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Abstract: p53 immunohistochemistry is considered an accurate surrogate marker reflecting the under-
lying TP53 mutation status and has utility in tumor diagnostics. In the present study, 269 primary CRCs
were immunohistochemically evaluated for p53 expression to assess its utility in diagnostic pathology
and prognostication. p53 expression was wild-type in 59 cases (23%), overexpressed in 143 cases
(55%), completely lost in 50 cases (19%), and cytoplasmic in 10 cases (4%). p53 immunoreactiv-
ity was associated with tumor size (p = 0.0056), mucus production (p = 0.0015), and mismatch
repair (MMR) system status (p < 0.0001). Furthermore, among CRCs with wild-type p53 expression,
a significantly higher number of cases had decreased CDX2 than those with p53 overexpression
(p = 0.012) or complete p53 loss (p = 0.043). In contrast, among CRCs with p53 overexpression,
there were significantly fewer ALCAM-positive cases than p53 wild-type cases (p = 0.0045). How-
ever, no significant association was detected between p53 immunoreactivity and the “stem-like”
immunophenotype defined by CDX2 downregulation and ALCAM-positivity. Multivariate Cox
hazards regression analysis identified tubular-forming histology (hazard ratio [HR] = 0.17, p < 0.0001),
younger age (HR = 0.52, p = 0.021), and female sex (HR = 0.55, p = 0.046) as potential favorable factors.
The analysis also revealed complete p53 loss (HR = 2.16, p = 0.0087), incomplete resection (HR = 2.65,
p = 0.0068), and peritoneal metastasis (HR = 5.32, p < 0.0001) as potential independent risk factors
for patients with CRC. The sub-cohort survival analyses classified according to chemotherapy after
surgery revealed that CRC patients with wild-type p53 expression tended to have better survival
than those with overexpression or complete loss after chemotherapy. Thus, immunohistochem-
istry for p53 could be used for the prognostication and chemotherapy target selection of patients
with CRC.

Keywords: colorectal cancer (CRC); immunohistochemistry; p53; CDX2; ALCAM; stem-like
immunophenotype

1. Introduction

Multiple biomarkers have been identified to assist in disease diagnosis and predict
treatment efficacy and patient outcomes for cancers such as colorectal cancer (CRC) [1].
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Recently, our group established a tissue-microarray-based cohort to explore prognostic
markers, and successfully identified several prognostic markers predicting both favorable
and unfavorable clinical outcomes in CRC patients [2–6].

The tumor suppressor p53 was first identified in 1979 as an oncoprotein [7–9]. Nu-
merous studies have since been performed to clarify the function of p53. The essential
functions and characteristics of p53 are considered to be as follows: (1) p53 is a transcription
factor that activates its specific target genes [10]; (2) p53 exerts tumor-suppressive effects
through cell cycle arrest, apoptosis, DNA repair, and anti-angiogenesis [11]; (3) suppressed
p53 levels have an important role in the maintenance of stem cell and cancer stem cell
phenotypes [12,13]; and (4) p53 is one of the most mutated genes in a broad range of human
cancers [14]. Most TP53 mutations are single missense mutations within its DNA-binding
domain which lead to a large spectrum of functional effects. Mutations in TP53 result
in different isoforms with variable transcriptional activity that result in different cancer
phenotypes [15].

p53 immunohistochemistry is considered to be an accurate surrogate marker that
reflects the underlying mutational status of TP53 and has utility in the diagnostics of
tumors [16]. It has long been recognized that nonsynonymous TP53 missense mutations
result in the nuclear accumulation of p53 protein that can be detected as overexpression
in the form of diffuse strong nuclear positivity involving at least 80% of the tumor cells,
but usually almost 100% [16]. Furthermore, other abnormal p53 expression patterns,
cytoplasmic expression [17] and complete loss [18], have been recognized to correlate with
the presence of a TP53 mutation.

Stem cell markers such as ALCAM (activated leukocyte cell adhesion molecule,
CD166), ALDH1A1 (aldehyde dehydrogenase 1 family member A1, ALDH1), and SALL4
(spalt-like transcription factor 4) have been reported to be variably expressed in CRCs
and linked to unfavorable clinical outcomes [19–22]. More recently, expression of CDX2
was found to be inversely correlated with ALCAM expression. Furthermore, the loss of
CDX2 expression has been shown to be a poor prognostic indicator in stage II and stage
III colon carcinoma [23]. Through immunohistochemical analyses, our group identified a
significant association between CD274 (PD-L1) expression and a “stem-like” immunophe-
notype defined by the loss or weak expression of CDX2 and ALCAM positivity in American
and European populations. However, the prognostic significance of this “stem-like” im-
munophenotype was not evaluated because of the lack of the survival information in that
cohort [24].

The present study immunohistochemically examined the expression status of p53 in
CRCs. The associations of p53 immunoreactivity with clinicopathological features and
clinical outcomes were analyzed to assess their potential for clinical use. In addition, the
associations between p53 and cellular proliferation markers or the “stem-like” immunophe-
notype were analyzed to characterize CRCs with different p53 immunoreactivity patterns.

2. Results
2.1. Expression Status of p53 in CRCs

Representative images for CRC cases with immunoreactivity for p53, lost CDX2, and
ALCAM are presented in Figure 1. p53 immunoreactivity was observed as follows: wild-
type pattern (59 cases, 23%), overexpression (143 cases, 55%), complete loss (50 cases, 19%),
and cytoplasmic expression (10 cases, 4%). The clinical, pathological, and immunohis-
tochemical features of the analyzed tumors are summarized in Table 1 according to p53
immunoreactivity. p53 immunoreactivity was associated with tumor size.

CRCs with wild-type pattern p53 expression showed significantly larger size than
overexpression (p = 0.030) or completely lost type (p = 0.0037) of CRCs (Table 1 and Figure 2).

Cases with wild-type p53 immunoreactivity contained a significantly higher number
of mucus-producing (p = 0.0015) and mismatch repair (MMR) system-deficient CRCs
(p < 0.0001).
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Figure 1. Representative images of p53 immunoreactivity. (a–d), Representative images of p53
immunoreactivity. (a) Wild-type pattern, (b) overexpression, (c) cytoplasmic expression, and
(d) complete loss. Arrow heads indicate internal control cells with weak p53 nuclear expression.
(e,f), CRC cases with the “stem-like” immunophenotype showing CDX2-negative (e) and ALCAM-
positive expression (f). Bar, 50 µm.

Table 2 presents the results of CDX2 and ALCAM expressions and “Stem-like” im-
munophenotype according to p53 immunoreactivity. Weak or negative expression of CDX2
was seen in 11% (29/233 cases) of CRCs. CRCs with p53 wild-type expression contained
significantly higher numbers of CDX2 decreased cases than p53 overexpression (p = 0.012)
or complete loss cases (p = 0.043). In contrast, ALCAM was expressed in 29% (76/262 cases).
CRCs with p53 overexpression contained significantly lower numbers of ALCAM-positive
cases than p53 wild-type (p = 0.0045). No significant association was detected between
“stem-like” immunophenotype and p53 immunoreactivity.

2.2. p53 Immunoreactivity Correlated with PHH3 Expression

Table 3 and Figure 3e–h to h show the associations between p53 immunoreactivity
and cellular proliferation marker expression. Immunohistochemical staining analyses
revealed a unique association between p53 immunoreactivity and phospho-histone H3
(PHH3)-positive cell counts (p = 0.046; Table 3 and Figure 3e). In contrast, no significant
difference was detected between p53 expression and cyclin A (CCNA), geminin (GMNN),
or Ki-67 labeling indices.
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Table 1. Association between p53 immunoreactivity and clinicopathological features.

Total No. p53 Immunoreactivity

262 (100%) Wild-Type
59 (23%)

Overexpression
143 (55%)

Cytoplasmic Expression
10 (4%)

Complete Loss
50 (19%) p-Value

Sex 0.49 a
Male 139 [53%] 36 [61%] 73 [51%] 4 [40%] 26 [52%]

Female 123 [47%] 23 [39%] 70 [49%] 6 [60%] 24 [48%]
Age, years (Mean ± S.D.) 68.6 ± 12.6 68.5 ± 14.1 68.5 ± 12.0 70.8 ± 7.7 69.0 ± 12.9 0.79 b

Size, cm (Mean ± S.D.) 5.0 ± 2.6 5.9 ± 2.6 † 4.9 ± 2.7 4.5 ± 1.9 4.3 ± 1.8 0.0056 b
Tumor location 0.10 c

Right-sided colon 120 [46%] 35 [59%] 58 [40%] 2 [20%] 25 [50%]
Left-sided colon 84 [32%] 16 [27%] 51 [36%] 5 [50%] 12 [24%]

Rectum 58 [22%] 8 [14%] 34 [24%] 3 [30%] 13 [26%]
pT stage 0.31 a

pT2 36 [13%] 8 [14%] 18 [13%] 1 [10%] 9 [18%]
pT3 182 [70%] 42 [71%] 103 [72%] 9 [90%] 28 [56%]
pT4 44 [16%] 9 [15%] 22 [15%] 0 [0%] 13 [26%]

Histological differentiation 0.73 a
Well to moderately 235 [90%] 51 [86%] 129 [90%] 10 [100%] 45 [90%]

Poorly 27 [10%] 8 [14%] 14 [10%] 0 [0%] 5 [10%]
Mucus production 0.0015 a

Positive 14 [5%] 9 [15%] †† 2 [1%] 0 [0%] 3 [6%]
Negative 248 [95%] 50 [85%] 141 [99%] 10 [100%] 47 [94%]

Lymph node metastasis 0.19 a
Positive 122 [49%] 21 [38%] 67 [51%] 5 [50%] 29 [59%]

Negative 124 [51%] 34 [62%] 65 [49%] 5 [50%] 20 [41%]
Peritoneal metastasis a

Positive 49 [19%] 7 [12%] 32 [22%] 0 [0%] 10 [20%] 0.15
Negative 213 [81%] 52 [88%] 111 [78%] 10 [100%] 40 [80%]

Distant organ metastasis a
Positive 43 [16%] 5 [8%] 28 [20%] 0 [0%] 10 [20%] 0.11

Negative 219 [84%] 54 [92%] 115 [80%] 10 [100%] 40 [80%]
Operation status 0.23 a

Complete resection 230 [88%] 56 [95%] 122 [85%] 9 [90%] 43 [86%]
Incomplete resection 32 [12%] 3 [5%] 21 [15%] 1 [10%] 7 [14%]
MMR system status a

Deficient 30 [12%] 19 [32%] ††† 8 [6%] 1 [10%] 2 [4%] <0.0001
Preserved 232 [88%] 40 [68%] 135 [94%] 9 [90%] 48 [96%]

a, Fisher’s exact, b, Kruskal–Wallis or c, chi-squared test with post hoc test (Holm) was used to calculate p-values.
†: p = 0.030 vs. overexpression, p = 0.0037 vs. complete loss. ††: p = 0.0019 vs. overexpression. †††: p < 0.0001 vs.
overexpression or complete loss. Data are shown as the median (25th, 75th percentiles). The Bonferroni-corrected
p-value for significance was p ≈ 0.0042 (0.05/12).

Figure 2. Association of p53 immunoreactivity and tumor size. CRCs with wild-type p53 expression
showed significantly larger tumors than CRCs with p53 overexpression or complete loss. * p < 0.05;
** p < 0.01.
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Table 2. Association between p53 immunoreactivity and stem-like features.

Total No. p53 Immunoreactivity

262 (100%) Wild-Type
59 (23%)

Overexpression
143 (55%)

Cytoplasmic
Expression

10 (4%)

Complete Loss
50 (19%) p-Value

CDX2 0.0031
Positive 233 [89%] 44 [75%] † 132 [92%] 10 [100%] 47 [94%]

Decreased or lost 29 [11%] 15 [25%] 11 [8%] 0 [0%] 3 [6%]
ALCAM 0.0016
Positive 76 [29%] 26 [44%] 28 [21%] †† 3 [30%] 19 [38%]

Negative 186 [71%] 33 [56%] 115 [79%] 7 [70%] 31 [62%]
Stem-like immunophenotype 0.19

Positive 10 [4%] 5 [8%] 3 [2%] 0 [0%] 2 [4%]
Negative 252 [96%] 54 [92%] 140 [98%] 10 [100%] 48 [96%]

Fisher’s exact test with post hoc test (Holm) was used to calculate p-values. †: p = 0.043 vs. complete loss,
p = 0.012 vs. overexpression. ††: p = 0.0045 vs. wild-type.

Table 3. Association between p53 immunoreactivity and cellular proliferation marker expressions.

Total No. p53 Immunoreactivity

262 (100%) Wild-Type
59 (23%)

Overexpression
143 (55%)

Cytoplasmic Expression
10 (4%)

Complete Loss
50 (19%) p-Value

PHH3 (/HPF) 7.0 (3, 12) 5.0 (2.0, 9.0) † 7.0 (4.0, 13.0) 6.5 (2.3, 14.0) 6.0 (3.3, 11.0) 0.046
CCNA (%) 36.4 (28.3, 44.7) 34.3 (26.8, 40.9) 37.3 (28.0, 45.2) 42.8 (35.7, 46.0) 37.0 (29.6, 45.4) 0.18
GMNN (%) 37.1 (28.4, 43.7) 34.4 (27.7, 43.4) 37.2 (27.3, 44.3) 40.9 (38.7, 54.9) 38.2 (30.0, 43.6) 0.21

Ki-67 (%) 49.2 (34.2, 62.0) 48.3 (34.9, 65.5) 46.0 (31.6, 61.5) 58.5 (47.6, 62.6) 50.9 (36.5, 61.7) 0.65

Kruskal–Wallis with post hoc test (Holm) was used to calculate p-values. †: p = 0.031 vs. overexpression. Data are
shown as the median (25th, 75th percentiles).

Figure 3. Cellular proliferation marker expression classified according to p53 expression.
(a–d), representative images of immunohistochemistry for cellular proliferation markers. (a) PHH3,
(b) CCNA, (c) GMNN, and (d) Ki-67. (e–h) Cellular proliferation marker expression classified by p53
immunoreactivity. (e) PHH3, (f) CCNA, (g) GMNN, and (h) Ki-67. Note that p53-overexpressing
tumors contained a significantly higher number of PHH3-positive cells than wild-type tumors.
* p < 0.05.
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2.3. Survival Analyses of Patients with CRC According to p53 Immunoreactivity

Among the four patterns of p53 immunoreactivity, CRC patients with complete loss
of p53 tended to show worse clinical outcomes (Figure 4a). After reclassification accord-
ing to p53 immunoreactivity, patients with complete loss of p53 CRC showed signifi-
cantly worse clinical outcomes than those with the other three types of immunoreactivity
(Figure 4b). p53-overexpressing cases tended to show better survival than the other groups
after reclassification (Supplementary Figure S1).

Figure 4. Overall survival of patients with CRC classified according to p53 immunoreactivity.
(a) Kaplan–Meier curves for patients classified according to the four p53 expression patterns. CRC
patients with complete loss of p53 tended to show worse survival. (b) Kaplan–Meier curves for
patients classified into two groups according to p53 immunoreactivity. Note that CRC patients
with complete loss of p53 showed significantly worse survival than the group with the other three
expression patterns. (c) Kaplan–Meier curves for patients without chemotherapy classified according
to four different p53 expression patterns. CRC patients with wild-type p53 expression tended to show
worse survival than the others. (d) Kaplan–Meier curves for patients with post-surgery chemotherapy
classified according to p53 immunoreactivity. CRC patients with wild-type p53 expression tended to
show more favorable survival than the group with p53 overexpression or complete loss.



Int. J. Mol. Sci. 2022, 23, 3252 7 of 12

The results of sub-cohort survival analyses classified according to chemotherapy after
surgery are shown in Figure 4c,d. In patients without chemotherapy after resection, patients
with CRC exhibiting wild-type p53 immunoreactivity tended to show worse survival than
the other groups (Figure 4c). In contrast, these patients tended to show better survival than
patients with p53 overexpression or complete loss in the sub-cohort with chemotherapy
(Figure 4d).

Multivariate Cox hazards regression analysis identified tubular-forming histology
(hazard ratio [HR] = 0.17, 95% confidence interval [CI] = 0.09–0.33, p < 0.0001), younger
age (<70 years old, HR = 0.52, 95% CI = 0.30–0.91, p = 0.021), and sex (female, HR = 0.55,
95% CI = 0.31–0.99, p = 0.046) as potential favorable factors. The analysis also revealed
complete loss of p53 expression (HR = 2.16, 95% CI = 1.21–3.86, p = 0.0087), incomplete
resection (HR = 2.65, 95% CI = 1.31–5.35, p = 0.0068), and peritoneal metastasis (HR = 5.32;
95% CI = 2.97–9.54, p < 0.0001) as potential independent risk factors for patients with CRC
(Table 4).

Table 4. Multivariable Cox hazards analysis of colorectal cancer patients.

Hazard 95% CI
Ratio Min Max p-Value

Well to moderately differentiated histology 0.17 0.09 0.33 <0.0001
Age (<70) 0.52 0.30 0.91 0.021

Sex (female) 0.55 0.31 0.99 0.046
p53 complete loss 2.16 1.21 3.86 0.0087

Incomplete resection 2.65 1.31 5.35 0.0068
Peritoneal metastasis 5.32 2.97 9.54 <0.0001

The multivariable Cox hazards analysis model initially included sex, age, primary tumor location, tumor size,
pT stage, surgical status, tumor histology, mucus production, lymph node metastasis, distant organ metastasis,
peritoneal metastasis, mismatch repair system status, and immunoreactivity for p53 (Complete loss vs. others). A
backward elimination with a threshold of p = 0.05 was used to select variables in the final model.

2.4. Survival Analyses of Patients with CRC According to CDX2 and ALCAM Expression

CRC cases with decreased CDX2 expression (p < 0.0001) and cases with the
“stem-like” immunophenotype (p = 0.0027) showed significantly worse clinical outcomes
(Supplementary Figure S2a,c). ALCAM expression had no correlation with the survival of
CRC patients (p = 0.44; Supplementary Figure S2b).

3. Discussion

Prognostication using p53 immunohistochemistry has been undertaken in many can-
cer types, including CRC [25–28]. Most of the initial studies focused on nuclear p53
overexpression and divided the cohorts into two groups, overexpression and lower ex-
pressors, and most found unfavorable clinical outcomes in the former [26]. In our cohort,
p53-overexpressing cases tended to show better clinical outcomes than the other groups,
but no significant difference was detected (p = 0.29; Supplementary Figure S1). Based on
the improved sensitivity and specificity of immunohistochemistry by the development of
automated immunostainer and high-quality antibodies, it now allows us to distinguish
faint p53 expression patterns of wild-type, complete loss, and some cases of cytoplasmic
expression patterns. Although using a four-group analysis also failed to detect significant
differences (Figure 4a), reclassification successfully identified significantly worse clinical
outcomes in cases with complete loss (p = 0.039; Figure 4b). Analysis of TP53 expression
data from The Cancer Genome Atlas (TCGA) also revealed that patients with lower TP53-
expressing CRC tended to show unfavorable survival (p = 0.17; Supplementary Figure S3a);
however, it was considered that TP53 expression levels and p53 immunoreactivity would
not be parallel. Patients with TP53-mutant CRCs also tended to show unfavorable clinical
outcomes (p = 0.064; Supplementary Figure S3b). On the basis of the large spectrum of
cancer phenotypes resulting from the many mutations in TP53 [15], gene-mutation-specific
classification may identify a better prognostication system.
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CRCs are classified into four consensus molecular subtypes (CMSs) with distin-
guishing features: CMS1 (microsatellite instability immune type), hypermutated, mi-
crosatellite unstable, and strong immune activation; CMS2 (canonical type), epithelial, and
marked WNT and MYC signaling activation; CMS3 (metabolic type), epithelial and evident
metabolic dysregulation; and CMS4 (mesenchymal type), prominent transforming growth
factor activation, stromal invasion, and angiogenesis [29]. In the present study, among
CRCs with wild-type p53 expression, there was a significantly higher number of MMR-
deficient cases, at 32% (19/59 cases). Conversely, 63% (19/30 cases) of MMR-deficient cases
showed the wild-type p53 expression pattern. These observations were consistent with
a previous report that CMS1-positive CRCs harbor the rarest TP53 mutations among the
four groups [29].

Suppressed p53 levels play an important role in stem cell maintenance, cancer stem cell
phenotypes, induced pluripotent stem cells, and other stem cell roles and behaviors [12,13].
CRC stem cells characterized by the expression of markers such as ALCAM have been
reported to harbor tumor-initiating and highly proliferative potential in tumor xenograft
models [20,30]. Furthermore, high stem cell marker expression in the CRC cells of surgically
resected specimens have been reported to show worse clinical outcomes [19–22]. To the
best of our knowledge, the associations of p53 and stemness-related gene expressions, such
as CDX2 and ALCAM, have never been immunohistochemically evaluated in CRCs. In the
present study, the association of p53 immunoreactivity and the stem-like immunopheno-
type, defined by decreased CDX2 and positive expression of ALCAM [24], was analyzed.
Intriguingly, among wild-type p53-expressing CRCs, there was a significantly higher num-
ber of cases with downregulated CDX2 (p = 0.0031). Furthermore, p53-overexpressing CRCs
included a significantly lower number of ALCAM-positive tumors (p = 0.0016). However,
no correlation between p53 immunoreactivity and the “stem-like” immunophenotype was
detected (p = 0.19). This observation might be because of the very low number of cases
with the “stem-like” immunophenotype (4%, 10/262 cases). In our previous study, the
prognostic significance of CDX2, ALCAM, or the “stem-like” immunophenotype was not
analyzed because of the lack of prognostic data [24]. In the present study, prognostic analy-
ses identified significantly worse clinical outcomes in CDX2-downregulated or “stem-like”
immunophenotype-positive CRCs. Our observations, in part, are in line with previous
reports demonstrating the poor prognosis of CRC cases with loss of CDX2 [19,23].

PHH3, which is expressed during late G2 and M, is a specific immunohistochemical
indicator of proliferating cells in FFPE sections. Furthermore, in diagnostic pathology,
the immunohistochemical detection of PHH3 is useful for grading, prognostication, and
assessment of recurrence risk, and as an indicator of response to treatment [31–35]. In the
present study, we were intrigued to identify unique and significant differences in PHH3
expression between CRCs with wild-type p53 expression and p53 overexpression (Figure 3e
and Table 3). To the best of our knowledge, the association of PHH3 and p53 expressions
in carcinomas including CRC has never been reported. Cell cycle arrest and apoptosis
are the most notable biological outcomes of p53 activation. This observation may indicate
the preserved cell cycle arrest function of p53 in tumors with wild-type p53 expression.
However, it is unclear why wild-type p53 expression resulted in the largest tumors (Table 1
and Figure 2).

Chemotherapy-activated p53 can induce apoptotic cell death in cancer cells [26].
Therefore, we hypothesized that CRC patients classified according to p53 immunoreac-
tivity might show differential reactions to chemotherapy administered after resection.
In our sub-cohort analysis of patients who did not undergo chemotherapy after surgery
(n = 145), those with wild-type p53 expression tended to show worse survival (Figure 4c). In
contrast, in the sub-cohort of patients treated with chemotherapy after surgery
(n = 117), as noted previously [26], CRC patients with wild-type p53 expression tended to
show better survival than those with p53 overexpression or complete loss (Figure 4d). These
results suggest that CRC patients with wild-type p53 expression might be good targets for
systemic chemotherapy because of the preserved apoptotic inducibility of p53. Recently,
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ribosomal proteins have been shown to partly regulate chemotherapy-induced cellular
responses either in a p53-dependent or p53-independent manner [36]. Further expres-
sion analyses of ribosomal proteins may improve our understanding of chemosensitivity
in CRCs.

The limitations of this study are the number of patients and the duration of follow-
up. As shown in Figure 4c,d, log-rank tests analyzing sub-cohorts classified according to
chemotherapy after surgery failed to identify a significant difference between groups classi-
fied by p53 immunoreactivity. Furthermore, no correlation between p53 immunoreactivity
and the “stem-like” immunophenotype was detected (p = 0.19). A larger cohort with a
longer follow-up duration may optimize prognostication models and identify important
characteristics of CRCs.

The present study immunohistochemically evaluated the expression of p53 in CRCs.
CRC patients with complete loss of p53 showed significantly worse clinical outcomes. Fur-
thermore, CRC patients with wild-type p53 expression might be good targets for systemic
chemotherapy. Immunohistochemistry for p53 could be used for the prognostication and
chemotherapy target selection of patients with CRC even in those hospitals that do not
have gene sequencing facilities.

4. Materials and Methods
4.1. Tissue Samples

The Institutional Ethical Review Board of Aichi Medical University Hospital permitted
this project to be performed without patient consent by providing the opportunity for
opt-out. A total of 269 formalin-fixed, paraffin-embedded (FFPE) samples of primary
colorectal tumors resected at Aichi Medical University Hospital from 2009 to 2012 were
collected depending on the availability of tissue samples and clinical information. After
surgery, patients were followed up for up to 90 months. All tumors were diagnosed as
invasive and naïve to chemotherapy or radiotherapy. Staging of tumors was performed
according to the TNM classification of malignant tumors, eighth edition [37]. Tumors
with glandular formation (>50%) or mucus production (>50% of the area) were defined as
having differentiated or mucus-producing histology. A single 4.5 mm core tumor tissue
sample derived from an FFPE specimen was assembled into multitumor blocks containing
up to 30 samples. All cores were obtained from invasive areas, and approximately 20% of
cores contained an invasive front. Non-neoplastic colonic mucosa adjacent to the tumor
was also immunohistochemically analyzed.

4.2. Immunohistochemistry

The antibodies used in the present study are summarized in Supplementary Table S1.
Immunohistochemistry was performed using a Leica Bond-Max (Leica Biosystems, Wetzlar,
Germany) or Ventana BenchMark XT automated immunostainer (Roche Diagnostics, Basel,
Switzerland). Signals were visualized using 3,3′-diaminobenzidine.

p53 immunoreactivity was classified as follows: wild-type, overexpression, complete
loss, and cytoplasmic expression [16]. In the evaluation of complete loss of p53 expression,
cases without internal controls such as fibroblasts and lymphoid cells were eliminated from
the study. CDX2 and ALCAM immunoreactivity was classified according to our previous
study: CDX2, positive vs. decreased or lost; and ALCAM, >5% on the cytomembrane of
tumor cells [24]. The “stem-like” immunophenotype was defined by the loss or decreased
expression of CDX2 as well as ALCAM positivity [24].

The data for cellular proliferation markers were cited from our previous study [4]. In brief,
Ki-67, CCNA, and GMNN labeling indices were determined by counting >500 tumor cells
per case in a high-power field (×400). The number of PHH3-positive cells was counted using
the same magnification.
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4.3. Statistical Analyses

Statistical analyses were performed using EZR software version 1.41 [38]. Fisher’s
exact test or Kruskal–Wallis test with post hoc analyses was performed to analyze the
statistical correlations between categorical data. Simple Bonferroni correction for multi-
ple hypothesis testing was applied for adjustment at a two-sided alpha level of 0.0042
(=0.05/12).

For survival analyses, Kaplan–Meier survival estimates were calculated with the
log-rank test. Cox proportional hazards regression analysis was performed to analyze
the associations of survival with other factors. The initial model comprised sex (male vs.
female), age (<70 years old vs. ≥70 years old), tumor size (<5 cm vs. ≥5 cm), primary
tumor location (right-sided colon vs. left-sided colon vs. rectum), pT stage (pT2 vs. pT3 vs.
pT4), tumor histology (moderate to well-differentiated vs. poorly differentiated), mucus
production (positive vs. negative), lymph node metastasis (positive vs. negative), peritoneal
metastasis (positive vs. negative), distant organ metastasis (positive vs. negative), surgical
status (complete vs. incomplete resection), mismatch repair system status (preserved vs.
deficient), and immunohistochemical data (p53 complete loss vs. others). A backward
elimination with a threshold of p < 0.05 was used to select the variables in the final model.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms23063252/s1.
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