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Aims
Study objective: to identify molecular and morphological effects of preoperative radiotherapy in rectal 

cancer. 
Materials and Methods
We analysed data from 45 patients who underwent radiotherapy during the perioperative period. DNA 

(DNA distribution over the cell cycle phases) was tested in tumour cells of the resected intraoperative tu-
mour tissue (CycleTESTTMPLUS DNA ReagentKit). The DNA index characterised by aneuploid to diploid 
cell ratio was determined. Therapeutic pathomorphism and change in tumour size induced by preoperative 
radiotherapy were recorded.

Results
The DNA index test has showed no tumours with DNA index less than 1.0. The index ranged from 

1.1 to 1.9. Radiotherapy was associated with a 1.6-fold increase in tumour incidence with DNA index up 
to 1.5 and a 2.6-fold decrease in tumour incidence with DNA index greater than 1.5. Grade III therapeutic 
pathomorphism was reported in 70% of cases. The tumour extent decreased 1.5-fold, and the distance from 
the anus to the lower edge of the tumour increased 1.2-fold (р<0.05). 

Conclusions
The molecular and morphological effect of radiotherapy for rectal cancer was a reduction in tumour 

malignancy potential, manifested by varying degrees of therapeutic pathomorphism. Our data suggest that, 
6–8 weeks after prolonged radiotherapy, there is a pronounced clinicopathological effect, and the molecular 
changes already correspond to a non-irradiated tumour by many parameters at this time. Consequently, ex-
tending the period between the end of radiotherapy and surgery may result in resumption of tumour growth 
and reversal of the effect of neoadjuvant therapy. This should be considered when planning combination 
treatment in patients with rectal cancer.
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INTRODUCTION
Modern oncology achieved significant 

success in the treatment of colorectal can-
cer [1–3] and radiotherapy was included in 
the combined therapy for colorectal cancer 
long ago [4, 5]. Numerous studies showed 
an important role of preoperational radio-
therapy in a complex treatment for colorec-
tal cancer. In the USA, from 2004 to 2011, 
the share of patients that received neoadju-
vant radiotherapy increased from 57% to 
75%, and the share of patients that received 
postoperative radiotherapy decreased from 
39% to 18% [6, 7]. Similar tendencies were 
observed in Europe and Russia. 

 The indication of preoperational radio-
therapy leads to a two-fold decrease in the 
5-year rate of recurrence-free survival in 
patients with colorectal cancer (from 10.9% 
to 5.6%) [8–10]. It was established that the 

main prognostic sign of the effectiveness 
of radiotherapy in patients with malignant 
tumors was the degree of tumor regression. 
Thus, 3-year recurrence-free survival in pa-
tients with Dworak 4 is 95%, Dworak 3 – 
82%, Dworak 2 – 64%, and Dworak 1 – only 
53% [11]. The achievements in fundamen-
tal oncology allow specialists to evaluate 
the degree of tumor regression at the tissue, 
cellular, and molecular levels.

The study was aimed to reveal the mo-
lecular-morphological effects of periopera-
tive radiotherapy in patients with colorec-
tal cancer.

MATERIALS AND METHODS
The authors analyzed the data obtained 

from 45 patients with colorectal cancer 
T3-4N0-1M0 that underwent therapy at 
the National Medical Research Oncologi-
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cal Center of the Ministry of Healthcare of 
the Russian Federation. In all the patients, 
the tumor was characterized as adenocar-
cinoma (more often, it was moderately 
differentiated (75%)). The main group in-
cluded 20 patients that underwent a course 
of neoadjuvant radiotherapy for a tumor 
and pathways of metastases (19 sessions 
5 times per week with a fraction dose of 
2.4 Gy to a total boost dose of 50 isoGy). 
In the days of therapy, radiomodification 
with capecitabine (1600 mg2/day) was in-
dicated. Surgical treatment was performed 
in 7–8 weeks after radiotherapy. The con-
trol group included 25 patients that had 
a contraindication to radiotherapy at the 
first stage or refused the therapy. A post-
operational tumor specimen was sent for 
pathomorphological study. The degree of 
therapeutic pathomorphism of the tumor 
was identified by Lavnikova’s method. 
Tissue DNA analysis was performed with 
the CycleTESTTMPLUS DNA ReagentKit 
(No. 340242, BectonDickinson). The ob-
tained data were statistically processed with 
the ModFit LT software. The software was 
used to analyze the ploidy and distribution 
of cells by the phases of the cellular cycle. 
Besides, the share of cells with different 
content of DNA was calculated. The pro-
liferation index was defined as the sum of 
tumor cells at the phase of S- and (G2+M) 
of the cellular cycle. Student’s t-test was 
used for data processing.

The study protocol followed guidelines 
for experimental investigation with human 
subjects in accordance with the Declaration 
of Helsinki and was approved by the ethics 
committee. Written informed consent was 
obtained from each patient (or official rep-
resentative) before the study.

RESULTS
The results of the morphological study 

showed that the changes in tumors after 
radiotherapy were characterized by the de-
velopment of destructive foci. In the main 
group, the area of necrosis was 36.4±4.2%, 
the signs of irreversible forms of dystrophy 
varied from 24% to 68%. In the present 
study, therapeutic pathomorphism of grades 
I and IV was not revealed. Therapeutic 
pathomorphism of grade II was revealed in 
25% of patients and grade III – in 70% of 
patients. It manifested itself as the lack of 
tumor cells, expressed fibrosis and hyalino-

sis of the connective tissue, the presence of 
focal calcification, and gigantic multinucle-
ate cells like foreign matter. Flow cytometry 
was used to study the quantity of DNAs in 
tumor cells, their distribution by the phases 
of the cellular cycle, and proliferative activ-
ity of tumor cells under the influence of a 
course of neoadjuvant radiotherapy. It was 
proved that the content of DNA in a normal 
cell was inconstant. It is also known that a 
tumor is heterogeneous. The tumor growth 
is provided by an actively proliferating cell 
fraction. The cells at the phase of synthesis 
(S) and pre-synthesis (G1) are least sen-
sitive to a radiative effect and cells at the 
phase of mitosis (M) and pre-mitosis (G2) 
are most sensitive.

The effect of drugs was different. Some 
alkylating agents affect the cells in the syn-
thetic and pre-mitosis phase; plant-derived 
cytostatics – at the phase of mitosis, in-
hibitors of protein synthesis – in the pre-
synthetic phase; and the effect of antime-
tabolites is observed in the synthetic and 
pre-synthetic phases. The study of DNA-
cytometric parameters of colorectal tumors 
under the influence of radiotherapy re-
vealed the prevalence of aneuploid tumors 
(60%) over diploid ones (40%). The share 
of tumors with a DNA index higher than 
1.5 was 16.7%. In the control group, the 
share of aneuploid tumors was 64%. The 
majority of tumors were heterogeneous, i.e. 
they contained both aneuploid and diploid 
cells. The main factor that defines the bio-
logical behavior of the tumor is the charac-
teristics of the mean content of aneuploid 
cells in the tumor. The performed analysis 
did not reveal any significant differences in 
the content of aneuploid cells in the tumor 
(51.9±4.7% and 51.4±5.3%, respectively). 
Aneuploidy is associated not only with the 
changes in DNA content in cells but also 
with the changes in the genome. It is char-
acterized by the DNA index, which is the 
ratio of the intensity of the fluorescence 
peak of aneuploid to diploid cells. The re-
sults of the analysis of the indices in the 
groups showed that there were no tumors 
with the DNA index < 1.0; the DNA index 
varied from 1.1 to 1.9. 

The mean value in the control group 
was 1.5±0.08, and in the main group, it 
was – 1.2±0.07. Besides, in the main group, 
tumors with the DNA index > 1.5 were 
identified only in 16.7% of cases (p<0.05). 
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Table 1
Distribution of cells by the phases of the cellular cycle (%)

Groups G0/G1-phase G2+M S-phase
Main group 86.2±3.7 2.7±0.6 11.2±3.2
Control group 87.96±2.18 2.12±0.4 9.98±1.6

Table 2
The ratio of cells by the phases of the cellular cycle 

of diploid and aneuploid colon tumors (%)

Tumor type G0/G1-phase G2+M-phase S-phase Proliferation index
Diploid 86.3±4.3 0.11±0.008 ↓* 13.7±4.3 14.4±3.4
Aneuploid 86.2±5 3.5±0.9 10.4±2.1 13.9±3.4

N o t e :  *  –  differences in the parameters were significant concerning aneuploid tumors (p≤0.05).

Table 1 shows the distribution of tu-
mor cells depending on the phase of the 
cellular cycle. It was established that in 
the main group, a significant share of 
tumor cells was at the phase of G0/1 of 
the cellular cycle (86.2±3.7%) and the 
phase G2+M – 2.7±0.6%. The rate of 
cell proliferation was 11.2±3.2%, while 
the proliferative activity was 13.5±3.2%. 
In the control group, a similar distribu-
tion was observed: most of the cells were 
at the phase G0/1 – 87.96±2.18%, at 
the S-phase – 9.98±1.6%, and at G2+M 
phase – 2.12±0.4%.

The analysis of proliferative activity re-
vealed similar index values in both groups 
of patients: 13.5±3.2% and 12.1±1.4%, re-
spectively. The authors also analyzed the 
ratio between diploid and aneuploid tumor 
cells (Table 2). 

Patients with diploid and aneuploid 
colorectal tumors are characterized by the 
prevalence of cells at the phase G0/1 of the 
cellular cycle. The authors revealed signifi-
cant differences in diploid and aneuploid 
tumors (p≤0.05): the share of cells in the 
M and G2 phases was 32 times lower in 
diploid tumors. 

The rate of proliferation in diploid cells 
exceeded the same parameter in aneuploid 
cells. 

The indices of the proliferation of dip-
loid and aneuploid tumors were similar. 

Figs. 1–4 show histograms of the ratio 
of tumor cells in the studied groups. 

Taking into account the fact that the 
main aim of preoperational radiotherapy in 
patients with colorectal cancer is a decrease 
in the primary tumor, the authors also eval-
uated the clinical effectiveness of the per-
formed radiotherapy (Table 3). 

It was revealed that in the group of pa-
tients that underwent prolonged radiother-
apy, the tumor reduced from 6.8±0.6 cm to 
4.5±0.5 cm (p<0.05), and the distance from 
the anus to the lower border of the tumor 
increased from 6.3±0.6 cm to 7.6±0.6 cm 
(p<0.05).

The authors revealed a clinical-morpho-
logical effect of pre-operational prolonged 
radiotherapy in patients with colorectal 
cancer. Thus, the clinical effectiveness of 
the therapy manifested itself as a decrease 
in the colorectal tumor length by 1.5 times 
and an increase in the distance between the 
anus and the lower border of the tumor by 
1.2 times (p<0.05). Morphologically, these 
data were confirmed by the development of 
therapeutic pathomorphism of grade III in 
70% of patients. The study at the molecu-
lar level revealed significant changes in the 
content of DNA in tumor cells of the rectum 
after radiotherapy. A prevalence of tumors 
with the DNA index < 1.5 by 1.5 times and 
a decrease in tumors with the DNA index 
>1.5 by 2.6 times in the main group of pa-
tients were observed. Besides, there was a 
significant decrease in the DNA index from 
1.5±0.08 in the control group to 1.2±0.07 in 
the main group (p≤0.05). 
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Fig. 1. Histogram of the distribution of cells by the phases  
of the cellular cycle of a diploid colorectal tumor in the main group.  

Patient M., female, 62 years old, histologically – G2 adenocarcinoma 

Diploid: 100%
Dip G1: 77.29%
Dip G2: 4.49%
Dip S: 18.23% 

Fig. 2. Histogram of the distribution of cells by the phases  
of the cellular cycle of a diploid rectal tumor in the control group.  

Patient M., male, 61 years old, histologically – G2 adenocarcinoma 
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Fig. 3. Histogram of the distribution of cells of an aneuploid rectal tumor 
in the main group by the phases of the cellular cycle.  

Patient K., male, 55 years old, histologically – G2 adenocarcinoma 

Diploid: 13.32%
Dip G1: 87.62%
Dip G2: 0.00%
Dip S: 12.38% 

Aneuploid: 86.68%
An G1: 83.83%
An G2: 2.87%
An S: 13.30%

Fig. 4. Histogram of the distribution of cells of an aneuploid rectal tumor 
in the control group by the phases of the cellular cycle.  

Patient Sh., female, 47 years old, histologically – G2 adenocarcinoma 
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Table 3
Characteristics of rectal tumor after a course of radiotherapy 

Characteristics of the tumor Main group Control group
Tumor length: 
before
after

6.8±0.6 cm
4.5±0.5 cm*

6.0±0.9 cm

Distance from the anus to the tumor:
before
after

6.3±0.6 cm
7.6±0.6 cm

5856*

7.8±0.8 cm

N o t e :  *  –  differences in the group are significant (p<0.05).

There were no significant changes re-
vealed in the share of cells at different stag-
es of the cellular cycle in tumors from the 
main and control groups. Still, radiotherapy 
led to significant differences between dip-
loid and aneuploid tumors by the share of 
cells at the stage of mitosis (M) and pre-
mitosis (G2) of the cellular cycle that was 
32 times lower in diploid than aneuploid tu-
mors (p≤0.05). Pre-operational radiothera-
py in patients with colorectal cancer did not 
reveal significant differences in the share of 
aneuploid tumors and the mean content of 
aneuploid cells in the tumor in comparison 
with the control group. Aneuploid tumors 
were characterized by the lack of tumors 
with the DNA index < 1.0 in the main and 
control groups. The obtained data indicate 
that 6–8 weeks after prolonged radiothera-
py, an expressed clinical morphological ef-
fect is observed and the changes at the mo-
lecular level at this period correspond to the 
parameters of a non-irradiated tumor. Thus, 
an excessive period between the end of the 
radiotherapy course and surgical interven-
tion can lead to a recurrence of the tumor 

growth and ineffective neoadjuvant thera-
py. This fact should be accounted for when 
planning combined therapy in patients with 
colorectal cancer.

CONCLUSIONS 
1. A decrease in the potential malignan-

cy of colorectal cancer became the main 
molecular-morphological effect of preop-
erational radiotherapy. It was observed in 
the therapeutic pathomorphism of grade III 
(70%) and an increase in the rate of tumors 
with the DNA index up to 1.5 by 1.5 times.

2. The clinical effectiveness of preop-
erational radiotherapy is expressed as a de-
crease in the length of a colorectal tumor 
by 1.5 times and an increase in the distance 
from the anus to the lower border of the 
tumor by 1.2 times (p<0.05).
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