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Simple Summary: Radiotherapy is the standard treatment for locally advanced rectal cancer
with a high risk of local recurrence, if treated with surgery alone. The two regimens accepted are
preoperative long-course radiotherapy with concomitant chemotherapy and preoperative short-course
radiotherapy. The aim of our retrospective study is to provide a comprehensive morphological
description of radiation-induced changes in rectal cancer specimens. We compared 2 groups of
95 rectal cancer patients treated preoperatively with either short-course (45 patients) or long-course
radiotherapy (50 patients). Interestingly, in the non-neoplastic mucosa we identified features
closely mimicking dysplasia/pre-neoplasia only in the group treated with short-course radiotherapy.
Pathologists awareness of radiation-induced abnormalities is essential, as the misinterpretation may
lead to patient’s overtreatment. In our study, next generation sequencing analysis supported the
morphological concept that short-course radiotherapy-induced abnormalities do not represent true
dysplasia, as somatic mutations were not identified in “dysplastic-like” tissues.
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Abstract: Preoperative radiotherapy is a widely accepted treatment procedure in rectal cancer.
Radiation-induced changes in the tumor are well described, whereas less attention has been given
to the non-neoplastic mucosa. Our aim is to provide a detailed analysis of the morphological
features present in non-neoplastic mucosa that pathologists need to be familiar with, in order to
avoid misdiagnosis, when evaluating rectal cancer specimens of patients preoperatively treated
with radiotherapy, especially with short-course regimen. We compared 2 groups of 95 rectal cancer
patients treated preoperatively with either short-course (45 patients) or long-course radiotherapy
(50 patients). Depending on the type of protocol, different histopathological features, in terms of
inflammation, glandular abnormalities and endocrine differentiation were seen in the non-neoplastic
mucosa within the irradiated volume. Of note, features mimicking dysplasia, such as crypt distortion,
nuclear and cytoplasmic atypia of glandular epithelium, were identified only in the short-course
group. DNA mutation analysis, using a panel of 56 genes frequently mutated in cancer, and p53
immunostaining were performed on both tumor and radiation-damaged mucosa in a subset of
short course cases. Somatic mutations were identified only in tumors, supporting the concept that
tissues with radiation-induced “dysplastic-like” features are not genetically transformed. Pathologists
should be aware of the characteristic morphological changes induced by radiation. The presence
of features simulating dysplasia in the group treated with short-course radiotherapy may lead to
serious diagnostic mistakes, if erroneously interpreted. Next generation sequencing (NGS) analysis
further validated the morphological concept that radiation-induced abnormalities do not represent
pre-neoplastic lesions.
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1. Introduction

Rectal cancer is one of the most common malighant tumors in western countries [1,2].
Radiotherapy represents the standard treatment for locally advanced rectal cancer with a high
risk of local recurrence, if treated with surgery alone. Two neoadjuvant regimens are accepted:
preoperative long-course radiotherapy (PLRT) with concomitant chemotherapy and preoperative
short-course radiotherapy (PSRT). PSRT is recommended for tumors considered amenable to surgery.
PLRT is preferred for either low-seated or bulky, unresectable tumors which should benefit from
radiation-induced down staging [3-8]. PLRT protocol consists of 45-50 gray (Gy) in 4-6 weeks,
followed by surgery four weeks later. PSRT consists of 25 Gy administered in five consecutive days,
followed by surgery a few days after. Preoperative radiation may produce tumor regression by
replacing neoplastic glands with fibrosis and inflammation. Tumor regression is mainly seen in
PLRT [9,10]. PSRT is not associated with significant tumor regression, as the interval from the end of
radiotherapy to surgery is too short to allow tumor down-staging.

Very few studies analyzed in detail the histopathological features of radiation damage on
normal colonic mucosa [11,12]. Depending on the type of preoperative radiotherapy, different
modifications may occur in normal colonic mucosa in terms of inflammation and glandular
abnormalities [12]. Intrigued by the observation that PSRT-associated morphological abnormalities
may simulate dysplasia, causing possible diagnostic misinterpretation, we designed the current study
comparing two groups of rectal cancer patients treated either with PSRT or PLRT. The “dysplastic-like”
features in irradiated normal mucosa were observed only in PSRT specimens. To confirm that
“dysplastic-like” changes were not true dysplasia, we performed DNA mutation analysis of both tumor
and mucosa with atypia, on a subset of PSRT cases. Somatic mutations were present only in tumors,
suggesting that tissues with radiation-induced “dysplastic-like” features are not genetically transformed.
As immunohistochemical p53 staining is considered a surrogate for mutational analysis [13-15],
we performed p53 immunohistochemistry (IHC) in the same subset of PSRT cases evaluated by next
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generation sequencing (NGS) analysis. Additionally, we assessed the presence of endocrine elements
in benign and malignant tissue of both PSRT and PLRT cases.

2. Results

The clinicopathological features of PSRT and PLRT cases are summarized in Table 1.

Table 1. Clinicopathological features of preoperative short-course radiotherapy (PSRT) and preoperative
long-course radiotherapy (PLRT) cases.

.. . PSRT % PLRT % p Value
Clinicopathological Features 45 47.4% 50 52.6%
Age 75.2 years 62.4 years <0.001
(46-90) (38-79)
Sex 0.410
Female 18 18.9% 25 26.3%
Male 27 28.4% 25 26.3%
Tumor regression system by Dworak et al. [16] <0.001
Grade 0 31 32.6% 12
Grade 1 14 14.7% 15 15.8%
Grade 2 0 0.0% 20 21.1%
Grade 3 0 0.0% 2 2.1%
Grade 4 0 0.0% 1 1.1%
Inflammation <0.001
absent 4 4.2% 35
mild 4 4.2% 13 13.7%
moderate 23 24.2% 1 1.1%
severe 14 14.7% 1 1.1%
Architectural crypt distortion <0.001
absent 4 4.2% 47
mild 4 4.2% 2 2.1%
moderate 19 20.0% 1 1.1%
severe 18 18.9% 0 0.0%
Nuclear and cytoplasmic atypia of glandular
. . <0.001
epithelium
absent 4 4.2% 49
mild 3 3.2% 1 1.1%
20 21.1% 0 0.0%
18 18.9% 0 0.0%
Apoptotic bodies <0.001
5 5.3% 49
40 42.1% 1 1.1%

PSRT: preoperative short-course radiotherapy; PLRT: preoperative long-course radiotherapy.

2.1. Tumor Regression

According to the tumor regression system by Dworak et al. [16], tumors were classified as not
regressed (Grade 0) or with regression from Grade 1 to Grade 4. In the PSRT group, 31 cases were
classified as not regressed (Grade 0) and 14 cases as Grade 1. In the PLRT group the tumors were
classified as follows: 12 cases Grade 0; 15 cases Grade 1; 20 cases Grade 2; 2 cases Grade 3 and 1 case
Grade 4.

2.2. Radiation-Induced Morphological Features

The radiation-induced morphological features were noted in non-neoplastic mucosa samples
taken within the irradiated volume. They were identified in the resection margins, if within the
irradiated volume. Two types of parameters were analyzed: the inflammatory component and the
glandular (“dysplastic-like”) abnormalities.

2.3. Inflammatory Component

In PSRT cases, the non-neoplastic mucosa within the irradiated volume showed a moderate to
marked inflammation within the lamina propria (Figure 1). The inflammation consisted of histiocytes,
lymphocytes, plasma cells and typically numerous eosinophils. The eosinophils were identified
in the lamina propria either scattered or in small aggregates and within the glandular epithelium
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(Figure 2). In PLRT samples the inflammation went from absent to a mild chronic inflammatory
infiltrate. Eosinophils were rare.

Figure 1. Low power view of radiation-damaged non-neoplastic mucosa in PSRT sample: The lamina
propria looks expanded by inflammatory cells and crypts (yellow arrows) are decreased (Hematoxylin
and Eosin (HE) 40 times magnified). Scale Bar: 300 microns.

Figure 2. High power view of radiation-damaged non-neoplastic mucosa in PSRT sample: Distorted
glands lined by atypical epithelium (green arrows) and eosinophils aggregates (red arrow) within
glandular epithelium (Hematoxylin and Eosin (HE) 200 times magnified). Scale Bar: 100 microns.
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2.4. "Dysplastic-Like” Features

In PSRT cases, there was a moderate to marked degree of glandular disarray/distortion as well
as nuclear and cytoplasmic atypia. The crypts were decreased in number, dilated or with slit-like
lumen (Figure 3). The crypt epithelium was either flattened or pseudostratified showing a variable
degree of nuclear pleomorphism (Figure 4A,B). The cytoplasm of the crypt epithelium was eosinophilic
or vacuolated. Apoptotic bodies were identified. All these features were named “dysplastic-like”
for simplicity.

Figure 3. “Dysplastic-like” features in radiation-damaged non-neoplastic mucosa in PSRT sample:
glands with slit-like lumen and flattened epithelium close to glands with pseudostratified epithelium
(Hematoxylin and Eosin (HE) 200 times magnified).

(A) (B)

Figure 4. (A) “Dysplastic-like” features in radiation-damaged non-neoplastic mucosa in PSRT
sample: glands lined by pseudostratified epithelium close to dilated glands with flat epithelium;
(B) non-neoplastic mucosa in PSRT samples showing dilated glands with flat and atypical epithelial

layer (Both A and B are Hematoxylin and Eosin (HE) 200 times magnified).
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In contrast to the short-course group, in PLRT cases the “dysplastic-like” features were either
absent or occasionally identified.

2.5. Endocrine Features

The presence of endocrine cells showed differences according to the type of protocol (Table 2).

Table 2. Endocrine features in PSRT and PLRT cases.

PSRT PLRT p Value
Endocrine Features N° % N° %

25 50.0% 25 50.0%

Endocrine differentiation in radiation-damaged mucosa <0.001
absent 1 2.0% 20 40.0%
isolated endocrine cells 5 10.0% 5 10.0%
endocrine cells micronests 19 38.0% 0 0.0%

Endocrine differentiation in tumor 0.490

absent 23 46.0% 25 50.0%
isolated endocrine cells 1 2.0% 0 0.0%
endocrine cells micronests 1 2.0% 0 0.0%

PSRT: preoperative short-course radiotherapy; PLRT: preoperative long-course radiotherapy; N°: number of cases.

In PSRT cases, the radiation-damaged mucosa showed an increase in endocrine cells (Figure 5A,B)
either with isolated cells (5 cases) or micronests (19 cases), absence of endocrine cells was seen in one
case. In the PLRT group, the non-neoplastic mucosa within the irradiated volume showed mainly
absence of endocrine cells (20 cases) and, more rarely, isolated cells (5 cases). No relevant differences
were seen in terms of endocrine differentiation in tumor samples of both protocols.

(A) (B)

Figure 5. (A) Endocrine cells in radiation-damaged non-neoplastic mucosa in PSRT sample
(Hematoxylin and Eosin (HE) 200 times magnified); (B) chromogranin immunostaining highlighting
endocrine cells in radiation-damaged non-neoplastic mucosa in PSRT sample (100 times magnified).

2.6. p53 Immunohistochemical Results

In a subset of 22 PSRT cases, different p53 staining patterns were identified in tumors (Table 3).

Table 3. Comparative data between p53 phenotype and TP53 genotype in PSRT tumor samples.

p53 THC TP53 NGS Total of Cases
MUT WT
Negative-pattern 2 3 5
Positive-pattern 9 6 15
Reactive-pattern 0 2 2
Total of cases 11 11 22

IHC: immunohistochemistry; NGS: next generation sequencing; MUT: mutated; WT: wild-type.
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A strong and diffuse p53 expression (“positive-pattern”) was present in 15/22 tumors (Figure 6A);
a complete lack of expression (“negative-pattern”) was seen in 5/22 tumors; scattered p53-positive cells
(“reactive-pattern”) were present in 2/22 tumors.

(A) (B)

Figure 6. (A) “Positive-pattern” of p53 in PSRT tumor sample (right). Few scattered p53-positive cells in
mucosa with acute radiation-damage (left) (p53 immunostaining) (100 times magnified); (B) Scattered

p53-positive cells in the deep portion of glandular epithelium of radiation-damaged non-neoplastic
mucosa in PSRT (p53 immunostaining) (200 times magnified).

In all samples examined, the mucosa with acute radiation-damage (data not shown in Table 3)
showed a positive p53 staining limited to the deep portion of the glandular epithelium which represents
the proliferative compartment of the glands (Figure 6B).

2.7. Genetic Alterations in Tumors and in Tissue Samples with “Dysplastic-Like” Features

We evaluated quality of 48 tissue DNA from both tumor and “dysplastic-like” mucosa of 24 PSRT
patients included in the study. Only in 22 patients we obtained, from both components, DNA eligible
for NGS analysis. On these samples, we performed a deep sequencing analysis on a commercial
panel of 56 genes frequently mutated in cancer, detecting 958 alterations (Figure 7A). Subsequently,
the analysis was restricted to coding regions variants, excluding intronic, 5’-3" UTR and downstream
gene variants. 266 mutations were found, of which 146 (54.9%) were synonymous, 103 (38.7%) missense
and a small percentage was composed by stop gained and frameshift alterations (4.1% and 2.3%
respectively) (Figure 7B). Based on literature, Exome Aggregation Consortium (ExAc) frequency
and variant frequency 230/266 alterations (86.5%) were classified as germinal and 36/266 (13.5%) as
somatic. In each patient, “dysplastic-like” mucosa and tumor, shared the same germline alterations
confirming the constitutiveness of these variants and the validity of our analysis (Table S1). By contrast,
somatic mutations were present only in tumors, suggesting that “dysplastic-like” tissues are not
genetically transformed (Figure 8). Between tumor-associated somatic mutations 52.8% were missense,
30.6% were stop gained and 16.6% were frameshift (Figure 7C).
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Figure 7. Mutational Profile of 44 tumors and mucosa tissues from 22 PSRT patients: (A) distribution
of 958 genetic alterations according with position and functional effects; (B) distribution of 266 coding
region variants according with predicted functional effects; (C) distribution of 36 tumor-associated
somatic mutations according with predicted functional effects; (D) frequency distribution of somatic
mutated genes in analysed patients; (E) frequency distribution of somatic variants with different
functional effect in mutated genes.
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Figure 8. Waterfall plot representing the gene variants occurred in each sample. Blue squares indicate
somatic variants, grey squares indicate germinal variant. Tumor and radiation-damaged mucosa tissue
from the same patient are side by side.

Somatic =~ mutations were detected in 7/56 genes and gene  alterations
frequencies were in line with The Cancer Genome Atlas (TCGA
(https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga)) data on colorectal
cancer (CRC). The most frequently mutated genes were APC and TP53 detected in 47.8% of patients. 66.7%
of the described somatic alterations were annotated in these genes, mutations in APC were in particular stop
gained and frameshift variants while TP53 presented a majority of missense mutations. Moreover, 26.1% of
analyzed tumors presented missense mutations in KRAS (6/22) and 13% in PIK3CA. Finally, only one tumor
presented a missense mutation in FBXW7 and a stop mutation in SMAD4 and one had a missense mutation
in EGFR (Figure 7D,E).
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2.8. Comparison between P53 Phenotype and TP53 Genotype in Tumor and Mucosa
with “Dysplastic-Like” Features

Mutant TP53 was associated with diffuse and intense p53 immunostaining (“positive-pattern”) in
9/22 tumors. This “positive-pattern” was also present in 6/22 tumors with wild-type TP53. Of 5/22
completely p53-negative (“negative-pattern”) tumors, 2 cases had a mutation of TP53 and 3 cases
were wild-type TP53. Two tumors with wild-type TP53 showed only rare, scattered p53-positive cells
(“reactive-pattern”).

All 22 samples of mucosa with “dysplastic-like” features were TP53 wild-type and showed p53
immunostaining only in the deep, proliferative portion of the glandular epithelium.

3. Discussion

Preoperative radiotherapy is used increasingly in the management of rectal cancer patients.
It is essential for pathologists to be familiar with radiation-induced morphological modifications.
Radiation-induced changes in the tumor are well described, particularly tumor down-staging as a
consequence of long-term radiotherapy [16]. Less attention has been given to the non-neoplastic mucosa.

The chronic radiation colitis pattern (dilated capillaries within hyalinized lamina propria),
identified months or years after radiotherapy, is well known by pathologists [17]. The acute radiation
colitis histology is occasionally described [12].

Intrigued by the observation that PSRT-associated epithelial changes simulate dysplasia,
we designed the current study comparing PLRT cases with PSRT ones. The short time interval
between the end of radiotherapy and surgery is the reason why in the short-term group we found acute
radiation colitis features. (i.e., acute inflammation rich in eosinophils, crypt distortion, epithelial atypia,
apoptotic bodies). These changes were restricted to the mucosa included in the irradiated volume.
“Dysplastic-like” features in irradiated normal mucosa were observed only in PSRT specimens.
In esophagus carcinoma Brien et al. [18] noted that radiation-induced atypia within benign glands
mimics dysplasia or even residual carcinoma. The expanding use of short-course radiotherapy leads
the pathologists to have to evaluate acute radiation colitis and its differential. The misinterpretation of
acute radiation colitis as dysplasia is a significant diagnostic error. When frozen sections are performed
on resection margins, an erroneous diagnosis of dysplasia can cause patient overtreatment.

CRC is the result of accumulation of multiple genetic and epigenetic aberrations [19]. CRC begins
as a benign adenomatous intestinal polyp, evolving to adenoma with high grade dysplasia,
invasive adenocarcinoma and metastatic disease [19]. According to the multistep genetic model by
Fearon and Vogelstein [20], the APC (adenomatous polyposis) mutation is the first event transforming
normal colorectal epithelium to adenoma. APC inactivation is followed by oncogenic KRAS mutations in
the adenomatous stage and eventually chromosome 18q deletion and inactivation of tumor-suppressor
gene TP53 on chromosome 17p in the transition to malignancy.

In a subset of PSRT cases, we performed NGS analysis on both tumor and irradiated mucosa with
“dysplastic-like” features. Somatic mutations were found only in tumor samples. The most frequently
mutated genes were TP53 and APC, consistently with the literature data reporting APC as the most
frequently found mutation in CRC followed by TP53. Somatic mutations were not identified in mucosa
with acute radiation colitis changes, supporting the concept that tissues with features mimicking
dysplasia were not genetically transformed.

Consistently with previous studies [14,15], p53 overexpression (positive-pattern) was found to
closely correlate with TP53 mutation, as in most tumors with mutated TP53 (9/11; 81.8%) a diffuse and
intense p53 staining was present. This positive pattern is generally considered indicative of a missense
TP53 mutation. As expected, a complete absence of nuclear staining (negative-pattern) was identified in
2 TP53 mutated tumors (18.1%) presenting a stop gained or frameshift variant responsible for a protein
loss of function [14,15]. Non-concordant data were obtained only in 6 of the investigated samples.
This is not surprising being already reported in literature that IHC and NGS may sometimes result in
divergent conclusions. While a formal explanation for this it has not yet been provided, this discrepancy
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is likely associated with p53 alterations, like copy number variation (CNV), which cannot be evaluated
by the employed NGS approach.

Interestingly neither the positive- or negative-patterns of p53 staining were seen in the mucosa
with acute radiation damage. p53 labeling was restricted to the proliferative compartment of the
glandular epithelium in the mucosa with “dysplastic-like” features, in keeping with the physiologic
activity of p53 protein. Accordingly, the mucosa with radiation-induced atypia was consistently
TP53 wild-type.

Anincrease in endocrine cells was noted in the irradiated non-neoplastic mucosa in the PSRT group.
In analogy to previous observations in esophageal adenocarcinoma after neo-adjuvant treatment [21],
we interpreted the endocrine cells as residual normal endocrine elements, appearing more conspicuous
for the radiation-induced glandular damage causing “passive clustering” [22]. In support of this
observation, no endocrine cells increase was observed in the non-neoplastic irradiated mucosa in
PLRT cases, in which acute radiation colitis features were characteristically absent. Unlike previous
reports [21], which found the extent of endocrine differentiation within the tumor to be proportional to
the degree of tumor regression, we did not observe increase in endocrine cells within the tumor in
either group of patients.

4. Materials and Methods

4.1. Patients Cohort

A retrospective study was performed on surgical resection specimens of 95 patients with rectal
adenocarcinoma, treated with radical surgery and preoperative radiotherapy between 2000 and 2017
at the Azienda Unita Sanitaria Locale-IRCCS of Reggio Emilia, Italy.

The patients were divided into two groups according to the preoperative radiation protocol.

The first group consisted of 45 patients (27 males and 18 females; mean age 75.2; age range: from
46 to 90 years) treated with PSRT (duration: 5 consecutive days with a total dose of 25 gray (Gy) in
5 fractions of 5 Gy daily) with immediate surgery within 8-10 days after the end of radiation.

The second group of 50 patients (25 males and 25 females; mean age 62.4; age range: from
38 to 79 years) included unresectable or very low-seated neoplasms. The latter group received PLRT
(duration of radiotherapy: 4-6 weeks, with a total dose of 45-50 Gy fractioned in single doses of
1.8-2 Gy daily) with surgery 4-6 weeks later.

In both protocols contrasted computerized tomography (CT) scan of lower abdomen and pelvis
was performed. CT scan images were transferred to the pretreatment planning system for contouring
the target volume and organs at risk. The gross total volume (GTV) was contoured based on clinical
data, endoscopic ultrasound (EUS) and magnetic resonance imaging (MRI). The clinical target volume
(CTV) included at least a 3 cm craniocaudal margin to the GTV plus mesorectum, presacral and internal
iliac lymph nodes. The external iliac nodes were included for T4 tumors involving anterior structures.
PLRT patients were subsequently treated with chemotherapy:.

4.2. Morphological Examination

All hematoxylin and eosin-stained slides were reviewed independently by two of the authors
(D.L., ZM.). None of the cancers displayed neuroendocrine differentiation before radiotherapy.
Non-neoplastic mucosa and tumor sections were assessed to detect radiation-induced changes and
endocrine cells presence. Representative tumor sections were selected for grading of tumor regression
according to Dworak et al. [16] system in 5 points as follows: grade 0—no regression; grade 1—dominant
tumor mass with obvious fibrosis and/or vasculopathy; grade 2—dominantly fibrotic changes with
few tumor cells or groups; grade 3—very few tumor cells in fibrotic tissue with or without mucous
substance; grade 4—no tumor cells, only fibrotic mass (total regression).

The degree of radiation damage was assessed in the non-neoplastic mucosa, including the surgical
resection margins. The following histological parameters were evaluated: inflammation in the lamina
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propria, architectural crypt distortion, nuclear and cytoplasmic atypia of glandular epithelium and
apoptotic bodies. All these features were categorized as being present or absent and, if present,
semi-quantitatively graded as mild, moderate and severe.

4.3. IHC Analysis

In 25 PSRT and 25 PLRT cases, the presence of endocrine features was assessed morphologically
and with chromogranin A (LK 2H10, monoclonal antibody, Ventana, Oro Valley, AZ, USA) and
synaptophysin (SP11, monoclonal antibody, Ventana, Oro Valley, AZ, USA) immunostains in both
tumor and radiation-damaged non-neoplastic mucosa.

The endocrine differentiation was scored as follows: absent, isolated endocrine cells, endocrine cells
micronests. Endocrine micronests were defined as 5-15 cells clusters.

In a subset of 22 PSRT patients (the same subset in which samples were eligible for genomic
DNA analysis), p53 (DO-7 monoclonal antibody, Ventana, Oro Valley, AZ, USA) immunohistochemical
expression was evaluated in both the tumor and the mucosa with radiation damage.

4.4. NGS Mutational Analysis

Genomic DNA, from both tumor and “dysplastic-like” mucosa samples of a subset of 24 PSRT
patients was isolated by Maxwell DNA FFPE Kit (Promega, Madison, WI, USA), according to the
manufacturer instructions. DNA concentration was determined using Qubit dsDNA HS assay kit
(Invitrogen, Carlsbad, CA, USA). Twenty-two samples were eligible for sequencing analysis. For the
NGS analysis, DNA libraries were prepared using Myriapod NGS-IL 56G Onco Panel for Illumina
(Diatech Pharmacogenetics, Jesi, Italy), that allows the identification of main mutations in 56 oncogenes,
following the manufacturer instructions. Libraries quality and quantity were assessed by Agilent
Bioanalyzer High Sensitivity kit (Agilent Technologies, Santa Clara, CA, USA) and Qubit dsDNA HS
assay kit (Invitrogen, Carlsbad, CA, USA) respectively. Sequencing run on Illumina MiSeq V2 (2x151)
cartridge (Illumina, San Diego, CA, USA). Sequencing data analysis was conducted by Myriapod NGS
Analysis software (v 4.0.2) and further analysis were performed using R software (v 3.5.1).

5. Conclusions

The present data are a comprehensive morphological description of radiation-induced
abnormalities after preoperative radiotherapy for rectal cancer. NGS analysis supported the
morphological concept that PSRT-induced “dysplastic-like” tissues are not genetically transformed.
Short-course radiotherapy may induce morphological features closely simulating dysplasia.
The misinterpretation may lead to patient’s overtreatment. When facing rectal cancer specimens,
pathologists need the complete patient’s clinical history and must ask if preoperative radiotherapy has
been given. p53 immunostaining may be of help in problematic cases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2571/s1,
Table S1: List of genetic variants detected in tumor and normal tissue of each patient.

Author Contributions: Conceptualization, M.Z. (Magda Zanelli) and L.D.M.; methodology, M.Z. (Magda Zanelli),
A.C,, M.Z. (Maurizio Zizzo) and M.C.; validation, M.Z. (Magda Zanelli), A.C., M.Z. (Maurizio Zizzo), D.N. and
D.R,; formal analysis, M.Z. (Magda Zanelli), A.C., M.Z. (Maurizio Zizzo), A.B.,ET,, SR., A.P.and ES.; investigation,
M.Z. (Magda Zanelli), A.C., M.Z. (Maurizio Zizzo), A.B., ET.,, D.N,, D.R., RZ., M.B., VM. and M.M; data curation,
M.Z. (Magda Zanelli), M.Z. (Maurizio Zizzo), A.B., ET,, C.C.R,, VA, R.Z, M.B., VM. and M.M.; writing—original
draft preparation, M.Z. (Magda Zanelli); writing—review and editing, M.Z. (Magda Zanelli), A.C., M.Z. (Maurizio
Zizzo) and L.D.M.; supervision, M.Z. (Magda Zanelli), A.C., G.D.P, M.Z. (Maurizio Zizzo), M.C., S.A. and L.D.M.;
project administration, M.Z. (Magda Zanelli), M.Z. (Maurizio Zizzo) and L.D.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2072-6694/12/9/2571/s1

Cancers 2020, 12, 2571 12 of 13

References

10.

11.

12.

13.

14.

15.

16.

17.

WHO Classification of Tumours Editorial Board. Digestive System Tumours, 5th ed.; IARC: Lyon, France, 2019.
Hol, J.C.; Van Oostendorp, S.; Tuynman, J.B.; Sietses, C. Long-term oncological results after transanal total
mesorectal excision for rectal carcinoma. Tech. Coloproctology 2019, 23, 903-911. [CrossRef] [PubMed]
Colorectal Cancer Collaborative Group. Adjuvant radiotherapy for rectal cancer: A systematic overview of
8507 patients from 22 randomised trials. Lancet 2001, 358, 1291-1304. [CrossRef]

Ngan, S.Y.; Burmeister, B.; Fisher, R.J.; Solomon, M.].; Goldstein, D.; Joseph, D.; Ackland, S.; Schache, D.;
McClure, B.; McLachlan, S.A.; et al. Randomized Trial of Short-Course Radiotherapy Versus Long-Course
Chemoradiation Comparing Rates of Local Recurrence in Patients with T3 Rectal Cancer: Trans-Tasman
Radjiation Oncology Group Trial. J. Clin. Oncol. 2012, 30, 3827-3833. [CrossRef] [PubMed]

Siegel, R.; Burock, S.; Wernecke, K.D.; Kretzschmar, A.; Dietel, M.; Loy, V.; Koswig, S.; Budach, V.; Schlag, PM.
Preoperative short-course radiotherapy versus combined radiochemotherapy in locally advanced rectal
cancer: A multi-centre prospectively randomised study of the Berlin Cancer Society. BMIC Cancer 2009, 9, 50.
[CrossRef] [PubMed]

Stephens, R.J.; Thompson, L.C.; Quirke, P.; Steele, R.; Grieve, R.; Couture, J.; Griffiths, G.O,;
Sebag-Montefiore, D. Impact of short-course preoperative radiotherapy for rectal cancer on patients’
quality of life: Data from the Medical Research Council CR07/National Cancer Institute of Canada Clinical
Trials Group C016 randomized clinical trial. J. Clin. Oncol. 2010, 28, 4233-4239. [CrossRef] [PubMed]
Bujko, K.; Nowacki, M.P.; Nasierowska-Guttmejer, A.; Michalski, W.; Bebenek, M.; Kryj, M. Long-term results
of a randomized trial comparing preoperative short-course radiotherapy with preoperative conventionally
fractionated chemoradiation for rectal cancer. BJS 2006, 93, 1215-1223. [CrossRef] [PubMed]

Latkauskas, T.; Pauzas, H.; Kairevic¢, L.; Petrauskas, A.; Saladzinskas, Z.; Janciauskiene, R.; Gudaityte, J.;
Lizdenis, P.; Svagzdys, S.; Tamelis, A.; et al. Preoperative conventional chemoradiotherapy versus
short-course radiotherapy with delayed surgery for rectal cancer: Results of a randomized controlled
trial. BMC Cancer 2016, 16, 927. [CrossRef] [PubMed]

Fokas, E.; Liersch, T.; Fietkau, R.; Hohenberger, W.; Beifsbarth, T.; Hess, C.; Becker, H.; Ghadimi, M.; Mrak, K,;
Merkel, S.; et al. Tumor Regression Grading After Preoperative Chemoradiotherapy for Locally Advanced
Rectal Carcinoma Revisited: Updated Results of the CAO/ARO/AIO-94 Trial. |. Clin. Oncol. 2014, 32,
1554-1562. [CrossRef] [PubMed]

Fokas, E.; Strobel, P; Fietkau, R.; Ghadimi, M.; Liersch, T.; Grabenbauer, G.G.; Hartmann, A.; Kaufmann, M.;
Sauer, R.; Graeven, U.; et al. Tumor Regression Grading After Preoperative Chemoradiotherapy as a
Prognostic Factor and Individual-Level Surrogate for Disease-Free Survival in Rectal Cancer. . Natl.
Cancer Inst. 2017, 109, 109. [CrossRef] [PubMed]

Salmo, E.; EI-Dhuwaib, Y.; Haboubi, N.Y. Histological grading of tumour regression and radiation colitis
in locally advanced rectal cancer following neoadjuvant therapy: A critical appraisal. Color. Dis. 2011, 13,
1100-1106. [CrossRef] [PubMed]

Leupin, N.; Curschmann, J.; Kranzbiihler, H.; Maurer, C.A.; Laissue, J.A.; Mazzucchelli, L. Acute Radiation
Colitis in Patients Treated with Short-Term Preoperative Radiotherapy for Rectal Cancer. Am. J. Surg. Pathol.
2002, 26, 498-504. [CrossRef] [PubMed]

Hall, PA.; Lane, D.P. P53 in tumor pathology: Can we trust immunohistochemistry? Revisited! . Pathol.
1994, 172, 1-4. [CrossRef] [PubMed]

Yemelyanova, A.; Vang, R.; Kshirsagar, M.; Lu, D.,; A Marks, M.; Shih, I-M.; Kurman, R.J.
Immunohistochemical staining patterns of p53 can serve as a surrogate marker for TP53 mutations in
ovarian carcinoma: An immunohistochemical and nucleotide sequencing analysis. Mod. Pathol. 2011, 24,
1248-1253. [CrossRef]

Colomer, A.; Erill, N.; Verdd, M.; Roman, R.; Vidal, A.; Cordon-Cardo, C.; Puig, X. Lack of p53 Nuclear
Immunostaining Is Not Indicative of Absence of TP53 Gene Mutations in Colorectal Adenocarcinomas.
Appl. Immunohistochem. Mol. Morphol. 2003, 11, 130-137. [CrossRef]

Dworak, O.; Keilholz, L.; Hoffmann, A. Pathological features of rectal cancer after preoperative
radiochemotherapy. Int. . Color. Dis. 1997, 12, 19-23. [CrossRef] [PubMed]

Montgomery, E.A.; Oshima, K.; Voltaggio, L. Survival Guide to gastrointestinal mucosal biopsies. Pathology
Survival Guide First Series-Vol. 1, 1st ed.; Innovative Pathology Press: Arlington, VA, USA, 2017.


http://dx.doi.org/10.1007/s10151-019-02094-8
http://www.ncbi.nlm.nih.gov/pubmed/31599385
http://dx.doi.org/10.1016/S0140-6736(01)06409-1
http://dx.doi.org/10.1200/JCO.2012.42.9597
http://www.ncbi.nlm.nih.gov/pubmed/23008301
http://dx.doi.org/10.1186/1471-2407-9-50
http://www.ncbi.nlm.nih.gov/pubmed/19200365
http://dx.doi.org/10.1200/JCO.2009.26.5264
http://www.ncbi.nlm.nih.gov/pubmed/20585099
http://dx.doi.org/10.1002/bjs.5506
http://www.ncbi.nlm.nih.gov/pubmed/16983741
http://dx.doi.org/10.1186/s12885-016-2959-9
http://www.ncbi.nlm.nih.gov/pubmed/27903247
http://dx.doi.org/10.1200/JCO.2013.54.3769
http://www.ncbi.nlm.nih.gov/pubmed/24752056
http://dx.doi.org/10.1093/jnci/djx095
http://www.ncbi.nlm.nih.gov/pubmed/29206996
http://dx.doi.org/10.1111/j.1463-1318.2010.02412.x
http://www.ncbi.nlm.nih.gov/pubmed/20854440
http://dx.doi.org/10.1097/00000478-200204000-00013
http://www.ncbi.nlm.nih.gov/pubmed/11914629
http://dx.doi.org/10.1002/path.1711720103
http://www.ncbi.nlm.nih.gov/pubmed/7931821
http://dx.doi.org/10.1038/modpathol.2011.85
http://dx.doi.org/10.1097/00129039-200306000-00007
http://dx.doi.org/10.1007/s003840050072
http://www.ncbi.nlm.nih.gov/pubmed/9112145

Cancers 2020, 12, 2571 13 of 13

18.

19.

20.

21.

22.

Brien, T.P; Farraye, FA.,; Odze, RD. Gastric Dysplasia-Like Epithelial Atypia Associated with
Chemoradiotherapy for Esophageal Cancer: A Clinicopathologic and Immunohistochemical Study of
15 Cases. Mod. Pathol. 2001, 14, 389-396. [CrossRef] [PubMed]

Nguyen, H.; Duong, H. The molecular characteristics of colorectal cancer: Implications for diagnosis and
therapy. Oncol. Lett. 2018, 16, 9-18. [CrossRef] [PubMed]

Fearon, E.R.; Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell 1990, 61, 759-767. [CrossRef]
Stewart, C.J.; Hillery, S. Mucosal endocrine cell micronests and single endocrine cells following neo-adjuvant
therapy for adenocarcinoma of the distal oesophagus and oesophagogastric junction. J. Clin. Pathol. 2007, 60,
1284-1289. [CrossRef] [PubMed]

Shia, J.; Tickoo, S.K.; Guillem, J.G.; Qin, J.; Nissan, A.; Hoos, A.; Stojadinovic, A.; Ruo, L.; Wong, W.D.;
Paty, P.B.; et al. Increased endocrine cells in treated rectal adenocarcinomas: A possible reflection of endocrine
differentiation in tumor cells induced by chemotherapy and radiotherapy. Am. |. Surg. Pathol. 2002, 26,
863-872. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/modpathol.3880323
http://www.ncbi.nlm.nih.gov/pubmed/11353047
http://dx.doi.org/10.3892/ol.2018.8679
http://www.ncbi.nlm.nih.gov/pubmed/29928381
http://dx.doi.org/10.1016/0092-8674(90)90186-I
http://dx.doi.org/10.1136/jcp.2007.047449
http://www.ncbi.nlm.nih.gov/pubmed/17893119
http://dx.doi.org/10.1097/00000478-200207000-00004
http://www.ncbi.nlm.nih.gov/pubmed/12131153
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Tumor Regression 
	Radiation-Induced Morphological Features 
	Inflammatory Component 
	“Dysplastic-Like” Features 
	Endocrine Features 
	p53 Immunohistochemical Results 
	Genetic Alterations in Tumors and in Tissue Samples with “Dysplastic-Like” Features 
	Comparison between P53 Phenotype and TP53 Genotype in Tumor and Mucosa with “Dysplastic-Like” Features 

	Discussion 
	Materials and Methods 
	Patients Cohort 
	Morphological Examination 
	IHC Analysis 
	NGS Mutational Analysis 

	Conclusions 
	References

