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Abstract

Aim. To conduct a comparative analysis of the microbiome of biopsies of a tumor and normal intestinal epithelium
of patients diagnosed with colorectal cancer and to identify of functional activities of the obtained bacterial isolates
that affect the development of the tumor.

Methods. The study included 50 patients with malignant neoplasms of the colon: 36 men and 24 women. The mean
age of the patients was 64.1£10.2 years. To analyze the microbiota of the biopsies, DNA samples were obtained
from the tissue of the unaffected colon mucosa and tumor of the patients. Bacterial 16S rRNA genes fragments were
amplified using bar-coded primer bakt 341f. Metagenomic next-generation sequencing was performed using the
MiSeq platform (Illumina, USA). The obtained data were processed by bioinformatic methods using the QIIME
package. Recognition of microorganisms depending on the morphotype and gram staining of the microflora was
carried out using combination differential media and biochemical tests. Statistical analysis was carried out using
Microsoft Excel, Service Pack 2 for Office XP, Statistica 6.0 (StatSoft). A comparative analysis was performed with
the Student's t-test and the Mann—Whitney test in case of unmet conditions of validity. Alpha diversity of bacterial
communities was quantified by the Shannon diversity index and the UniFrac distance for beta diversity analysis.
Results. In patients with colorectal cancer, 5 bacterial phyla were isolated, the predominant of which were
Firmicutes and Bacteroidetes, while the content of Actinobacteria was low. In addition, a higher number of
representatives of Fusobacteria was observed in the tumor tissue compared to the tissue of a healthy mucosa,
at a distance of 5 centimeters proximal to the tumor. The results of this study indicate that the microbiome of
a tumor and a healthy mucosa fundamentally differ from each other not only in morphotype and gram staining but
also in antagonistic, hemolytic and ribonucleolytic activities.

Conclusion. Colonization of the tumor by dominant aggressive Gram-negative bacteria leads to significant changes
in the tumor microbiome composition compared with normal mucosa, whose representatives are displaced from the
damaged epithelium by more aggressive strains.
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Background. Recent years have been marked by
advances in molecular oncology, immunology, and
microbiology, which have significantly expanded
our knowledge of the carcinogenesis of colorectal
cancer (CRC) and opened up new opportunities for
its prevention and treatment.

For several diseases of non-microbial etiology,
a complex relationship has been found with certain
infections. For example, the relationship between
Helicobacter pylori infection and the development

of stomach cancer, human papillomavirus and cer-
vical cancer, Salmonella typhi and gallbladder can-
cer, and Streptococcus bovis and CRC. A change in
the microbiota composition, also called dysbiosis,
in feces and tissues induces a violation of the epi-
thelial barrier function. These interactions lead to
bacterial adhesion and invasion, causing impaired
deoxyribonucleic acid (DNA) repair, decreased
apoptosis, increased proliferation, and altered im-
mune response to bacterial infection. The develop-
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ment of CRC becomes a logical culmination of this
process [1].

Other microorganisms, such as Streptococ-
cus pyogenes and Serratia marcescens, promote
growth inhibition and even the regression of colo-
nic neoplasms [2]. Thus, the additional studies of
the intestinal microflora are necessary for a better
understanding of the complex interactions between
the human body and its microbiota, to elucidate the
specific carcinogenic mechanisms, and the deve-
lopment of original methods of treating CRC.

Usually, trillions of commensal bacteria coexist
in the human colon, including representatives of
the genera Fusobacterium, Clostridium, Lactoba-
cillus, Bifidobacterium, and widespread species of
Bacteroides fragilis, Escherichia coli, Streptococ-
cus gallolyticus, Enterococcus faecalis, and others
[3]- In general, anaerobes outnumber aerobes in
the intestinal bacterial community, and any distur-
bance in the composition of this microbiota causes
a condition described as dysbiosis [4].

CRC dietary risk factors are mediated by dys-
biosis of the intestinal microbiota and an imbalance
of its metabolites. In this regard, bacteria associa-
ted with CRC, namely Fusobacterium nucleatum,
enterotoxigenic Bacteroides fragilis, Escherichia
coli, and butyrate-producing bacteria, are of great
interest. At recent oncology congresses, the issue
of human interaction with his microbiome in co-
lorectal carcinogenesis has been widely discussed
[5-7]. In 2012, researchers used pyrosequencing
of fecal bacteria to show that Bacteroides fragilis,
Enterococcus, Shigella, Klebsiella, Streptococcus,
and Peptostreptococcus prevailed in the intestinal
microflora of patients with CRC[S].

Some bacterial taxa are associated with a lower
risk of CRC. 16S rRNA sequencing has shown that
Roseburia and other butyrate-producing bacte-
ria of the Lachnospiraceae family and Clostridi-
um genus are less common in patients with CRC
[8]- These bacterial taxa are well-known produc-
ers of short-chain fatty acids, which serve as the
preferred energy substrate for colon cells and help
maintain a healthy epithelium and homeostasis [9].
In addition, butyrate has significant antitumor ef-
fects, including inhibiting tumor cell proliferation,
initiating apoptosis in tumor cells, and mediating
T-regulatory cell homeostasis [10, 11].

The intestinal microbiota can alter the pharma-
cokinetics of various drugs, including anticancer
drugs, influencing the results [12—14] and/or the
side effects of therapy [15,16]. Metagenomic and
metabolic profiling of the intestinal microbiota of
patients can be informative for choosing a chemo-
therapeutic drug and predicting side effects. The
therapeutic efficacy of anticancer drugs can also be
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improved by actively modulating the intestinal mi-
crobiota and using probiotics, prebiotics, or specific
inhibitors [17]. This approach could provide inno-
vative “oncobiotic” strategies that combine antican-
cer and microbiota-targeted agents.

The mechanisms underlying the role of mi-
croflora in oncogenesis are not fully understood;
however, evidence suggests that maintaining the
normal intestinal microbiota is a primary measure
of CRC prevention [18]. A promising direction for
preventing CRC may be fecal microbiota transplan-
tation, a procedure shown to decrease the risk of
cancer in mice [19].

Additional studies of the intestinal microflora
are necessary to gain a complete understanding of
the complex interactions between the human body
and its microbiota, elucidate the specific mecha-
nisms of CRC carcinogenesis, and assess the con-
tribution of bacteria to its prevention and treatment.

Aim. This study aims to conduct a comparative
analysis of the microbiome of biopsies of tumor and
normal intestinal epithelium of patients with dia-
gnosed CRC and identify the functional activity of
isolated bacterial isolates that affect tumor deve-
lopment.

Materials and methods. The study included
50 patients with malignant neoplasms of the co-
lon, which were treated at the Republican Clinical
Oncological Dispensary of the Ministry of Health
of the Republic of Tatarstan from 2013 to 2018: 36
men and 24 women. The average age of the patients
was 64.1 = 10.2 years.

The malignant tumor was localized in the right
half of the colon in 10 (22%) patients, in the left
half of the colon in 17 (34%) patients, in the rectum
in 23 (46%). Disease Stage | was diagnosed in 12%
of patients, Stage II in 53%, Stage III in 25%, and
Stage 1V in 10%.

Patients underwent radical and palliative sur-
gical interventions for malignant neoplasm of the
colon: right hemicolectomy in 20%, left hemico-
lectomy in 4%, resection of the sigmoid colon in
26%, obstructive resection of the sigmoid colon
in 4%, obstructive resection of the rectum in 8%,
intra-abdominal rectal resection in 22%, and ab-
dominal-perineal rectal extirpation in 16% of cases.
In all patients, biopsy samples of the mucous mem-
brane 5 cm from the tumor and tumor tissue were
taken after removal of the surgical specimen (Fig. 1).

Biopsies were examined in accordance with
the permission of the Ethics Committee of the Ka-
zan State Medical Academy (Protocol No. 4 dated
May 7, 2009). The resulting material was transport-
ed in sterile containers to a microbiological labora-
tory. Microorganisms from biopsies were washed
off with sodium phosphate buffer and plated on
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Fig. 1. Biopsy sites
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Fig. 2. The content of parietal microorganisms in the intact
mucous membrane of the colon and the tumor tissue. The to-
tal number of microorganisms is taken as 100%

meat-peptone agar media and Endo medium. After
48 h, the colonies were counted, and the morpho-
logical characteristics of bacteria were determined
by Gram staining. The identification of cultured
microorganisms was performed by mass spec-
trometric analysis using MALDI-TOF Biotyper
(Matrix Assisted Laser Desorption'lonization), ac-
cording to the spectrum of proteins directly from
the bacterial cell without preliminary sample
preparation.

DNA samples were obtained from the tissue
of the unaffected colon mucosa and the tumor to
analyze the microbiota of biopsy specimens. Frag-
ments of bacterial 16S rRNA genes were amplified
using the barcoded primers Bakt 341F ('5-CCT
ACG GGN GGC WGC AG-3') and Bakt 805R ('5-
GAC TAC HVG GGT ATC TAA TCC-3") using
high-precision DNA polymerase Phusion. The re-
sulting amplicons for each sample were pooled
and purified using Agencourt AMPure XP beads
(Beckman Coulter, USA). The amount of DNA was
determined using the Quant-iTdsDNA HS assay
kit. New generation metagenomic sequencing was
performed on the MiSeq platform (Illumina, USA).
The data obtained were processed by bioinforma-
tics methods using the QIIME software package

(an open source software package comparing and
analyzing microbial communities). Data processing
included assembling reads from both ends, asses-
sing the quality of the obtained nucleotide sequen-
ces (short sequences with a read quality parameter
of less than 25 were excluded from the analysis),
clustering into operational taxonomic units that
act as analogs of biological species (operational ta-
xonomic units with a threshold value higher than
97%) and assigning a taxonomic status.

The studied cultures were transferred in the
form of a cut-out area with agar to new Petri dishes
inoculated in advance with a 6-hour broth culture
of non-colicinogenic E. coli K12 to determine the
antagonistic activity of the isolated bacteria relative
to E. coli K12. The result was considered after 24
h of incubation at 37°C according to the zones of
growth inhibition of E. coli K12 strain around the
studied cultures. The hemolytic activity of the iso-
lated bacteria was recorded by cultivation for 48 h
at 37°C on 20% blood agar. The secreted RNase
activity was determined by the formation of acid-
soluble hydrolysis products from high-polymer
yeast RNA introduced into an agar phosphorus-free
medium by recording the size of the clear zone on
the medium. If there was a clear zone around three
identical colonies, the isolate was considered to be
secreting RNase.

Statistical data processing was performed using
Microsoft Excel, Service Pack 2 for Office XP, Sta-
tistica (StatSoft) version 6.0. The Student's -test was
used to conduct a comparative analysis of the data
obtained, and in case of non-compliance with its
conditions, the Mann—Whitney test was used. The
Shannon index was used to assess the a-diversity
of bacterial communities, B-diversity of the com-
munities was assessed using the UniFrac method.

Results and discussion. The conducted micro-
biological analysis of biopsied intestinal epitheli-
um, in contrast to the unstable intraluminal flora,
enables examining the parietal, intestinal crypt mi-
croflora content. Microbial communities of biopsies
of the normal and malignant intestinal epithelium
of patients with CRC were studied by pyrosequen-
cing of 16S rRNA gene fragments (Fig.2).

Five bacterial phyla were isolated from the in-
testinal microbiocenosis of patients with CRC, the
predominant of which were Firmicutes and Bacte-
roidetes, whereas the content of Actinobacteria was
low (Fig. 1). In addition, a higher number of Fuso-
bacteria representatives was noted in the tumor tis-
sue compared with the healthy mucous membrane
tissue.

The morphological characteristics of colonies
from biopsies of unaffected mucous membranes
and colon tumor tissue were used to obtain 116 bac-
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Table 1. The number of isolates of the main groups of bac-
teria isolated from the healthy mucous membrane and tumor
tissue of patients with CRC

Bacteria
Source of Gram Gram
biopsy material positive negative P
n % n %
Healthy mucous | 49 | g9 | 12 | 20 | <0.005
membrane
Tumor tissue 14 25 41 75 <0.005

Table 2. Bacterial colonization in various parts of the colon

Location Gram-negative Gram-positive
rods rods
Right half of trans- 10¢ 10%-10°
verse colon
Left half of trans- 105106 107
verse colon
Rectum 107-108 10°

terial isolates from patients with CRC. On average,
103 to 105 microorganisms were inoculated per
one ml of the suspension obtained by washing the
biopsy sample with sodium phosphate buffer (Sig-
ma, USA).

The microflora analysis of biopsy specimens
was performed using classical microbiology me-
thods that allowed identifying those groups of bac-
teria characteristic for the tumor growth zone and
the healthy colon mucous membrane. Sixty-one
microbial isolates were isolated from the healthy
tissue. Most were identified as gram-positive mi-
croorganisms (80% of observations) (Tablel),
primarily facultative anaerobic and anaerobic mi-
croorganisms of the Lactobacillaceae and Bi-
fidobacteriaceae families. Fifty-five microbial
isolates were isolated from tumor tissue, of which
gram-negative bacteria prevailed (75% of observa-
tions) (Table 1), which included the Fusobacterium
genus. In most cases, gram-negative bacteria be-
longed to the Enterobacteriaceae family, an oppor-
tunistic facultative anaerobic bacteria. Note that the
Fusobacterium genus is distinguished by its ability
to secrete phospholipase A, which facilitates the in-
vasion of bacteria into deep tissues, and leukocidin,
which exhibits a cytotoxic effect on various cells.

In addition, opportunistic pathogens were iden-
tified in the tumor tissue - Staphylococcus aureus
(S. aureus), Klebsiella (Klebsiella), and Prote-
us (Proteus), which have pronounced antagonistic
properties.

Quantitative analysis of the microflora of the
colon demonstrates the increase in the number of
opportunistic microflora of the colon in the direction
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from the head of the cecum to the sphincter ani ex-
ternus and the corresponding decrease in the num-
ber of gram-positive lactic acid bacteria (Table 2).

Hemolytic, ribonucleolytic, and antagonistic ac-
tivities of microorganisms are the most important
factors in the competitive struggle of bacteria for
colonization of the epithelium.

Bifidobacteria have high antagonistic activi-
ty against pathogenic and opportunistic microor-
ganisms due to the synthesis of organic fatty acids;
lactobacilli inhibit the growth of putrefactive mi-
croorganisms due to the synthesis of lactic acid;
and E. coli produce colicins, antibiotic-like sub-
stances, that inhibit the growth of enteropathoge-
nic intestinal [20].

The highest concentration of microorganisms
with antagonistic properties was found on the mu-
cous membrane adjacent to the tumor, that is, in
the zone of active competitive struggle of micro-
organisms. We paid particular attention to deter-
mining the activity of extracellular RNases based
on data on the cytotoxic effect of colicin E3 on tu-
mor cells which serves as a highly specific RNase
and a potential anticancer agent [21]. Some other
bacterial RNases [22] also have antitumor and
anti-immigration effects, which can also prevent
CRC development.

We found that after eight h of cultivation on an
RNA-enriched, phosphorus-deficient, synthetic me-
dium, 83% of isolates of oncotransformed epitheli-
um and 27% of isolates of conventionally healthy
epithelium had significant extracellular ribonucle-
ase activity. After 24 h of cultivation, 91% of bac-
terial isolates of healthy epithelial tissues showed
the same low level of activity. Nine percent of iso-
lates of healthy epithelium did not show any visi-
ble extracellular RNase activity. By combining the
isolates according to Gram staining, both groups of
bacteria could synthesize extracellular RNases, the
activity of which increased with the time of culti-
vation (Table 3). The activation of the synthesis of
extracellular RNases in groups of bacteria coloni-
zing damaged intestinal tissue areas can be viewed
as a possible control mechanism by the normal mi-
croflora to counteract colorectal tumor formation.

The results obtained indicate that the microbi-
ome of a tumor and a healthy mucous membrane is
fundamentally different in morphotype, and Gram
affiliation, and antagonistic, hemolytic, and ribo-
nucleolytic activity.

Conclusions. Thus, we established that bac-
teria colonizing colon tumor tissue have a more
pronounced antagonistic activity than the un-
affected mucous membrane since they can syn-
thesize secreted ribonucleases. The colonization
of a tumor by dominant gram-negative bacte-
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Table 3. Percentage of bacterial isolates from biopsies of oncotransformed and normal rectal epithelium with ribonuclease

activity
The proportion of bacteria with secreted RNases, percent of the total number of isolates of a certain Gram affiliation*
Culturing time of bacteria on a synthetic 24
phosphorus-free medium, h
Gram affiliation + - + -
Epithelium type
Conditionally healthy 50 24 75 93
Malignant 100 81.6 100 100
p <0.001 <0.001 <0.05 <0.05

Note: * the total number of isolates of each Gram affiliation is taken as 100%

ria with pronounced aggressive properties causes
significant changes in the composition of the tu-
mor microbiome compared with the healthy mu-
cous membrane. These changes include displacing
representatives from the damaged epithelium with
more aggressive neighbors.

The high level of ribonucleolytic activity of tu-
mor microorganisms indicates that they contribute
to eliminating tumor cells. Multidirectional meta-
bolic processes occur in the microbiome of tumor
tissue, activating and inhibiting its growth, indica-
ting poorly studied adaptation mechanisms that al-
low microfiora to resist oncological diseases.

CONCLUSIONS

1. The analysis of the microflora of biopsies tak-
en from patients with CRC showed that the intact
epithelium is colonized mainly by gram-positive
bacteria that do not possess antagonistic and hemo-
lytic activity are capable of producing secreted ri-
bonucleases.

2. The tumor tissue biopsy specimens are main-
ly seeded with gram-negative microorganisms with
pronounced antagonistic and hemolytic properties.

3. The study results of the intestinal tissue mi-
crobiome in CRC suggest that identifying critical
bacteria and their metabolites in the tumor will be-
come valuable prognostic disease markers.
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