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Linker Threonine-phosphorylated Smad2/3 Is
a Biomarker of Colorectal Neoplastic Stem-like
Cells that Correlates With Carcinogenesis
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Abstract. Background/Aim: This study analysed threonine-
phosphorylated Smad2/3 (pSmad2/3L-Thr) expression and
investigated whether pSmad2/3L-Thr is related to the transition
Jfrom human colorectal adenoma (CRA) to carcinoma (CRC).
Materials and Methods: Immunofluorescent staining was
performed for-catenin, p53, CDK4, Ki67, Sox9, aldehyde
dehydrogenase (ALDH) 1, and pSmad2/3L-Thr. Results: We
analysed specimens of diffuse p53-positive CRCs arising from
p53-negative CRAs. Percentage of p53, nuclear f-catenin,
Ki67, CDK4, and pSmad2/3L-Thr-positive cells at the site of
CRCs was significantly higher than that at the site of CRAs. At
the site of normal colorectal mucosae, few epithelial cells were
stained positively for pSmad2/3L-Thr. At the site of CRCs,
pSmad2/3L-Thr-positive cells showed co-localization with p53,
nuclear [3-catenin, and ALDHI. At any site, pSmad2/3L-Thr-
positive cells showed co-localization with CDK4. Conclusion:
pSmad2/3L-Thr correlates with human CRC carcinogenesis,
and pSmad2/3L-Thr-positive cells show human colorectal stem
cell-like and cancer stem cell characteristics.

Colorectal adenoma (CRA) is composed of highly proliferating
dysplastic cells with molecular and genetic alterations and has
a specific tendency to progress to colorectal carcinoma (CRC)
(1). The colorectal adenoma-carcinoma sequence embodies the
well-known facts about the continuous development of cancer
resulting from the accumulation of genomic mutations.
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Decades ago, Vogelstein et al. proposed a multistep molecular
mechanism for colorectal tumorigenesis. This led to low grade
dysplastic adenomas progressing to high grade dysplastic
adenomas, following adenomatous polyposis coli (APC) (5q21)
inactivation, nuclear -catenin accumulation, hypomethylation,
and v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (K-
ras) mutations (2). Allelic loss in the 17p region of the
chromosome, which contains the T7P53 gene associated with a
mutation in the second allele, could cause inactivation of the
two alleles. This loss of p53 function has been shown to be
caused by a mutation that occurs later in the transition from
CRA to CRC (3).

The p53 transcriptional factor is an important tumor
suppressor that controls several signaling pathways
associated with carcinogenesis (4). The wild-type TP53 gene
co-ordinates the anti-proliferative function essential for cell
cycle arrest during G1 phase of the cell cycle. It aims to
repair the DNA of highly damaged cells and prevent the
growth of potential cancer clones. When cells fail to repair
damaged DNA, they undergo apoptosis. However, this
function is disrupted when wild-type p53 is inactivated by
mutant p53 (5).

Recently, the cancer stem cell (CSC) hypothesis has been
accepted as a leading concept in the development and
progression of cancer. This hypothesis suggests that
malignant tumors are composed of several cell populations
and that one small cell population retains the characteristics
of stem cells. CSCs have both the ability to self-renew and
differentiate into a variety of cancer cells and play an
important role in maintaining the ability of cancer to grow,
invade, metastasize, and recur (6). Given that CSCs are
comparatively resistant to therapies developed to eradicate
populations of non-CSCs, the CSC hypothesis provides a
theoretical basis for developing new therapies targeting a
small population of CSCs and presents a new perspective of
cancer treatment (7).
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Smads, central mediators that signal the nucleus from
receptors for the transforming growth factor-f (TGF-f3)
superfamily proteins, are regulatory proteins with well-
conserved Mad-homology 1, intermediate linker, and Mad-
homology 2 domains (8). A catalytically active TGF-f type I
receptor phosphorylates the C-terminal serine (Ser) residues of
receptor-activated Smads. These Smads contain very similar
proteins, Smad2 and Smad3 (9). The particular Ser or threonine
(Thr) residues in the linker domain are phosphorylated by
proline-directed kinases such as extracellular signal-regulated
kinase (ERK), c-Jun NH2-terminal kinase (JNK), and cyclin-
dependent kinase (CDK) (10-12). TGF-f type I receptors and
proline-directed kinases specifically phosphorylate Smad2 and
Smad3 to produce several phosphoisoforms: C-terminally
phosphorylated Smad2/3 (pSmad2/3C), linker phosphorylated
Smad2/3 (pSmad2/3L), and both linker and C-terminally
phosphorylated Smad2/3 (pSmad2/3L/C) (13). Phosphorylated
Smad2 and Smad3 promptly oligomerize with Smad4,
translocate to the nucleus, and regulate the transcription of
target genes.

Our previous study confirmed significant expression of
Smad2/3 phosphorylated at the specific linker Thr residues
(pSmad2/3L-Thr) in mouse colon epithelial cells. This
suggests that these cells are colon epithelial stem-like cells
(14). In the subsequent study, our observations have been
extended to a mouse model of colitis-associated CRC (15).
The study has revealed that pSmad2/3L-Thr works as a
biomarker for CSCs in the model of colitis-associated CRC.
The anti-pSmad2/3L-Thr sera utilized in these two studies,
recognized the same Smad3 linker phosphorylation as the
specific phosphorylation of the Thr residue by CDK4 shown
by Matsuura et al. (11, 13). On the other hand, during the
development of sporadic CRC in humans, epithelial cells
affected by somatic mutations, such as K-ras gene mutations,
change from the tumor-suppressing pSmad3C-Ser pathway
to the carcinogenic pSmad2/3L-Ser pathway (16).

In this study, we observed the expression profile of
pSmad2/3L-Thr in human sporadic colorectal neoplasms and
investigated whether pSmad2/3L-Thr is related to the
transition from CRA to CRC and can be a potential
biomarker for CSCs.

Materials and Methods

Specimens. Pathologists with interest in gastrointestinal neoplasia
evaluated the histological characteristics according to the Japanese
classification criteria of CRC (17). The principal histological distinction
was between benign neoplasm including adenoma (low grade dysplasia
in the West) and malignant neoplasm including adenocarcinoma (high
grade dysplasia or carcinoma in the West) (18, 19).

Colorectal tissue specimens of CRCs arising from CRAs (CRAs
containing CRCs, adenocarcinomas arising from adenomas of the
colon or rectum) were obtained from the Department of Pathology,
Kansai Medical University Medical Center. All specimens were
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from patients undergoing endoscopic polypectomy or mucosal
resection from January 2012 to January 2018 at Kansai Medical
University Medical Center. The patients’ age ranged from 52 to 78
years (68.0x1.89 years, n=15). All CRAs included tubular adenomas
(n=15). CRCs included tubular adenocarcinomas classified
histologically as well differentiated (n=12) and moderately
differentiated (n=3). CRCs were confined to the mucosa (Tis, n=8)
or submucosa (T1, n=7). Distal normal tissues paired with the above
lesions were also obtained. Subject to the document uploaded to the
Kansai Medical University web page declaring an opt-out policy
that any possible patient and/or relatives could refuse to participate
in this study, it was approved by the Ethics Committee of Kansai
Medical University (approval number: 2012101). Therefore,
informed consent was obtained in the form of an opt-out policy
undertaken by the participants.

Domain-specific antibody against Smad2 and Smad3 phosphorylated
at the specific linker Thr residues. Polyclonal rabbit anti-pSmad2/3L-
Thr (Smad2: Thr 220, Smad3: Thr 179) sera was produced against
the phosphorylated linker Thr regions of Smad2 and Smad3 by
immunizing rabbits with synthetic peptides (13-15). These antisera
were affinity-purified using phosphorylated peptides as previously
reported (20).

Immunostaining. Immunofluorescent staining was performed on
formalin-fixed paraffin-embedded sections (14, 15, 21).
Nonenzymatic antigen retrieval was conducted by heating sections
to 121°C for 10 min in 0.01 M sodium citrate buffer (pH 6.0). After
cooling, sections were blocked with 3% bovine serum albumin in
tris-buffered saline (TBS) for 5 min.

Primary antibodies (Abs) were diluted with TBS containing 0.1%
Tween 20 and incubated in a humidified chamber at 4°C. The
primary Abs used in this study included monoclonal mouse anti-[3-
catenin (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
monoclonal mouse anti-p53 (Dako, Glostrup, Denmark),
monoclonal mouse anti-CDK4 (Santa Cruz Biotechnology),
monoclonal mouse anti-Ki67 (Dako), monoclonal rabbit anti-Sox9
(Abcam, Cambridge, UK), monoclonal mouse anti-aldehyde
dehydrogenase (ALDH) 1 (BD Biosciences, San Jose, CA, USA),
and polyclonal rabbit anti-pSmad2/3L-Thr. Suitable species-specific
AlexaFluor (488 or 568)-conjugated Abs (Invitrogen, Carlsbad, CA,
USA) were used as secondary Abs. Slides were mounted with
VECTASHIELD mounting medium containing 4’,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA)
to stain the nuclei and maintain fluorescence. Images were captured
with a fluorescent microscope (Olympus, Tokyo, Japan).

After immunofluorescent staining, the same sections were stained
with hematoxylin and eosin (H&E) and observed under a light
microscope.

Evaluation of immunofluorescent staining in CRC arising from CRA.
To confirm the accuracy of the differential diagnosis between CRAs
and CRCs, which is sometimes difficult depending only on the
histological examination by H&E staining, all the specimens were
screened for p53 expression using the fluorescent immunostaining
methodology described above. We chose and subsequently analysed
the specimens that had diffuse p53-positive CRCs arising from p53-
negative CRAs.

After fluorescent immunostaining, three representative sites were
captured at a magnification of x200 using a fluorescence



Miyamoto ef al: Linker Threonine-phosphorylated Smad2/3 in Colon Cancer

H&E

H&E

Figure 1. Immunofluorescent staining for p53 in colorectal carcinoma (CRC) arising from colorectal adenoma (CRA). (A) A representative image
of hematoxylin and eosin (H&E)-stained CRC arising from CRA specimen is shown. Carcinoma, adenoma, and normal mucosa can be seen from
the left side of the image. (B-D) Immunofluorescent staining for p53 (green) in (B) normal mucosa, (C) CRA, and (D) CRC in CRC arising from
CRA is shown. DAPI (blue) is used for nuclear staining. (E-G) H&E-stained images of (E) normal mucosa, (F) CRA, and (G) CRC using the
specimens after immunofluorescent staining are shown. Original magnification: x40 (A) and x200 (B-G).
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Figure 2. Immunofluorescent staining for p53, Sox9, B-catenin, Ki67, CDK4, and pSmad2/3L-Thr in colorectal carcinoma (CRC) arising from
colorectal adenoma (CRA). (A-F) Immunofluorescent staining for (A) p53, (B) Sox9, (C) -catenin, (D) Ki67, (E) CDK4, and (F) pSmad2/3L-Thr
(green: p53, B-catenin, Ki67, CDK4; red: Sox9, pSmad2/3L-Thr) of CRAs (left panels) and CRCs (right panels) in CRCs arising in CRAs are shown

using DAPI (blue) nuclear staining. Original magnification: x200.

microscope and analysed using inForm Image Analysis software
(PerkinElmer, Waltham, MA, USA), and then the results were
averaged. This software analysis allows us to objectively count the
percentage of immunostaining-positive cell populations for each
biomarker, improving accuracy of the statistical analysis.

Statistical analysis. Values were expressed as the meantstandard
error of the mean (SEM). We analysed data using paired z-test. A p-
value less than 0.05 was considered statistically significant. Data
were collected and statistically evaluated with the StatView software
(version 5.0).

Results

Immunofluorescent staining for p53 in CRC arising from
CRA. CRCs arising from CRAs were diagnosed by the
pathologists following examination of H&E-stained sections
(Figure 1A). CRC was defined based on a combination of
severe cytologic dysplasia, structural atypia, and nuclei
atypia, regardless of the invasion status. After confirming the
pathological diagnosis, immunofluorescent staining for p53
(green) was performed on continuous sections using DAPI
(blue) nuclear staining.

No p53-positive cells were found at the site of both
normal colorectal mucosae (Figure 1B) and CRAs (Figure
1C). At the site of CRCs, most neoplastic cells were p53-
positive in the nuclei (Figure 1D). The differences in the
results of immunofluorescent staining for p53 between CRAs
and CRCs were obvious. After immunofluorescent staining,
sections were stained with H&E, and normal colorectal
mucosae (Figure 1E), CRAs (Figure 1F), and CRCs (Figure
1G) were re-confirmed using a light microscope.

Immunofluorescent staining for p53, Sox9, 5-catenin, Ki67,
CDK4, and pSmad2/3L-Thr in CRC arising from CRA.
Immunofluorescent staining for p53 (green; Figure 2A),

Sox9 (red; Figure 2B), f-catenin (green; Figure 2C), Ki67
(green; Figure 2D), CDK4 (green; Figure 2E), and
pSmad2/3L-Thr (red; Figure 2F) was performed in CRCs
(right panels of each figure) arising from CRAs (left panels
of each figure) using DAPI (blue) nuclear staining.

Most neoplastic cells were positively stained in the nuclei
by immunofluorescent staining for p53 at the site of CRCs,
but no neoplastic cells were positively stained at the site of
CRAs (Figure 2A). Almost all of the neoplastic cells were
stained positively in the nuclei by immunofluorescent
staining for Sox9, but there was no difference in the
frequency of Sox9-positive cells at the site of CRAs and
CRCs (Figure 2B). All of the neoplastic cells were positively
stained in the cytoplasm by immunofluorescent staining for
(-catenin at the site of CRAs and CRCs, but also
occasionally positive in the nuclei at the site of CRCs
(Figure 2C). Some of the neoplastic cells were stained
positively in the nuclei by immunofluorescent staining for
Ki67 at the site of CRCs, but the neoplastic cells were
occasionally stained positively at the site of CRAs (Figure
2D). Several neoplastic cells were stained positively in the
nuclei by immunofluorescent staining for CDK4 at the site
of CRCs, while a few of the neoplastic cells were stained
positively at the site of CRAs (Figure 2E). Several neoplastic
cells were stained positively in the nuclei and cytoplasm by
immunofluorescent staining for pSmad2/3L-Thr at the site of
CRCs, while a few of the neoplastic cells were stained
positively at the site of CRAs (Figure 2F).

Percentage of the cells with positive immunofluorescent
staining for p53, Sox9, nuclear f3-catenin, Ki67, CDK4, and
pSmad2/3L-Thr in the neoplastic cells of CRC arising from
CRA. Percentage of p53 (Figure 3A), Sox9 (Figure 3B),
nuclear B-catenin (Figure 3C), Ki67 (Figure 3D), CDK4
(Figure 3E), and pSmad2/3L-Thr-positive cells (Figure 3F)
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in the neoplastic cells of CRCs arising from CRAs was
analysed (n=15). The software was used to separately
calculate immunostaining-positive neoplastic cell count/total
neoplastic cell count for CRA and CRC.

Percentage of p53-positive cells at the site of CRCs
(71.753+3.432%) was significantly higher than that at the site
of CRAs (0.000+0.000%) (Figure 3A; p<0.0001). Percentage
of Sox9-positive cells at the site of CRCs (97.000+0.331%)
was somewhat higher than that at the site of CRAs
(91.047+3.028%), but no significant difference was observed
between the two (Figure 3B; p=0.0769). Although there was
some dispersion in the values between the samples, percentage
of nuclear (-catenin-positive cells at the site of CRCs
(16.157+4.635%) was significantly higher than that at the site
of CRAs (0.000+0.000%) (Figure 3C; p=0.0040). Percentage
of Ki67-positive cells at the site of CRCs (36.047+3.202%)
was significantly higher than that at the site of CRAs
(19.100+2.478%) (Figure 3D; p<0.0001). Although each value
was small, the percentage of CDK4-positive cells at the site
of CRCs (11.733+1.354%o0) was significantly higher than that
at the site of CRAs (4.133+0.661%o) (Figure 3E; p<0.0001).
Although each value was small, the percentage of pSmad2/3L-
Thr-positive cells at the site of CRCs (11.400+1.253%0) was
significantly higher than that at the site of CRAs
(4.067+0.665%0) (Figure 3F; p<0.0001).

Immunofluorescent staining for pSmad2/3L-Thr with p53, -
catenin, Ki67, CDK4, or ALDHI in the normal colon
epithelial and neoplastic cells of the specimen of CRC
arising from CRA. Double immunofluorescent staining for
pSmad2/3L-Thr (red; white arrowheads in Figure 4) with
p53 (green; Figure 4A), B-catenin (green; Figure 4B), Ki67
(green; Figure 4C), CDK4 (green; Figure 4D), or ALDH1
(green; Figure 4E) was performed in the normal colon
epithelial and neoplastic cells of the specimens of CRCs
arising from CRAs using DAPI nuclear staining (blue).

At the site of normal colorectal mucosae, a very small
number of epithelial cells near the crypt bases were stained
positively in the nuclei and cytoplasm by immunofluorescent
staining for pSmad2/3L-Thr (upper left panels of each figure).

As no epithelial cells were positively stained by
immunofluorescent staining for p53 at the site of normal
colorectal mucosae (middle left panel of Figure 4A) and CRAs
(middle panel of Figure 4A), pSmad2/3L-Thr-positive cells did
not show immunohistochemical co-localization with p53.
pSmad2/3L-Thr-positive cells were sparsely distributed and
showed immunohistochemical co-localization with p53 at the
site of CRCs (right panels of Figure 4A). Cells were positively
stained for -catenin only in the cell membranes at the site of
normal colorectal mucosae (middle left panel of Figure 4B),
but also in the cytoplasm at the site of CRAs and CRCs
(middle and middle right panels of Figure 4B), and also in the
nuclei at the site of CRCs (middle right panel of Figure 4B);
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pSmad2/3L-Thr-positive cells showed immunohistochemical
co-localization with [3-catenin, respectively (Figure 4B). At the
site of normal colorectal mucosae, a few epithelial cells in the
proliferating zones just above the crypt bases were positively
stained for Ki67 (middle left panel of Figure 4C), while several
and some of the neoplastic cells were stained positively at the
site of CRAs and CRCs, respectively (middle and middle right
panels of Figure 4C). At any site, most of the pSmad2/3L-Thr-
positive cells demonstrated immunohistochemical co-
localization with Ki67 (filled arrowheads; Figure 4C), but
several pSmad2/3L-Thr-positive cells did not co-localize with
Ki67 (open arrowheads; Figure 4C). At any site, pSmad2/3L-
Thr-positive cells demonstrated immunohistochemical co-
localization with CDK4 (Figure 4D). Fluorescence expression
of CDK4 in pSmad2/3L-Thr-positive cells was easily
detectable, and a few other CDK4-positive cells were also
detected in the cells other than pSmad2/3L-Thr-positive cells.
Because no epithelial cells were positively stained for ALDH1
at the site of normal colorectal mucosae (middle left panel of
Figure 4E) and CRAs (middle panel of Figure 4E), pSmad2/3L-
Thr-positive cells did not show immunohisto-chemical co-
localization with ALDHI1. pSmad2/3L-Thr-positive cells were
sparsely distributed and demonstrated immunohistochemical co-
localization with ALDHI at the site of CRCs (right panels of
Figure 4E).

Discussion

There are some differences in the diagnostic criteria for
gastrointestinal epithelial tumors between Western and
Japanese pathologists (18, 19). In the West, CRC is defined
by the invasion of atypical epithelial cells from the muscularis
mucosa into the submucosa, especially with the desmoplastic
reaction. In Japan, CRC is defined based on the combination
of cellular and structural atypia of neoplastic tissue, regardless
of the status of cell invasion. Consequently, intramucosal
carcinoma in Japan is often diagnosed as high grade dysplasia
in the West. The present study did not aim to distinguish
between the two, but to analyse the expression of biomarkers
including pSmad2/3L-Thr in the development of CRC based
on the adenoma-carcinoma sequence. Therefore, in order to
not get confused by the differential diagnosis between CRA
and CRC, we screened all the sections for the expression of
p53, whose functional loss is a late event in the CRA to CRC
transition (3). We subsequently analysed various biomarkers
that may be involved in the development and progression of
cancer in the specimens that had diffuse p53-positive CRCs
arising from p53-negative CRAs.

Sox9 is a transcriptional factor expressed in the progenitor
and stem cell zone of normal colon epithelial cells (22). In
the present study, most of the neoplastic cells were diffusely
positive for Sox9; there was no difference in the frequency
of Sox9-positive cells at the site of CRAs and CRCs. Sox9
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Figure 3. Percentage of the cells with positive immunofluorescent staining for p53, Sox9, nuclear (3-catenin, Ki67, CDK4, and pSmad2/3L-Thr in
the neoplastic cells of colorectal carcinoma (CRC) arising from colorectal adenoma (CRA). (A-F) Percentage of (A) p53, (B) Sox9, (C) nuclear 3-
catenin, (D) Ki67, (E) CDK4, and (F) pSmad2/3L-Thr-positive cells at the site of CRAs and CRCs were compared in CRCs arising from CRAs.
Immunostaining-positive neoplastic cell count/total neoplastic cell count was calculated separately for CRA and CRC using the software. Data are
expressed as the meanz=standard error of the mean and were analysed using a paired t-test (**p<0.01; ****p<0.0001; N.S.: not significant).

plays important roles in tumorigenesis and is over-expressed [-catenin regulates the transcription of genes involved in cell
in many types of human cancers, including CRC, whose  growth, development, and differentiation. Although expressed
expression correlates with malignant features and on the cell membrane of normal colon epithelial cells,
progression (23). accumulations of cytoplasmic and nuclear B-catenin correlate
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Figure 4. Immunofluorescent staining for pSmad2/3L-Thr with p53, (-catenin, Ki67, CDK4, or aldehyde dehydrogenase (ALDH) 1 in the normal
colon epithelial and neoplastic cells of the specimen of colorectal carcinoma (CRC) arising from colorectal adenoma (CRA). (A-E) Double
immunofluorescent staining for pSmad2/3L-Thr (red; white arrowheads) with (A) p53, (B) [f-catenin, (C) Ki67, (D) CDK4, or (E) ALDHI (green)
of normal mucosae (left panels), CRAs (middle panels), and CRCs (right panels) in CRCs arising from CRAs are shown using DAPI nuclear staining
(blue). Lower panels are merged images. (C) Open arrowheads indicate Ki67-negative pSmad2/3L-Thr-positive cells. Original magnification: x200.
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with the sequential stages in colorectal carcinogenesis (24).
Similar to previous studies, we observed [-catenin
accumulation only in the cell membranes at the site of normal
colorectal mucosae, in the cytoplasm at the site of CRAs and
CRCs, and also in the nuclei at the site of CRCs. The
infrequent expression of (3-catenin in the nuclei of CRCs in the
present study might have been due to the peculiar states of
CRC:s arising from CRAs in their early carcinogenesis (24).

Expression of D-type cyclins is increased by stimulation
with growth factors. D-type cyclins form a complex with
CDK4 or CDK6 and phosphorylate and inactivate Rb family
proteins. This is essential for the progression of the cell cycle
from GO/G1 to S phase (25). Matsuura et al. reported that the
active complex of CDK4 and D-type cyclin also
phosphorylates particular sites in Smad3 (and, almost certainly,
homologous Smad?2), promoting cell cycle progression from
G1 (or GO) to S phase (11, 25). It is very interesting that anti-
pSmad2/3L-Thr Ab used in the present study recognized the
same linker-phosphorylated Smad3 as the specifically
phosphorylated Thr residue reported by Matsuura et al. (11,
13). Additionally, CD34-positive hemopoietic stem cells
present in GO phase suppress the expression of most CDKs and
cyclins except CDK4 (26). The findings in this study re-
confirmed that pSmad2/3L-Thr co-localizes with CDK4 at the
site of normal colorectal mucosae, CRAs, and CRCs, as
demonstrated in earlier studies in mice (14, 15, 21, 27).

Ki67 is expressed in proliferating cells, excluding
quiescent GO cells, throughout the cell cycle (28). In mice,
pSmad2/3L-Thr-positive normal intestinal cells have been
shown to be Ki67-negative and slow-cycling 5-bromo-2-
deoxyuridine label-retaining cells (14). In the present study,
pSmad?2/3L-Thr-positive cells were both Ki67-positive and -
negative, but they were consistently located around the crypt
base of the normal human colorectal epithelium and were
positive for CDK4 and cell membrane f3-catenin, similar to
the findings of previous research (15). Based on these
findings, we regarded them as normal intestinal stem-like
cells with properties similar to those of pSmad2/3L-Thr-
positive cells previously observed in mice (14, 15, 21, 27).
We inferred that pSmad2/3L-Thr might be observed in
human specimens for a longer period of time, which could
attribute to the double positive population of pSmad2/3L-Thr
and Ki67 and account for the differences between human and
mouse samples. Presumably, this expression of pSmad2/3L-
Thr is preserved during the quiescent and early proliferative
phases of the cell cycle. Wrighton et al. reported that the on-
off response of pSmad2/3L-Thr as a transcriptional factor is
controlled by a variety of mechanisms that use
dephosphorylation of the linker domains by some specific
phosphatases and degradation by ubiquitination (29). It is
suggested that the expression of pSmad2/3L-Thr changes
depending on the animal species and the situations and
circumstances in which the cells are placed.

pSmad2/3L-Thr-positive neoplastic cells were always
Ki67-negative in the mouse CRC model (15). However, in
this study, Ki67-positive and -negative cells were detected in
human CRA and CRC samples. They were always CDK4-
positive, as was the case with pSmad2/3L-Thr-positive
neoplastic cells detected in the mouse CRC model. As shown
in the present study, pSmad2/3L-Thr-positive neoplastic cells
were positive for p53 in human CRC samples and positive
for cytoplasmic (or nuclear) 3-catenin in human CRA and
CRC samples. Moreover, a small population of Ki67-
negative pSmad2/3L-Thr-positive neoplastic cells was
identified, thus they were considered slow-cycling CSCs
with similar properties to pSmad2/3L-Thr-positive cells
observed in the mouse CRC model. Expression of
pSmad2/3L-Thr is thought to be observed in quiescent and
early proliferative cells of human specimens, similar to the
normal colorectal epithelium.

Numerous studies have shown that the expression of several
biomarkers increases during the progression of CRA to CRC
(30). We examined the alterations in the expression of p53,
Sox9, nuclear (3-catenin, Ki67, CDK4, and pSmad2/3L-Thr in
the human colorectal adenoma-carcinoma sequence by
fluorescent immunostaining using specimens of CRC arising
from CRA. The examination of expression within the same
specimen reflects more important events in the early stages of
carcinogenesis when compared to that within separate CRA
and CRC specimens. It is probably because of this early state
in the carcinogenesis process of CRC that the frequency of
nuclear -catenin expression in CRCs was low, while the
expression of p53 and Ki67 was relatively high (24). On the
other hand, Sox9 showed no significant difference in
expression between CRA and CRC samples; its expression
was already high in CRA, which is considered to be an early
driver in the tumorigenesis process of CRC (31). Expression
of pSmad2/3L-Thr was also significantly different between
CRA and CRC, which increased with malignant
transformation. This corresponded to the findings of previous
reports indicating that pSmad2/3L-Thr-positive cells in
neoplasms are CSCs capable of neoplastic formation and
progression and that neoplasms that express more CSC
biomarkers suggest more progressed stages of the human
colorectal adenoma-carcinoma sequence (15, 32). When
colorectal mucosa becomes tumorigenic, CSCs are activated
and the number of CSC biomarker-positive cells increases.
Such dynamic change of biomarkers for CSCs reflects
ongoing colorectal carcinogenesis and could be a hallmark of
the adenoma-carcinoma transition.

ALDHI1 activity has been reported to be able to identify
stem-like subsets of human hemopoietic and solid
malignancies, including CRC. Increased expression of
ALDHI1 correlates with rapid tumor progression and bad
prognosis (32). pSmad2/3L-Thr-positive cells were mainly
observed in the ALDHI-positive regions of CRCs.
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Therefore, we verified that pSmad2/3L-Thr-positive cells
function as CSCs for human CRCs, which is consistent with
the in vivo findings using the mouse CRC model.

In conclusion, pSmad2/3L-Thr correlates with the
carcinogenesis of human CRC. This study supports the
following hypothesis: pSmad2/3L-Thr-positive cells indicate
human colorectal stem-like cells and CSCs in normal
mucosae and neoplasms, respectively.
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