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Abstract

New cancer characteristics can be discovered by focusing on the process of tumor formation. Cancer stem cells (CSCs) are a
key subpopulation, as they are theorized to be at the apex of the tumor hierarchy. We can better understand their function in
the tumor hierarchy by using sectioned samples to observe the growth of tumors from their origins as CSCs. In this study, we
evaluated the growth of moderate differentiated colorectal cancer from LGRS5-positive cells, which is a CSC marker of
colorectal cancer, using xenograft and three-dimensional culture models spatiotemporally. These cells express LGRS at high
levels and show CSC phenotypes. To detect them, we used a previously generated antibody that specifically targets LGRS,
and were therefore able to observe LGRS5-positive cells aggregating into small clusters (sCLs) over the course of tumor
growth. Because these LGRS5-expressing sCLs formed continuously during growth mainly in the invasive front, we
concluded that the structure must contribute significantly to the expansion of CSCs and to tumor growth overall. We
confirmed the formation of sCLs from gland structures using a three-dimensional culture model. In addition, sCLs exhibited
upregulated genes related to stress response and partial/hybrid epithelial-mesenchymal transition (EMT), as well as genes
reported to be prognosis factors. Finally, sCLs with high LGRS expression were identified in clinical samples. Based on

these results, we elucidate how sCLs are an important contributors to tumor growth and the expansion of CSCs.

Introduction

Colorectal cancer (CRC) is one of the most common can-
cers worldwide and has a high mortality rate [1]. As a
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subpopulation of tumor cells, cancer stem cells (CSCs) have
been a major focus of research for over a decade [2-4]. In
CSC theory, CSCs are the apex of the hierarchical structure
can both maintain themselves through self-renewal and
differentiate into non-CSCs, and are correlated with inva-
sion/metastasis, drug/radio-resistance, and recurrence.
LGRS is a known CSC marker [5]. It is thought to be
potentiator of Wnt/p-catenin signaling [6] and its expression
is also markedly increased in subsets of colorectal, liver,
pancreatic, stomach, and endometrial cancers [7, 8]. Hence,
LGRS is considered a driving force in a subset of human
cancers. On the other hand, although its role at specific
stages in the progression of cancer is hard to dispute, its
clinical relevance is still controversial [9]. One reason for
this is that there has long been no antibody to target LGRS
[10], making it difficult to detect on sectioned slides.
Previously, we generated specific antibodies against
human LGRS, successfully identifying one that could be
used to detect LGRS on clinical human samples [11, 12].
Furthermore, we established a human colon cancer cell line
highly expressing LGRS from a patient-derived xenograft
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(PDX) model using an adherent culture, and confirmed the
CSC phenotype [11]. We think these research tools are very
useful for understanding how tumors grow from CSCs and
can also provide information about their distribution. This
can deepen our understanding of the role of CSCs in tumor
growth.

In CRC, adenocarcinoma is characterized by glandular
formation, a typical histopathological structure [13].
Recently, unique structures such as tumor budding (TB) and
poorly differentiated clusters (PDCs) have been investigated
as independent prognosis factors [14—17]. TBs are defined
as tumor cell clusters with fewer than five cells, and PDCs
as consisting of five or more tumor cells without glandular
structures. The relationship between TB/PDC and CSC or
epithelial-mesenchymal transition (EMT) is generally
accepted, though it is still under discussion [18-21].

In this study, we focused on the relationship between
tumor structures, including TB/PDC and the distribution of
LGRS, in the tumor growth process. In general, a structure’s
appearance can differ greatly depending on the slice depth
when diagnosis uses a single section [22, 23]. We evaluated
tumor growth in a xenograft model derived from an LGRS5-
positive human colon cancer cell line using spatiotemporal
observation.

Materials and methods
Cell lines

A stable human colon cancer cell line that expresses LGRS
and possesses CSC properties (PLR123) was cultured as
previously described [11]. The LGRS-positive CSC line
(PLR123) was established from a colon cancer PDX model
after serial passages in NOD/Shi-scid, IL-2RYKO (NOG)
mice and the subsequent adherent cell culture of these
tumors. In addition, the PLR123 cell line was derived from
moderately differentiated colon cancer. Human CRC cell
line LS174T (ATCC CRL-188, VA, USA) and colon
fibroblast CCD-18Co (ATCC CRL-1459) were cultured in
minimum essential medium supplemented with 10% fetal
bovine serum.

Growth process of xenotransplanted tumor tissues
from LGR5-positive CSC line

Twenty-six NOG mice (CLEA Japan, Tokyo, Japan) were
used in the experiment. To obtain xenograft models, 1 x 10
(day 3,7, 12, and 19) or 1 x 10° (day 35) of PLR123 cells
suspended in Hank’s balanced salt solution (Life technol-
ogies, MA, USA) with 50% Matrigel were subcutaneously
inoculated into the flanks of mice. Mice were sacrificed by
exsanguination under isoflurane anesthesia at 3 (n=7), 7

(n="17), 12 (n=06), 19 (n=13), and 35 (n = 3) days after the
inoculation of PLR123 cells. At necropsy, the xeno-
transplanted tumor tissues were removed from each mouse.
All animal experiments were approved by the Ethical
Committee for Treatment of Laboratory Animals at Chugai
Pharmaceutical Co., Ltd. (day 3, 7, 12, and 19) or Fore-
runner Pharma Research Co., Ltd (day 35).

Tissue preparation

Xenograft samples were divided along the largest cross-
section, and fixed with 4% paraformaldehyde (PFA) at 4 °C
for 16-24 h. All samples were processed and embedded in
paraffin by the AMeX method [24, 25], and hematoxylin
and eosin (HE)-stained sections were produced by the usual
method. Serial sections (4 um each) stained by HE were
created for one sample taken at day 3 (55 slides), 7
(100 slides), and 12 (100 slides), and 3D analysis was
performed. Another sample at day 12 was sliced into
100 serial sections and used for the immunofluorescence
(IF) study (LGRS and HLA-DMA). Furthermore, one
sample in day 19 was sliced into 20 serial sections and used
for IF (LGR5 and HLA-DMA) to analyze the 3D distribu-
tion of LGRS5-positive cells.

The paraffin block derived from a study of the orthoto-
pical inoculation into the cecum of NOG mice was provided
by SK (Forerunner Pharma Research). In that study, the
same cell line used in the current study (PLR123) was
implanted into the cecum of mice. Tumor mass was sam-
pled more than 100 days after inoculation.

Clinical samples from patients

Primary CRC paraffin blocks were obtained from the
archive of the Department of Surgery and Science, Kyushu
University Hospital, Fukuoka, Japan. The samples were
collected from patients who had undergone surgery without
chemotherapy during the period of 1998-2013 (Supple-
mentary Table 1). The specimens were embedded into
paraffin blocks after fixation in 10% neutral buffered for-
malin. This study was approved by the Institutional Review
Board of Kyushu University (approval no. 27-280).

Detection of LGR5 on sectioned slides

It is well known that a very low level of LGRS protein is
expressed in tissues. Therefore, the following enhanced
methods were performed to detect LGRS as previously
described [11, 12].

Briefly, after incubation with the primary antibody
(2U2E-2, in-house, 2.5 ug/mL), the sections were incubated
with a secondary antibody conjugated with biotin (Abcam,
Cambridge, UK), and the reaction was visualized by
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Streptavidin-Qdot 605 (Thermo Fisher Scientific, MA,
USA); or after incubation with the primary antibody (2U2E-
2, 1.0 ug/mL), the sections were incubated with a secondary
antibody conjugated with polymer-horseradish peroxidase
(DAKO, CA, USA) and the reaction was visualized by
Alexa Fluor 488-labeled tyramide (Thermo Fisher Scien-
tific). All the specimens were also stained with Qnuclear
deep red stain (Thermo Fisher Scientific) or DAPI to detect
nuclei.

The H-score of LGRS expression was calculated for
clinical samples. We randomly selected four or five fields
per slide stained for LGRS expression for each patient
sample. The intensity and the area of expression in each
selected field were read by certified pathologists. Intensity
was classified as weak, moderate, or strong, and the area for
each intensity grade was estimated as a percentage of the
whole field. Then, the H-score was calculated for each field
as follows: H-score (0-300)=0x (% cells with negative
expression) + 1 x (% cells with weak staining) 4+ 2 x (%
cells with moderate staining) + 3 x (% cells with strong
staining). Finally, the H-score for each individual patient
was calculated as the average H-score of four or five fields.

Immunofluorescence

Sectioned specimens from the above-mentioned paraffin
blocks were incubated with anti-HLA-DMA antibody
(Sigma-Aldrich, MO, USA), anti-E-cadherin (GeneTex,
CA, USA), anti-B-catenin antibody (BD bioscience, CA,
USA), anti-Ki67 antibody (Abcam), and anti-S100A4
antibody (Novus Biologicals, CO, USA). After incubation
with the primary antibodies, sections were incubated with a
secondary antibody conjugated with biotin (Vector
Laboratories, CA, USA) and the proteins were visualized by
Alexa Fluor 568-labeled streptavidin (Life technologies).
Those specimens were also stained with DAPIL.

Counting number of tumor cells in one section

HE-stained single section slides on day 3, 7, and 12 (n =3)
were scanned into an Aperio Scan Scope (Leica Biosys-
tems, Wetzlar, Germany). The number of tumor cell nuclei
in pathologist-selected tumor areas was counted auto-
matically by the IHC Nuclear Algorithm in Aperio (Leica
Biosystems), and the approximate curve was calculated by
Microsoft Excel.

Counting number of LGR5-positive cells in one
section

Photos were taken for 12 random fields on a single section
slide stained with LGRS and HLA-DMA at day 3, 7, and 12
(n = 3) by confocal microscope (C1, Nikon, Tokyo, Japan).
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The number of LGRS5-positive and -negative cells was
counted on printed sheets.

Analysis of microscopic three-dimensional structure
of tumor using serial sections

Each field was defined using photos of HE-stained serial
sections above mentioned (n = 1, day 3, 7, and 12). An ID
number was assigned for each microscopic 3D structure
for identification on printed sheets. If the lumen could not
be discerned in the structure, only the external diameter
was measured. But if the lumen was recognized, both
external and internal diameter was measured. Further-
more, the structures and their types were counted as
described below.

Each field was defined using 100 individual photos of
LGRS and HLA-DMA-stained serial sections (n =1, day
12). More than ten small clusters (sCLs) with/without
lumens were identified and their external and/or internal
diameters were measured. Furthermore, the LGR5-positive
rate was measured for each slide and translated into points
[1-10%: 1, 11-35%: 2, 36-65%: 3, 66-95%: 4, >96%: 5],
the average of which was expressed as a grade [rare: <1,
occasional: 1=2.5, moderate: 2.5=<4, frequent: 24].
Afterward, the cover glass was removed and stained by HE.
Tumor morphology was then confirmed using a
microscope.

Histopathological classification of tumor structures

To define structure type using a single slide, tumor cells
composed on single slide were classified as sCLs or glands
according to their pathological features [13, 26, 27].
Namely, an sCL consists of a few cell-aggregating struc-
tures with or without a lumen. And a gland has a lumen
with an approximate diameter of over 100 pm, along with a
regular epithelial cell arrangement and nuclei in the basal
side of cytoplasm.

To define structures for 3D analysis using serial sections,
structures were classified by size and morphological feature.
A small aggregation of cells consisting of round/oval cells
with or without a lumen with an approximate diameter of
less than 100 pm is an “sCL.” A structure consisting of
columnar cells and a lumen with an approximate diameter
of more than 100 um is a “gland.”

LGR5 signal intensity profile

The signal profiling function in NIS-element (Nikon) was
used to measure the LGRS signal profile and distance from
the tumor interface to the center (0—500 um) for samples
taken on day 35 (n=3). The signals were measured to be
~0.62 um and the total of measured values was 100 um.
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Laser microdissection (LMD) and DNA microarrays

sCL-like structures (n = 3) and glands (n = 3) in the xeno-
graft tissue were isolated by LMD (LMD7000, Leica
Microsystems) on sectioned slides 12 days after sub-
cutaneous inoculation of PLR123. The xenograft samples
were sectioned at room temperature, floated in an RNase-
free water bath, and transferred to frame slides (Leica
Microsystems). After being stained by HE, sCL-like struc-
tures and glands were dissected by the LMD system. sCL-
like structures and glands were distinguished by a pathol-
ogist. After extracting total RNA, biotin-labeled cRNA was
produced from total RNA using the two-cycle amplification
method of the Small Sample Target Labeling Protocol
version II (Thermo Fisher Scientific), and total fragmented
cRNA was hybridized to Human X3P GeneChip arrays
(Thermo Fisher Scientific) for 16 h at 45 °C with constant
agitation (60 rpm). Fluorescence was detected using an
Affymetrix GeneChip Scanner 3000 7G (Thermo Fisher
Scientific) and image analysis was performed with the
Genechip Operating Software (Thermo Fisher Scientific)
under the default settings. Microarray data were normalized
by GCRMA of R (http://www.r-project.org/).

Transcriptome analysis

Gene set enrichment analysis (GSEA) [28, 29] was performed
by the javaGSEA desktop application (ver. 4.0.1) using Hall-
mark gene sets (ver. 7.0). Gene sets with a false discovery rate
(FDR) value <0.05 after 1000 permutations were considered
to be significantly enriched. Normalized enrichment scores
(NESs) >0 were considered upregulated, and subsystems with
NESs <0 were considered downregulated. Enrichment map
was used for visualization of the GSEA results.
Differentially expressed genes (DEGs) between sCLs
and glands structures were selected using an empirical cri-
terion of a more than threefold change. Those genes
expressed highly (averaged score > 1000) in the intracellular
region were chosen. Strand NGS software (ver. 2.6; Agilent
Technologies, CA, USA) was used to create heat maps.

3D culture model and co-culture with fibroblast

PLR123 or LS174T cells were suspended in 50% Matrigel
(growth factor reduced, Corning, NY, USA) and dispensed
into 24-well culture plates (250 cells/50 uL Matrigel dro-
plet/well). After solidifying Matrigel at 37 °C, 650 uL of
organoid culture medium (advanced DMEM/F12 medium
supplemented with penicillin/streptomycin, 10 mM HEPES,
2mM glutamax, 1x B-27 supplement, 1x N-2 supplement
[Thermo Fisher Scientific], and 1 mM N-acetylcysteine
[Merck, NJ, USA]) [30] was added and the cells were
cultured at 37 °C under 5% CO,.

To observe the formation of sCL-like structures from
cancer organoids, fibroblast co-cultures were analyzed. On
day 10, the cancer organoids were collected through dis-
solution of Matrigel with Dispase I (FUJIFILM Wako Pure
Chemical, Osaka, Japan). Then, the cancer organoids were
transferred into 96-well plates precultured with CCD-18Co
(1700 cells/well) for 3 days, or into Fibroblast Growth
Medium 2 (PromoCell, Heidelberg, Germany) supple-
mented with 2.5% FBS on collagen I coated 96-well plates.
The cultures were placed under a Confocal Quantitative
Image Cytometer CQ1 (Yokogawa Electric, Tokyo, Japan)
and bright-field images were monitored at 24 h intervals
until day 4 (until day 11 for LS174T). The ratio of the
formation of sCL-like structures was evaluated by analyzing
96 cancer organoids at day 4.

Whole mount IF staining

After removing the medium, PBS containing 4% PFA and
1% Triton X-100 was added and incubated for 2 h on ice, and
further incubated in blocking buffer (BlockAid Blocking
Solution, Thermo Fisher Scientific) for 2 h at room tempera-
ture. Primary antibodies (anti-LGRS antibody [2L36, in-
house] [11], Alexa Fluor 488-labeled anti-Ki67 antibody [BD
Bioscience]) in blocking buffer were added and incubated
overnight at 4 °C, then washed with 1% BSA/PBS and
incubated for 1 h at room temperature with Alexa Fluor 555-
labeled anti-mouse IgG2a antibody (Thermo Fisher Scien-
tific). Finally, the wells were incubated with Alexa Fluor 650-
phalloidin (Thermo Fisher Scientific) and DAPI for 40 min at
room temperature. For optical clearing, the wells were incu-
bated with SeeDB2G Solution 1 (1/3x Omnipaque350
[Daiichi-Sankyo, Tokyo, Japan] with 2% saponin [Nacalai
Tesque, Kyoto, Japan]), Solution 2 (1/2x Omunipaque350
with 2% saponin), and Solution 3 (1x Omnipaque350 with
2% saponin) for 30 min each at room temperature, and with
Solution 4 (Histodenz, Merch) overnight [31], and were
observed with a confocal fluorescence microscope (Al,
Nikon) with a x10 objective lens (CFI Plan Apo A, Nikon).

Results

Tumor hierarchy was reconstituted from LGR5-
positive cells transplanted in NOG Mice

Xenograft tissues derived from LGRS5-positive cells on day
3 to 19 after inoculation were evaluated under a microscope
(Fig. 1a). As a whole, the structural shape changed from a
small and simple cell cluster to a large and complicated
structure over that period (Fig. 1b). In addition, we con-
tinued to observe the Matrigel until day 12. In this extended
observation, we saw sCLs and glands known to be typical

SPRINGER NATURE


http://www.r-project.org/

M. Yamazaki et al.

Days after inoculation

LGR5+ CSC
line (PLR123)
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Fig. 1 Tumor hierarchy was reconstituted from LGRS-positive
CSC line (PLR123) transplanted in NOG Mice. a Schematic of the
experiment. b Low magnification photographs of tumor tissue over
time course. T tumor area. Scale bar = 100 um. ¢ Detailed structures
in process of tumor formation on single section. Scale bars = 50 and
100 um (rightmost image is gland/stroma interface). d Emergence of
detailed structures over time. P presence. e Change in number of all
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tumor cells on one single plane of a section (n=3, each point).
f Change in number of LGR5-positive cells in 12 defined fields on one
single plane of a section (n=3, total). Blue: LGR5-positive; Red:
LGRS5-negative. g Immunofluorescence staining for LGRS (green)
and HLA-DMA (red). G gland; S small cluster. Rectangle shows
small clusters. S1 shows LGR5-positive cells and S2 does not. Scale
bar = 50 um.
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in moderate differentiated CRC. A few gland types were
identified, including a structure with large lumen and the
occasional stratified cell layer, and another structure con-
sisting of many large glands or several glands connected
back to back (Fig. 1c). sCLs with/without lumens emerged
from day 3. On day 12, glands began to appear (Fig. 1d).
The formation of tumor-mouse—stroma interface was
observed on day 19.

To analyze the relationship between tumor growth and
LGRS5-positive cells, we counted all of the tumor cells on
maximum cut surface at day 3, 7, and 12 after inoculation.
After day 7, the number of cells exponentially increased
(Fig. le). At the same time, the number of LGR5-positive
cells increased on a fixed inclination in the defined area
(Fig. 1f), while LGR5-negative cells increased rapidly from
day 7. It became clear that there were two phases in tumor
growth from LGRS5-positive cells; LGRS-positive cells
mainly proliferate from day 3 to 7, and LGR5-negative cells
from day 7 to 12. In other words, LGR5-negative cells
overwhelmingly contribute to tumor growth compared with
LGRS5-positive cells. In addition, once we observed images
stained by anti-LGRS5 antibody, the difference in LGRS5-
positive cell distribution showed up even in morphologi-
cally identical sCLs (Fig. 1g). We suspected this was caused
by the difference in 3D structure, so we attempted to
reconstruct the 3D structures using serial section slides.

Serial sections revealed actual microscopic 3D
structure of tumor

We tried to elucidate the microscopic 3D structure by
observing the serial sections (Supplementary Fig. la—c).
Structures were classified as either sCLs (with and without
lumens) or glands; representative photos are shown in
Supplementary Fig. lc. Partial structures thought to be
clusters in single sections were confirmed as sCLs in 3D.
Although sCL-like structure appeared at the border of
glands, its shape changed, becoming a clear ductal structure
with a lumen in the middle of the tumor and resembling an
sCL-like structure again in the end. This reconstructed 3D
structure is shown at the bottom of Supplementary Fig. lc.
To accurately clarify these structures, the use of serial
sections was necessary because the appearance changes
with the depth of the section. By counting the sCLs without/
with lumens and measuring their maximum diameters, we
were able to continuously track them from day 3 to 12
(Supplementary Fig. 2). The average maximum diameter of
sCLs without lumens was 22.8 um (range 846 um, n=
175), 18.1um (range 10-30um, n=37), and 20.8 uym
(range 640 um, n=26) at day 3, 7, and 12, respectively.
sCLs with lumens at day 3 were relatively small (average
32.5 ym, range 18-60 um, n =52), but the average max-
imum diameter was 46.8 um (range 20-74 um, n = 42) and

472pm (range 22-80um, n=18) at day 7 and 12,
respectively. sCLs without lumens were always smaller
than those with lumens, indicating that the formation of a
lumen is necessary to enlarge the structure.

sCLs contained LGR5-positive cells with high
frequency

Next, we attempted to determine the exact distribution of
LGRS5-positive cells in each 3D structure. Pathological
observation was performed on serial sections of double-
stained samples for LGRS and HLA-DMA, as are known
markers of proliferating and nonproliferating CSC, respec-
tively [11]. In sCLs without lumens, LGRS5-positive cells
were not dependent on the size of the structure but dis-
tributed throughout (Fig. 2a, b). In sCLs with lumens, ducts
with LGR5-positive cells either distributed uniformly
throughout the structure or scattered diffusely were
observed (Fig. 2a, b). When both internal and external
diameters were small, the frequency of LGR5-positive cells
was high. Both were large, so their frequency was relatively
low. In glands, there were ducts with both large and small
lumen diameters, so the distribution of LGRS was different
depending on the location (Fig. 2a). Where the lumen was
large, LGRS5-positive cells were scattered diffusely, while a
higher frequency of LGRS-positive cells were found in
ducts with small lumens (Fig. 2a, arrow heads). Further-
more, an aggregation of LGR5-positive cells was found in
part of the gland as protrusion of stratified cells, a so called
“bud” (Fig. 2a, c, white arrow heads). In the sCLs, low
expression of E-cadherin, distribution of B-catenin in nuclei,
and low expression of Ki67 were observed (Fig. 2c). Fur-
thermore, these three molecules showed the same expres-
sion pattern in the bud structure as well.

sCLs containing LGR5-positive cells continuously
formed in the invasive front

Histopathological observation during the late phase after
inoculation was performed to confirm the continuous for-
mation of sCLs, because it is possible that sCLs persist after
inoculation during a limited observation period from day 3
to 12. At day 19, the interaction between the mouse inter-
stitium and tumor was confirmed. In the center of the mass,
there were differentiated structures composed of E-cadherin
positive cells, and LGR5-positive cells were diffusely dis-
tributed (Fig. 3a). On the other hand, at the border of the
mass, the invasive front, there were many LGRS5-positive
cells forming sCLs in a 3D manner (Fig. 3a, b). Moreover,
long after inoculation, at day 35, the LGRS5-positive signal
was still more highly expressed in the invasive front than in
the center (Fig. 3c, d). This result strongly suggests that
sCLs highly expressing LGRS form continuously in the

SPRINGER NATURE



M. Yamazaki et al.

sCL

LGR5
HLA-DMA

E 90 r No lumen
= 1
=80 f ©
© L=
E 0t ® =
S ° 0 o
- X <
S 60t ®T
g { Ne -3
g 50 | gl
s
T
g Vg @
=
E 2 £
— c
& 10 &
= 3

0 . . a

0 20 40

Maximum diameter
internal (um)

LGRS
Ki67

Fig. 2 sCLs contained LGRS-positive cells with high frequency.
a Distribution of LGR5-positive cells in each 3D structure. Number
shows the order of serial sections. Tumor cells are enclosed by dotted
line. LGRS (green) and HLA-DMA (red). White arrows indicate part
of small lumen in gland. Scale bars =25 pm for sCLs and 50 um for
glands. b Relationship between frequency of LGR5-positive cells and

invasive front and contribute greatly to the expansion of
tumor size.

In addition, sCL-like structures were also observed in the
primary site in a model where cells were engrafted into the

SPRINGER NATURE

maximum external and internal diameter of sCLs. LGRS5-positive
grade: rare: white; occasional: blue; moderate: yellow; frequent: green.
¢ Immunofluorescence for LGRS (green)/E-cadherin (red), p-catenin
(red), and LGRS (green)/Ki67 (red) in sCLs and glands. Tumor cells
are enclosed by dotted line. White arrows indicate bud structures in
gland. Scale bar =25 pm.

cecum wall orthotopically (Supplementary Fig. 3a, b).
Thus, the sCL is not only a structure that emerges in an
artificial environment such as the subcutaneous region, but
can also be observed in the intestine.
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Formation of sCL from glands is reproduced in a 3D
culture model using co-culturing system with
fibroblasts as feeder cells

In order to confirm the formation of sCLs from glands in
in vitro, a 3D culture model with fibroblasts as feeder cells
was established (Fig. 4a). Because no sCL-like structures

<« Fig. 3 sCLs containing LGR5-positive cells continuously formed in

the invasive front. a Xenograft model inoculated with LGR5-positive
CSC line (PLR123) at day 19 after inoculation. LGRS (green) and E-
cadherin (red). Multiple photos are combined into one image. Scale
bar = 100 um. b Serial sections for sCL in the invasive front at day 19.
LGRS (green) and HLA-DMA (red). Tumor cells are enclosed by
dotted line. Number shows the order of serial sections. Scale bar =
50 um. ¢ Images for xenograft model inoculated with PLR123 line at
day 35 after inoculation. LGRS (green) and E-cadherin (red). Scale
bar =100 um. d Histogram of LGRS signal profile for individual
samples at day 35 (left). Intensity of signal per 100 um distance from
tumor interface to center (0-500 um) (right).

were observed after formation of ductal structures in the
Matrigel culture [32], the need for some outside stimulation,
such as from the stroma, was considered. After manipulat-
ing cancer organoids (day 10) from the Matrigel culture,
these were transferred on to normal colon fibroblasts as
feeder cells and kept for 4 days. Overall, 73 out of 96 cancer
organoids with feeder cells had sCL-like structures sur-
rounding the cancer organoid (Fig. 4b). In contrast, 24 out
of 96 cancer organoids without feeder cells (only collagen
coating) had sCL-like structures. In the cancer organoids
with feeder cells, the edge of cancer organoid had a rough
surface and some sCL-like cell aggregation began to bud as
the cancer organoid became larger (Fig. 4c). Furthermore,
the structure detached from main cancer organoid and grew
into a new ductal structure (shown at high magnification at
the bottom). The expression of LGRS and Ki67 were con-
firmed in the sCL-like structures (Fig. 4d). In addition, the
formation of sCL from glands was also confirmed in
another cell line (LS174T) (Supplementary Fig. 4). Thus,
the formation of sCLs from glands was confirmed in the 3D
culture model, especially with fibroblast component.

sCL has characteristics reflecting stress response and
partial/hybrid EMT

Next, we assessed the gene expression profile of sCL by
microarray analysis for characterization. First, GSEA ana-
lysis was performed to evaluate which pathways were
upregulated (Fig. 5a). In glands, pathways were upregulated
such as E2F targets, oxidative phosphorylation, MYC tar-
gets, etc. It showed that cells could actively proliferate in
glands. In contrast, in sCLs pathways were upregulated for
stress response, such as with hypoxia, p53, and apoptosis
pathways. In addition, sCLs were stimulated by TNFa and
inflammatory responses in the environment. Furthermore,
upregulation of EMT signature was noted, even though
there was no typical upregulation of genes such as SNAIL,
ZEBI, and TWIST [33].

To find genes highly expressed in sCLs, DEG analysis
was conducted. Twenty-four genes were selected due to
cytoplasmic localization, high expression, and threefold
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Fig. 4 Formation of sCL from glands is reproduced in a 3D culture
model using co-culturing system with fibroblasts as feeder cells.
a Schematic of the culture system. Scale bar = 50 pm. b Quantitative
analysis for formation of sCL-like structures from main ductal struc-
ture. ¢ Cancer organoid with feeder cells in time course. Rectangles

difference. The heatmap is shown in Fig. 5b. Upregulation
correlated with prognosis for genes like S100A4 [34], AREG
[35], CD55 [36], CEACAMG [37], GPX2 [38] etc. in sCLs.
S100A4 was the molecule with the highest difference in the
expression list of Fig. 5b, and this was confirmed by IF for
the xenograft sample at day 12 after inoculation (Fig. 5c).
S100A4 was expressed in the same area of the sCLs as
LGRS (white arrow heads). These results suggest that sCL
is biologically characterized by stress response and partial/
hybrid EMT, and that it expresses prognosis-related genes.

sCLs with LGR5 expression exists in clinical CRC

To investigate the existence of sCLs with LGRS expression
in clinical samples, 29 cases of CRC were evaluated. The
H-score for LGRS is shown in Fig. 6a. Overall, 18 out of 29
cases expressed LGRS (range; 0.2-44.0), and 8 out of the
10 cases with the highest expression had sCLs. In seven of

SPRINGER NATURE

indicate sCL-like structures detaching from main cancer organoid.
Scale bar =500 um. d Expression of LGRS (red), Ki67 (green), and
phalloidin (white) in sCL-like structures. Scale bars =200 um (low)
and 30 um (high).

these cases, LGRS expression was higher in sCLs than in
gland structures (Fig. 6b, Supplementary Fig. 5).

Discussion

A detailed process of growth from CSCs to tumors,
including the actual distribution of LGRS, has yet to be fully
elucidated, but LGRS is still thought to be a driving force in
a subset of human cancers [9]. According to the spatio-
temporal observation of xenograft models in this study,
tumor growth begins with the formation of an sCL con-
sisting of LGR5-positive cells, then forms a lumen, which is
still made up of LGRS5-positive cells. Thereafter, the sCL
grows larger, taking on LGRS5-negative cells as proliferating
tumor cells with polarity. During the process, a “bud” with a
large accumulation of LGRS5-positive cells forms as a
structural component of glands, a new starting point for
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Fig. 7 Schematic of tumor growth process orchestrated by sCL
formation.

ductal formation. Then, it finally becomes multiple glands.
In glands, this “bud” structure is similar to the sCL in the
accumulation of LGRS5-positive cells and the expression
profiles of E-cadherin®”, p-catenin™, and Ki67'°".

It is possible for the “bud” in a gland to detach and
become another starting point of the hierarchy. The sCLs
formed continuously in the invasive front during tumor
growth according to histopathological results for day 19
and 35 after inoculation. This strongly suggests that after
detaching from glands, the formation of sCLs markedly
contributes to tumor growth, as they are the starting point
for glandular formation, are always found in the invasive
front, and are at the frontline of tumor growth. Further-
more, our observation of the cancer organoids revealed
that sCL-like structures detaching from glands were able
to generate another ductal structure. These results confirm
that sCLs are integral to the formation of the tumor
hierarchy, as well as to the expansion of CSCs, as shown
in Fig. 7. Indeed, some clinical CRC had sCLs with high
expression of LGRS. It suggests that CSCs continuously
expand through the formation of sCLs in some types of
CRC, but not all. Further investigation is needed to
determine which subpopulation of CRC patients exhibit
this mode of CSC expansion.

In general, CSCs divide symmetrically to self-renew, or
asymmetrically to give rise to CSCs and progenitors, which
are committed to differentiate [3]. In this study, in the early
phase of tumor growth from LGRS5-positive cells and at the
invasive front in the standard tumor growth process, we
proved that the LGRS5-positive cells population expands,
accompanied by the formation of sCLs. For tumors, the
advantages of an aggregation of cells over individual cells
have been discussed [39]. Persistent epithelial cell—cell
interactions within clusters can provide survival stimuli and
potential resistance to anoikis [40], while the death of an
isolated cell is thought to occur due to the loss of adhesion-
dependent survival signals. This suggests that cells within
sCLs are more resilient, able to avoid the pitfalls of isolated
cells to more effectively expand CSCs.

Compared with glands, sCLs showed high expression of
genes related to stress response and partial/hybrid EMT.
sCLs consist of a small number of cells, and they enter
(passively or actively) into a new microenvironment with
interstitium. This microenvironmental change brings on
physical stresses, oxidative stresses, and an immune assault
that could induce apoptosis [39]. Thus, it is assumed that
sCLs adapt to survive the severe microenvironmental
change. The EMT signature was upregulated, but without
the upregulation of typical EMT-related genes such as
SNAIL, ZEB1, and TWIST [33] according to gene analysis.
In addition, IF showed that sCLs had low expression of E-
cadherin. Nowadays, it is thought that EMT do not repre-
sent all-or-none responses, but rather multistate processes,
ranging from purely epithelial to purely mesenchymal via
one or more intermediate phenotypes [41]. The intermediate
phenotype of EMT is called the partial/hybrid EMT, and we
think sCLs have the phenotype in this study. Further
investigation will be needed, but this evidence implies sCLs
may have a relationship to metastasis. In addition, the
existence of sCLs with high expression of LGRS was
observed in primary and secondary sites in an orthotopic
model using the same cell line (PLR123) [42]. This evi-
dence also suggests that sCLs with high LGRS expression
contribute to metastasis.

TB and PDC are reported as prognosis factors in CRC
[14-17]. Although the clinical significance of TB/PDC is
recognized, the biology is still not fully understood [19, 43].
One of the major limitations is the absence of in vivo
models [43]. TB is defined as a cell cluster consisting of less
than five cells, and PDC as having five or more cells lacking
evidence of glandular differentiation. Both kinds are mainly
located in the invasive front on single sectioned slides
[14—17]. Tt is thought that TB and PDC are sequential steps
[44], but the distinction is arbitrarily defined [45]. In addi-
tion, when histopathologically evaluating TB in detail, it is
necessary to confirm the 3D structure [22, 23], because the
structure could be mischaracterized in 2D due to its small
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size. In this study, we defined the sCLs as a small aggre-
gation of round or oval cells with or without a lumen, the
diameter of which is less than ~100um in 3D. With a
lumen, the structure is already beginning to differentiate, so
it may be beyond the definition as a TB/PDC. However, we
included sCLs with lumens in the same population those
without, because they can both be recognized as sequential
structures and because those with lumens still have a lot of
LGRS5-positive cells according to the histopathological
evaluation. Thus, sCLs resemble TB/PDC morphologically,
with its small size and lack of differentiation, even though it
may not completely fit the definition of a TB\PDC.

Moreover, it is known that Ki67'Y, E-cadherin'¥, and f-
catenin™“"®' are characteristic of TB [46], and this molecular
similarity was also confirmed by IF. In addition, the similar
biological characteristics of TB, such as its relationship to
CSC [47] and partial EMT [16, 41], were revealed by the
histopathological and gene analysis. Based on these results,
the xenograft model inoculated tumor cells with CSC
properties can recapitulate the formation of sCLs resem-
bling TB/PDC. We believe that the xenograft model uti-
lizing antibodies that detect CSCs can be an effective
research tool for understanding TB/PDC.

Taken together, the process of tumor growth includes a
CSC expansion cycle orchestrated by the continuous for-
mation of sCLs, according to a xenograft model of moderate
differentiated CRC. To obtain a deeper understanding of
CSC function, we need to focus more on the process of
tumor growth, including the behavior of CSCs. Under-
standing this process can lead to the discovery of new
therapeutic targets against CSC.
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