-cadherin repressors and their expression pro-
motes cell migration and invasion [30]. RND3 is a mod-
ulator of cell migration and proliferation [49]. Studies
describing the expression of RND3 in CRC were based
on immunohistochemistry and produced conflicting
results. Notably, Luo et al reported that RND3 acts as a
tumour suppressor [50], whereas Zhou et al described
RND3 as an independent prognostic marker in CRC, cor-
relating with the depth of invasion, lymph node metasta-
sis, and distant metastasis [51]. ZEB2 and RND3 are
targets of miR-200b [52,53]. Since we observed signifi-
cant downregulation of miR-200b in TB, we also
performed immunohistochemistry for RND3 to assess
whether the staining reflects the underlying molecular
changes. Only a few cases showed a stronger positive
reaction in TB compared with the main tumour. The
evaluation in most other cases was inconclusive and dif-
ficult to interpret due to patchy or variable staining.

The involvement of EMT in TB in CRC has already
been suggested by several authors [24,54-58]. Those
investigating the expression of miR-200 as EMT-related
markers provided the most conclusive results. Martinez-
Ciarpaglini et al reported overexpression of ZEBI/2 and
reduction of miR-200a/b/c in areas with TB [54]. Addi-
tionally, Paterson et al observed downregulation of
miR-200b/c in areas with TB [57]. Knudsen ef al demon-
strated downregulation of miR-200b and loss of mem-
branous E-cadherin in TB [58]. In contrast, studies
analysing the expression of proteins (E-cadherin, beta-
catenin, TGF-beta) or EMT-related transcription factors
(ZEB1/2, SNAIL1/2, TWIST1/2) sometimes resulted in
inconclusive or contradictory observations [59]. For
example, Yamada et al observed that EMT-related tran-
scription factors were not expressed in the regions of TB
and concluded that TB in CRC might not represent EMT
[60]. Likewise, Bronsert et al showed that only a few TB
cells expressed ZEBI and almost no TB cells had a com-
plete absence of E-cadherin expression. They interpreted
these findings as consistent with partial EMT [61].

A few studies have investigated the involvement of
EMT in PDCs. Hong et al concluded that similarities
in the expression of E-cadherin and beta-catenin in TB
and PDCs could indicate the activation of EMT in both
processes [62]. Similarly, Barresi et al proposed the
involvement of EMT in PDCs based on the loss of cyto-
plasmic E-cadherin [63]. By analysing the expression of
E-cadherin and beta-catenin, Bertoni et al suggested
possible partial EMT in PDCs in the tumour centre and
complete EMT in PDCs at the tumour periphery [19].
Although these studies indicate the involvement of
EMT in PDCs, they were all based on the expression

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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of proteins as EMT biomarkers, which is less reliable
in defining partial EMT. It has already been shown
that aberrant expression of E-cadherin is not restricted
to dissociated cells but is also present in other parts of
CRC, which makes the interpretation of its expression
problematic [63]. In our study, we found significant
downregulation of CDHI in PDCs.

The true nature of TB and PDCs is not completely
understood and the relationship between them remains
speculative [64,65]. Attempts to analyse cell dissocia-
tion were first challenged by 3D models showing that
most cells and clusters that appear isolated in pathologi-
cal practice represent 2D artefacts, as they are in fact
connected to adjacent glands [61,66]. Likewise, TB
and PDCs could only appear as separate entities on 2D
sections [17]. This was reinforced by studies that
showed a significant overlap in the protein expression
and molecular profiles between TB and PDCs [17].
Haddad et al also considered that TB may arise either
from PDCs or from the main tumour [67]. On the con-
trary, acknowledging the morphological differences
between TB and PDCs, Reggiani Bonetti et al proposed
that TB and PDCs could represent sequential steps in
tumour growth [68]. Additionally, the mitotic activity
in PDCs is lower compared with the main tumour but
higher compared with TB, which led to speculation that
PDCs are an intermediate grade between the neoplastic
glands and TB [62].

Previous studies including ours have reported activa-
tion of EMT at the invasive tumour front of CRC
[27,28,58,69,70]. In this study, we demonstrated that
the involvement of EMT along the invasive tumour front
is irregular and, importantly, correlates with tumour
morphology. In contrast to TB and PDCs, the expansive
growth pattern is probably not associated with EMT as
we found no significant differences in the expression of
EMT markers between the expansive tumour front and
the central part of the tumour. This is in accordance with
Paterson et al, who showed uniform expression of
miR-200b from the tumour core to the tumour-host inter-
face in CRCs with intact basement membranes [57].
These observations together emphasize the presence of
intratumour heterogeneity at the invasive tumour front.

There are several advantages and limitations of our
study. The main advantage is the use of laser-capture
microdissection, which enabled us to obtain tissue from
specific locations in CRC, including small clusters and
even single cells, constituents of TB, and PDCs. Using
this technique, stromal and inflammatory cells surround-
ing TB and PDCs that could influence the results were
not captured. Furthermore, the inclusion criteria were
designed to enable comparison of the expression of
EMT-related markers between distinct locations and
growth patterns within the same tumour. The compari-
son of miRNA expression between different tumours
or patients would be inappropriate, since miRNAs might
be tissue-specific, and their expression age- and gender-
dependent [71]. Finally, the use of multiple EMT-related
markers enabled us to recognize and characterize differ-
ent states of partial EMT. The main study limitation is
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Figure 5. Involvement of the epithelial-mesenchymal transition in different tumour growth patterns in colorectal cancer.

the relatively small number of patients, which was the
result of the stringent inclusion criteria. Additionally,
patient selection was biased because only those with
tumours displaying all the required morphological pat-
terns were included. We also excluded patients with T1
carcinomas, because of the limited amount of cancer tis-
sue. Finally, although areas with intratumour TB and
PDCs were avoided when sampling the central part of
the tumour, some degree of heterogeneity is a possibility.

In conclusion, our results suggest that both TB and
PDCs are related to partial EMT. Discrete differences
in morphology and EMT-related marker expression
between TB and PDCs indicate that they represent dif-
ferent manifestations of partial EMT. TB seems to be
closer to complete EMT than PDCs (Figure 5).
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