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ABSTRACT

Aim. To study the ultrastructural features of rectal cancer cells and to detect signs of mitochondrial translocation 
from the tumor to the resection line area with an assessment of the possibility of the formation of new malignant cells.

Materials and methods. The present study encompassed the data obtained from 44 patients with an average 
age of 66 (58–73) years, who underwent surgical intervention for rectal cancer T2–3N0M0 with differentiation 
grade G2. A portion of the tumor specimen and intestinal tissue along the resection line were preserved in a 
formaldehyde-glutaraldehyde fixative solution. Standard methods of section preparation were employed. Sections 
were subsequently examined using a Jeol JEM-1011 electron microscope (JEOL Inc., Japan).

Results. The ultrastructure of rectal adenocarcinoma was characterized by a high density of arrangement and varying 
sizes and shapes of tumor cells with a large nucleus and deep invaginations of the nuclear membrane, as well as an 
accumulation of multiple mitochondria at one of the cell poles. The process of pinching off a cytoplasmic fragment, 
which was found to be densely packed with mitochondria, was observed. This phenomenon was subsequently 
identified as a mitochondriome. Following this observation, the mitochondria were found to have translocated 
into healthy intestinal tissues along the resection line. Electron diffraction data revealed the active movement of 
mitochondria in the form of small spheroids and mitovesicles along the boundaries of the multilayer structure 
of the rectal submucosa, and subsequent fusion into large organelles capable of implementing nuclear synthesis 
from transported mitochondrial and nuclear DNA. We observed the presence of individual nuclear structures in 
conjunction with groups of mitochondria, followed by the self-assembly of abnormal cells.

Conclusion. The ultrastructural analysis of rectal adenocarcinoma indicates the need for mitochondrial translocation 
to free up intracellular space and prevent the metabolic threat of reactive oxygen species (ROS) accumulation in 
tumor cells. It also points to the key role of mitochondria in initiating tumor energy and information transfer as 
leaders of these processes. This observation suggests the possibility of early recurrence and metastasis in rectal 
cancer cases.
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РЕЗЮМЕ 

Цель. Изучение ультраструктурных особенностей клеток рака прямой кишки и обнаружение признаков 
транслокации митохондрий из опухоли в область линии резекции с оценкой возможности образования 
новых злокачественных клеток. 

Материалы и методы. В исследование включены результаты, полученные от 44 больных (средний возраст 
66 (58–73) лет), прооперированных по поводу рака прямой кишки T2–3N0M0 со степенью дифференциров-
ки G2. Часть опухолевого материала и ткани кишки по линии резекции помещали в фиксирующий раствор 
формальдегида/глутаральдегида. Применяли стандартные методы подготовки срезов, которые исследова-
ли с помощью электронного микроскопа Jeol JEM-1011 (JEOL Inc., Япония).

Результаты. Ультраструктура аденокарциномы прямой кишки характеризовалась высокой плотностью 
расположения и вариабельностью размеров и формы опухолевых клеток с крупным ядром и глубокими 
инвагинациями ядерной мембраны, скоплением множества митохондрий по одному из полюсов клетки. 
Было выявлено отшнуровывание фрагмента цитоплазмы, плотно заполненного митохондриями, в виде ми-
тохондриома с последующей транслокацией митохондрий в здоровые ткани кишки по линии резекции. 
По данным электронограмм можно было судить об активном передвижении митохондрий в форме мелких 
сфероидов и митовизикул вдоль границ многослойной структуры подслизистой оболочки прямой кишки, а 
затем их слияние в крупные органеллы, способных к реализации ядерного синтеза из транспортированных 
митохондриальных и ядерных ДНК. Отмечены отдельные ядерные структуры в кооперации с группами 
митохондрий и последующей самосборкой аномальных клеток.

Заключение. Ультраструктурный анализ аденокарциномы прямой кишки свидетельствует не только о не-
обходимости митохондриальной транслокации для освобождения внутриклеточного пространства и пре-
дотвращения метаболической угрозы накопления активных форм кислорода в клетках опухоли, но и указы-
вает  на ключевую роль митохондрий для старта опухолевого переноса энергии и информации как лидеров 
этих процессов. Это приводит к мысли о вероятности индукции процессов раннего рецидивирования и 
метастазирования рака прямой кишки.
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Соответствие принципам этики. Все пациенты подписали информированное согласие на взятие и пере-
дачу биологического материала для проведения научных исследований, государственных заданий в обще-
ственно и социально полезных целях. Исследование одобрено этическим комитетом ФГБУ «НМИЦ онко-
логии» Минздрава России (протокол № 1 от 30.01.2023).
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INTRODUCTION

In recent years, significant improvements have 
been made in the treatment of colorectal cancer (CRC) 
with chemotherapy, molecular targeted therapies, 
and immune checkpoint inhibitors [1]. However, 
recurrences and drug resistance prevent successful 
cancer treatment, resulting in a relatively poor 5-year 
survival prognosis in approximately 60% of cases 
[2–4]. Moreover, approximately 20% of patients with 
CRC have metastasis at the time of diagnosis, whereas 
25% of patients develop metastasis at an early stage 
during follow-up [5]. Therefore, an in-depth study of 
the key factors and mechanisms of tumor progression, 
as well as the investigation of new therapeutic targets, 
is essential.

Metabolic reprogramming is currently the focus 
of cancer research. Recent evidence suggests that the 
unique metabolism of tumor cells, characterized by 
reduced oxidative phosphorylation (OXPHOS) and 
increased glycolysis, is regulated by mitochondrial 
dynamics [6–8]. Mitochondria are known as the 
powerhouses of eukaryotic cells that exhibit dynamic 
properties such as fusion, fission, and degradation, 
which is crucial for their optimal functioning in energy 
production [9]. They play an important role in various 
cellular processes including cell differentiation, 
apoptosis, calcium homeostasis, innate immunity, and 
fatty acid (FA) and amino acid metabolism [10, 11].

Both whole mitochondria and mitochondrial 
genome or other mitochondrial components are 
endowed with the ability of intercellular translocation 
[12]. Mitochondrial transport can be accomplished 
by tunneling nanotubes (TNTs), gap junctions 
(GJs), and extracellular vesicles or microvesicles 
(MVs) ranging from 100 nm to 1µm, which are able 
to span whole mitochondria, genomic DNA, and 
mitochondrial DNA [13]. However, mitochondria 
themselves as active organelles are also transported 
along the cytoskeleton and can take different shapes, 

for example, fusing into long or interconnected 
tubules or dividing into small spheroids, which is 
regulated by opposing processes of fusion and fission 
[14]. The continuous processes of mitochondrial 
membrane fusion and fission help to regulate the 
morphology and number of mitochondria, ensuring 
their homogeneity and efficient functioning [15]. 
In addition, unbalanced mitochondrial fusion and 
fission during the cell cycle, apparently, may be 
associated with the processes of mitochondria-
dependent metabolic reprogramming, promoting the 
entry of cancer cells into mitosis, thereby providing 
an advantage in proliferation and survival [9].

Mitochondrial fusion is defined as the full-collapse 
fusion of two mitochondria by end-to-end collision 
[10]. Mitochondria consist of two membranes: the 
outer mitochondrial membrane (OMM) and the inner 
mitochondrial membrane (IMM). The fusion of the 
outer membrane occurs first, followed by fusion of 
the inner membrane, which occurs in close proximity. 
The IMM contains the mitochondrial lumen (matrix), 
an inner fringing membrane parallel to the OMM, 
and a deep curved polymorphic invagination known 
as the crista. 

The crista increases the surface area of the inner 
membrane and contains components essential for 
mitochondrial respiration. When the four lipid bilayers 
fuse, the contents mix, and the matrix components 
diffuse to form a single fused mitochondrion [9]. In 
addition to full fusion, there is the so-called kiss-
and-run fusion. In contrast to full-collapse fusion, 
provisional fusion occurs when two mitochondria 
join, partially exchange intact membrane proteins, and 
divide, thereby retaining their original topology. This 
type of fusion increases the functional stability and 
plasticity of mitochondria and is necessary to support 
mitochondrial metabolism [16]. While moderate 
fusion protects intestinal epithelial cells from 
mitochondrial damage caused by oxidative stress and 
prevents CRC, abnormal mitochondrial fusion leads to 
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adenosine triphosphate overproduction and abnormal 
tumor proliferation. 

Thus, taking into account the level of modern 
knowledge about mitochondria dislocation and 
transformation and their biological significance in 
tumor pathogenesis, it seems relevant to visually assess 
the topographic signs of mitochondria movement from 
the primary focus of CRC to the resection line. This 
will help to approach the formation of a hypothesis 
about the key role of mitochondria in the initiation of 
new tumor cell conglomerations as a possible basis for 
recurrence and metastasis.  

The aim of this study was to investigate the 
ultrastructural features of rectal cancer cells and to 
detect signs of mitochondrial translocation from the 
tumor to the resection line, taking into account the 
possibility of formation of new malignant cells.

MATERIALS AND METHODS
The study included the data obtained from 44 

patients with rectal cancer T2–3N0M0 with an average 
age of 66 (58–73) years, operated on without adjuvant 
therapy. The tumor differentiation grade in all patients 
was G2. During the operation after laparotomy, we 
performed mobilization of the tumor-affected part of 
the intestine by dissecting and dividing the feeding 
blood vessels, performed lymphodissection and 
resection of the affected organ in the scope of rectal 
resection with removal of the malignant tumor. A part 
of tumor material and a fragment of intestinal tissue 
along the resection line were immediately placed in 
the formaldehyde-glutaraldehyde fixative solution.

TRANSMISSION ELECTRON MICROSCOPY
After the pretreatment procedure, the tissue sample 

was placed in pure Epon-812 resin (SPI Inc., USA) and 
cured for 72 hours at 70°C. Ultrathin 90-nm sections 

were obtained using an ultramicrotome equipped with 
a diamond knife. Sections were mounted on copper slit 
grids and contrasted with 2% aqueous uranyl acetate 
solution for 40 minutes and lead citrate for 2 minutes. 
Sections were examined and photographed using a Jeol 
JEM-1011 electron microscope (JEOL Inc., Japan).

RESULTS 
According to the histopathology report, the rectal 

tumor was a low-differentiated adenocarcinoma (high 
grade G2). The most characteristic features of such 
tumors were the presence of a mucinous component 
(5%) with invasion of all layers of the intestinal wall, in- 
vasion of visceral peritoneum, foci of necrosis, mode- 
rately pronounced chronic inflammation, and presence 
of signs of lymphovascular and perineural invasion.

Ultrastructural study of the tumor tissue showed 
typical invasive growth of adenocarcinoma cells varying 
in shape and size (Fig. 1). The cells were tightly adherent 
to each other without a pronounced intercellular space 
between the outer layers of cell membranes. At the same 
time, electron-dense formations of the “interdigitation” 
type or desmosomes (indicated by arrows in Fig. 1, b) 
were among the noticeable structures demonstrating 
close intercellular contacts.

Taking into account the fact that desmosomes 
provide the necessary mechanical adhesion between 
cells by connecting intermediate filaments, it confirms 
direct interaction and exchange, allowing to realize the 
life support of tumor tissue. In cellular polymorphism, 
we observed diverse nucleus sizes and shapes. The 
bizarre shape of the nuclei was associated with 
numerous invaginations of the nuclear membrane. 
Often the nucleus occupied a significant part, reaching 
up to 50–60% of the cell surface, and had a multilobed 
appearance with deep invaginations of the nucleus 
shell (Fig. 2). 

Fig. 1. Electron diffraction image of a fragment 
of a low-differentiated adenocarcinoma with 
invasion of the rectal wall: a – variability in the 
size and shape of tumor cells with high-density 
arrangement; b – the presence of intercellular 
contacts in the form of “interdigitation” or 
desmosomes (indicated by arrows); x10,000. 
Here and in Figures 2 and 4, images are typical 
of the preparations of each of the examined 

patients in the group.
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This type of nuclei is characteristic of malignant 
transformation. The cytoplasm of adenocarcinoma 
cells was densely filled with organoids, among which 
the most common ones were mitochondria of different 
sizes, mainly of irregular round shape with pathological 
configuration of cristae, and varying electron density 
of the inner space containing metabolic products  
(Fig. 2).

Fig. 2. Electron diffraction image of a fragment of rectal 
adenocarcinoma tissue. We observe tumor cells with numerous 
deep invaginations of the nuclear membrane and a cluster of 

mitochondria at one of the cell poles; ×20,000

It was noticed that in the overwhelming majority 
of cells the large aggregation of mitochondria as a rule 
was shifted to one of the cell poles. As a rule, this 
peculiarity of mitochondria movement to the leading 
edge of invasive cancer cells is associated with the 
necessity of energy supply for their movement [17, 
18]. It can be assumed that a significant accumulation 
of mitochondria in the cells could initiate a large 
mitochondrial transfer, which was realized through the 
mechanism of cytoplasmic pinching off of the whole 
aggregation of mitochondria (expulsion) outside the 
cell as a mitochondriome, as shown in the electron 
diffraction image below (Fig. 3). 

Indeed, it was observed that a separate structure 
with mitochondria in the area of collagen bundle 
accumulation was located near the cells. Otherwise, 
when tumor cells form an excessive accumulation of 
mitochondria in a state of dysfunction, a large number 
of ROS can be produced, which poses a threat to cell 
life [19]. It is under such dangerous conditions that 
cancer cells tend to displace mitochondria into the 
intercellular space [20].

Obviously, the separation of the mitochondriome 
from the cell by pinching off the mitochondria-filled 

portion of the cytoplasm demonstrates the initial stage 
of transcellular mitochondrial translocation, which we 
recorded in our ultrastructural study of rectal cancer. 
We cannot exclude the assumption that further on, this 
may represent one of the signaling mechanisms for 
translocation of mitochondria and associated essential 
mitochondrial components (mitochondrial DNA and 
nuclear DNA fragments) into the surrounding space 
and invasion into the area of healthy tissues. We were 
able to confirm this by studying electron diffraction 
images of the intestinal tissue along the resection line 
of the removed tumor (Fig. 4, 5).

Fig. 3. Electron diffraction image of a fragment of colon 
adenocarcinoma tissue. It shows pinching off of a cytoplasm 
fragment forming mitochondriome surrounded by collagen 

bundles (indicated by an arrow); ×10,000

Fig. 4. Electron diffraction image of a fragment of colon tissue 
along the line of adenocarcinoma resection. The image shows 
active migration of mitochondria through the layers of the 

muscularis mucosae. ×25,000
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Moving beyond the cell boundaries appeared to 
enhance mitochondrial migration activity, including 
the mitochondrial genome to play a signaling role in 
surrounding intercellular communication, mediating 

а          b

c          d

Fig. 5. Electron diffraction image of a fragment of colon 
tissue along the adenocarcinoma resection line. The image 
shows movement of many small spheroid-type mitochondria 
and mitovesicles (indicated by arrows) along the interfaces 
between the submucosa and the muscularis mucosae. ×12,000 

information transfer not only near tumor cells but even 
over longer distances in the environment of normal 
healthy tissues.

As can be seen in Fig. 4, mitochondria released from 
tumor cells show mobility and move independently 
along the layers of the muscularis mucosae of the colon. 
Further, it is easy to notice that the overwhelming 
majority of mitochondria look like small spheroids, 
which confirms their morphological plasticity and 
ability to adapt quickly during the transition from 
tumor environment to healthy tissues (Fig. 5). At the 
same time, there is a mechanism associated with the 
formation of so-called mitovesicles, a population of 
extracellular vesicles of mitochondrial origin during 
the development of mitochondrial dysfunction. The 
composition of mitovesicles may include mitochondrial 
proteins, mtDNA, cytochrome C, and other components.

In other words, at this stage of active independent 
translocation of mitochondria, we visualized the 
process of their size reduction, known from the 
literature as the process of fission, providing adaptive 
efficient functioning of small spheroid forms and 
mitovesicles during active movement at the boundary 
with muscle and mucous tissue (Fig. 6, a). 

Fig. 6. Electron diffraction image of a rectal 
tissue fragment along the adenocarcinoma 
resection line: a – the presence of small spheroid 
mitochondria along the healthy tissue interface 
of submucosa, ×80,000; b – accumulation and 
fusion areas of spheroids and mitovesicles, 
×50,000; c, d – the formation of large abnormal 
mitochondria in the niches of curved spaces, 

×30,000
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It was not only the accumulation of a large number 
of mitovesicles in the curved segments of the boundary 
but also the presence of single large mitochondria with 
electron-dense content that drew attention.

The question arose whether these large 
mitochondria are the result of fusion as a 
legitimate process of dynamic shaping according 
to the implementation program of mitochondrial 
carcinogenesis.First of all, attention was drawn to the 
fact that in contrast to the “vertical” movement along 
tissues, in which the expedient form for the process 
of rapid mitochondrial movement was fission into 
small spheroids and mitovesicles, in the presence of 
folded transverse partitions of tissues, there appeared 
conditions facilitating “horizontal” displacement 
into a convenient niche and fusion of small forms 
of mitochondria into larger ones (Fig. 6, b–d). The 
mechanism of such fusion, as already noted, begins 
with the outer membranes and is then followed by that 
of the inner membranes, which form a polymorphic 
invagination with crista protrusions into the matrix. 

At the same time, matrix components diffuse to 
form a fused mitochondrion [9]. It is known that the 
processes of mitochondrial fission are regulated by 
Drp1 expression, while mitofusin expression regulates 
fusion [21, 22]. Apparently, such an abnormal fusion 
and concentration of metabolic and information 
factors involved mitochondria-dependent metabolic 
reprogramming to realize nuclear fusion (Fig. 7).

As can be seen from Figure 7, the connective tissue 
layers of the colon submucosa along the resection 
line contain only free nuclei and mitochondria, 
which are single or assembled in groups. It was not 
possible to determine the time of nuclear assembly, 
but, apparently, such electron diffraction images 
illustrate the role of mitochondria in the initiation 
of self-organization processes of nuclear structures 
due to the possibility of nuclear material transfer and 
fusion processes. Figure 8 demonstrates the process of 
further abnormal self-assembly of tumor cells with the 
participation of mitochondria surrounding the object 
they are assembling or being inside it.

Fig. 7. Electron diffraction image of a rectal 
tissue fragment along the adenocarcinoma 
resection line: a – the formation of nuclei 
fragments in connective tissue layers surrounded 
by mitochondria, ×20,000; b – an elongated 
shape of the formed nucleus with nuclei in close 

contact with mitochondria, ×15,000

Fig. 8. Electron diffraction image of a fragment of colon tissue along the line of adenocarcinoma resection: a – filling of the dilated 
area of submucosa with nucleus and unformed fragments of cytoplasm, ×10,000; b – the formation of a cellular structure including 
nucleus and mitochondria, ×20,000; c – the formation of a system of tubes and cisterns as a prototype of the Golgi apparatus and 

endoplasmic network, ×10,000

а            b                c 
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DISCUSSION

Summarizing the data of the conducted study, it 
is possible to present the sequence of dynamic events 
from primary tumor cells to the appearance of a 
similar image at a remote distance along the resection 
line and to highlight the main stages of mitochondrial 
translocation. Our assumption includes several 
conditional stages, which are discussed below. 

First, the ultrastructural study of colon 
adenocarcinoma cells allowed us to determine 
the presence of a significant accumulation of 
mitochondria, the pathological status of which could 
pose a threat to the tumor cell due to the accumulation 
of ROS. In fact, this was a signal not only to free up 
vital space and prevent metabolic threat to the cell, but 
also to start the most important process of tumorigenic 
energy and information transfer by mitochondria, 
which drive these processes. The analysis of electron 
diffraction images pointed to such a mechanism 
of mass transfer of mitochondria outside the cell as 
the formation of mitochondriomas in pinching off a 
section of cytoplasm containing a conglomeration 
of mitochondria. It was this extremely simplified 
mechanism of separation that allowed for further 
active movement of mitochondria and mitovesicles in 
a tumor-free direction.

The second stage, which we associate with 
mitochondrial translocation itself, is based on electron 
diffraction data indicating the active movement of 
mitochondria along the borders of the multilayer 
structure of the rectal submucosa. The high degree of 
mitochondrial plasticity contributes to the inclusion 
of the fission mechanism and the formation of 
small spherical forms. As noted in the literature, in 
colorectal cancer cells, enhanced mitochondrial fission 
is a common phenomenon that promotes or prevents 
tumor progression. Namely, enhanced mitochondrial 
fission promotes metabolic reprogramming of cells, 
leading to cell proliferation, invasion, metastasis, and 
chemoresistance [22].

Then, as mitochondrial microspheres advanced 
into the depth of the colon wall tissues, the structure 
of submucosa changed, forming transverse folds 
and curves, into the lumen of which spheroids and 
mitovisicles penetrated. The outer membrane is 
known to act as a permeable platform that facilitates 
the convergence of other cellular signals that can 
be decoded and transmitted to mitochondria [14]. 
Apparently, this served to turn on the mechanisms 
of mitochondrial fusion and the formation of large 

organelles capable of realizing nuclear fusion 
from transported mitochondrial and nuclear  
DNA. 

Indeed, when analyzing electron diffraction 
images, we identified areas of the colon submucosa 
along the resection line, in the layers of which we 
detected only single nuclei and mitochondria in contact 
with them. The nuclei were both separate fragments 
without nuclei and whole nuclei in the form of an 
elongated structure with several nuclei. However, 
the characteristic circumstance was the obligatory 
contact or non-contact interaction of nuclei with 
mitochondria, which confirms the assumption about 
the establishment of signaling membrane connections 
between them, as well as between mitochondria and 
major organelles such as the endoplasmic reticulum. 

This may be evidenced by the next stage, which can 
apparently be characterized as a self-assembly process 
based on the same unique signaling mechanisms of 
membrane system interactions and the formation 
of abnormal tubes and cavities, which may already 
represent the prototype tumor cell. It can be assumed 
that the presence of the nucleus and mitochondria, 
taking into account their signaling role in triggering 
the protein synthesis system, could facilitate the 
proliferative activity of the cell as the basis for 
recurrence or metastasis.

Undoubtedly, the visually observed pattern of 
mitochondrial movement can be interpreted as a 
possibility of new foci of rectal adenocarcinoma growth. 
However, this problem needs further investigation not 
only by means of electronic visualization, but also in 
the application of quantitative immunohistochemical, 
radioisotopic, and other methods of examination. We 
believe that the findings of this study may  lead to 
consideration of the enormous and dangerous potential 
of motor and regulatory activities of mitochondria in 
malignant neoplasm progression.

CONCLUSION 
The ultrastructural study recorded the process of 

mitochondrial conglomeration movement from rectal 
adenocarcinoma cells into the intercellular space in the 
form of mitochondriomas (passive transfer). Further 
independent dynamics of mitochondria promotion in 
the layers of the rectum submucosa at the level of the 
resection line (active transfer) was accompanied by 
the transformation of mitochondria sizes (fission and 
fusion) and the inclusion of trigger mechanisms of self-
organization processes. It is assumed that the mobile 
nature of mitochondria and regulatory signaling 
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systems of membranes contribute to the reproduction 
of the processes of nuclear fusion and self-assembly 
of the prototype tumor cell as possible mechanisms of 
early recurrence and metastasis of rectal cancer. 
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