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Abbreviations
ACD: Autonomous cyclic differentiation of germ-precursor cells; aCLS: Cyst-like structure; CSCs: Cancer stem cells; DSB DNA: Double strand 

break; DSR: Differential stress resistance; EMT: Epithelial to mesenchymal cell transition; HGCs: Haploid germ cells; GSCs:Germ stem cells; 
MGRS: Multinucleated genome repair syncytia; MMT: Magna-minuta transition (Entamoeba); PGRS: Polyploid germline repair structure; PGCC: 
Polyploid giant cancer cell; SGT: Soma to germ transition (cancer)

Introduction
In addition to the many unanswered questions about the origin of cancer and CSCs and the evolution of cancer germlines, there is also the 

debate about the role of polyploidy in cancer development. I believe that we can answer many of the unresolved questions by taking a deeper look 
into the cell biology of protists and their dual germ and soma lines. Unfortunately, knowledge of germline and soma genomes in protists is also 
sparse and comes mainly from the world of ciliates and yeasts, which differentiate soma and germline nuclei [1] but include them in the same cell 
[2]. In contrast, the intestinal pathogenic amoebae Entamoeba histolytica and Entamoeba invadens differentiate separate germ and soma cells [3].

Over the past two decades, cancer researchers have intensively studied polyploid giant cancer cells (PGCCs) without fully unravelling their 
origin, function, and significance. PGCCs are specific mononucleated or multinucleated polyploid cells that appear after genotoxic treatments 
with chemotherapeutics or irradiation. Similar structures have also been observed in untreated cancers and called “pre-existing PGCCs”. When 
unicellular stem cells and the dual life cycle of protists were not fully deciphered, cancer cell researchers resorted to the age-old idea of the embryonic 
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origin of cancer and tried to explain all PGCCs by the “embryonality” of tumor cells.

In 2019, a new theory about the origin of PGCCs was introduced by Liu J (2019) [4]. This “life code theory” is an embryonic theory implementing 
tumorigenesis in the human life cycle. It assumes that the PGCC and its numerous daughter cells are strongly related to embryonic cells. Two years 
ago, Liu’s researcher’s group introduced the term “giant cell cycle”. They consider the giant cell life cycle as a continuous cycle that reprograms 
normal cells to give rise to high-grade tumors (de novo tumorigenesis) and subline that PGCCs have multipotent stemness. The “life code theory” 
underlines the similarities between “pre-existing” PGCCs and blastomeres and assumes that PGCCs express embryonic stem cell markers [4-6]. 
They propose that PGCCs are capable of differentiation in multiple lineages of daughter cells such as primordial germ cells and a wide spectrum of 
epithelial neoplasms from high-grade to benign tumors. Based on this assumption, they suggest that “the embryonic germ life- cycle” and “the giant 
cell life-cycle” are like twins: (i) the good twin - so far the stem cell differentiating program is blocked - generates the normal fetal development or 
well-differentiated benign tumors, while (ii) the evil twin doesn’t progress through normal embryonic development and gives rise to undifferentiated 
malign tumors occurring by the de-differentiation of somatic cells.

Embryonic cancer theories [7-10] collide strongly with so-called “atavistic theories” [11-18] gaining more and more relevance in the last years. 
“Pre-existing” PGCCs are, in my opinion, ancient genome repair structures of unicellular imprinting that are strongly related to the polyploid genome 
repair structures MGRSs of Entamoeba [1], and the MNGCs (MGCs) [19]. They repair irreparable DNA DSB defects caused by excess oxygen [1]. 
Most “atavistic” theories view cancer as the breakdown of molecular mechanisms evolved by multicellular life. According to Nedelcu AM (2020) 
cancer would be the disruption of genetic networks associated with multicellularity [20]; it leads to molecular phenotypes and population dynamics 
similar to those of unicellular organisms [21-24]. In other words, there are a growing number of voices in favour of a unicellular view of cancer as 
a result of a multicellular disintegration process. More and more researchers assess cancer as “reminiscent of unicellular life” and consider it as a 
pre-programmed state of unicellularity conserved in multicellular organisms [25,26]. Many of the cancer cell traits are also expressed by unicellular 
species; at least in the early stages, cancer resembles the unicellular way of life and has many phenotypic similarities to unicellular organisms [27]. 
Also, it has been recognized that similar to protists, some cancer cell lines, do not respond to limiting (damaging) conditions and continue to grow 
instead of evolving mechanisms to avoid them (e.g. oxidative stress) [28]. This differential stress resistance (DSR) provides resistance to the toxicity 
of hydrogen peroxide and chemotherapeutics. In the present work, analogous data on germline development in protists are used to develop a model 
for cancer germline development.

Does cancer have a dual cell system?
Is there a dual cell system in cancer consisting of germ and soma? Yes, it is there and consists of cancer stem cells (CSCs) and non-CSCs. 

Researchers working with laboratory or collection cultures know that cancer cell cultures have two subpopulations with differential stress resistance 
(DSR) [29]. One is the dominant somatic subpopulation, sensitive to radiation and chemotherapeutics that dies after treatments with genotoxic 
agents. The second is a minor cell fraction that is resistant to genotoxic agents and survives. Almost all cancer cell lines contain this resistant cell 
fraction, which proliferates slowly in laboratory air cultures (hyperoxia, 21% O2 content) or enters a state of quiescence. It disappears in some 
culture passages and reappears in later subcultures through a process of “epithelial to mesenchymal cell transition” (EMT). EMT activation has 
been associated with the development of CSCs) [30,31]. Treatments with CoCl2 - a chemical that can induce sometimes a state of hypoxia - have the 
same effect on cancer cells as other genotoxic agents. It kills the dominant somatic cell fraction and leads the remaining CoCl2-resistant cells to form 
polyploid giant cancer cells (PGCCs) [5].

One of the unanswered questions in cancer - which particularly irritates and has led to the present theory - is the natural “pre-existing PGCCs” 
in cancer, how and why they arise, and what role they have in cancer development. Little is known about this. I think the answer comes from 
unicellular organisms such as Entamoeba.

The dual cell system of Entamoeba consists of germ and soma
Several pathogenic protists such as Entamoeba and Giardia or free-living protists such as Colpoda have a dual cell system consisting of two 

distinct subpopulations. The dual life cycle of Entamoeba consists of a vegetative/ somatic subpopulation generated by the vegetative-trophic subline 
(soma) and a second subpopulation generated by the germline [1]. In cultures, somatic subpopulation is dominant. 

For many years parasitologists have called these two different sublines “forma magna” (soma) and “forma minuta” (germ). Both phenotypes are 
euploid cell types with 1C DNA content. 

Minuta is the germline of Entamoeba that forms in optimal living conditions reproductive polyploid cysts. The progeny of the reproductive 
inner cyst cell are the haploid germ cells (HGCs) that mature into stem cells. Under normoxic living conditions, the minuta germline of Entamoeba 
proliferates through asymmetric cell cycles and cyclic differentiation. It differentiates self-renewing minuta progenitor cells and committed cyst-
precursor cells, which stop proliferation and switch to a reproductive cell cycle variant - the germ and stem cell cycle (GSC-cycle). After hatching in 
a second host organism, the hatched metacyst disseminates the next generation of HGCs (Figure 1).

The GSC- cycle is the developmental pathway that occurs in Entamoeba during the encystation and excystation and is interrupted by the cyst 
dormancy phase. All intermediate cell stages between two successive generations of reproductive cysts belong to the GSC family that pass stemness 
from generation to generation [1, 3]. The GSC family consists of progenitor and precursor cells, immature and mature inner cyst cells, and HGCs, 
which mature into stem cells. Magna is the somatic cell line; it does not form cysts and does not participate in the GSC- cycle [1].

Minuta germ cells are sensitive to excess oxygen; their natural normoxic habitat is the precapillary mucosal interface of the colon [1], where 
numerous aerobe and facultative anaerobic bacteria consume oxygen and establish a local oxygen gradient that meets the physiologic requirements 
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of Entamoeba. The transverse gut oxygen gradient varies between 0.1% and 5.7% O2. Under conditions of deeper hypoxia, the oxygen-sensitive 
minuta germline survives without damage. When transferred to normoxia it returns to the fully functional normoxic cell state and re-enters the 
reproductive GSC- cycle. In contrast, hyperoxic living conditions and excess oxygen > 5.7% O2 content – such as found in bacteria-free cultures, in 
the bloodstream, and well-oxygenated tissues - can damage the oxygen-sensitive minuta germline. Cells of damaged minuta germlines are not able 
to form cysts and GSCs (loss-of-function) and are unable to repair drastic genome damage and DNA DSB defects.

Reproductive germline function, intracystic 4C ploidy and replication error repair
Under normoxic conditions, minuta germ cells that proliferate via asymmetric cell cycles can enter the reproductive GSC cycle and form cysts 

that ensure the genomic integrity of the HGC progeny. The inner cyst cell undergoes two whole-genome duplications (WGD) rounds that access 
DNA damage responce (DDR) mechanisms [1]. Knowledge of the intracystic DDR mechanisms is sparse. Recently, DDR mechanisms have been 
described in the dormant cyst of the free-living ciliate Colpoda cucullus [32]. There is evidence that Colpoda cysts can repair DNA single-strand 
breaks (DNA SSB) that occur either during replication or by damaging agents [35]. Unrepaired DNA SSB can lead to the collapse of the replication 
forks, resulting in replication stress and double-strand breaks (DNA DSB), which are most difficult to repair [33-35]. Accurate repair requires the 
homologous recombination (HR) machinery and homologous DNA templates produced by polyploidization. Recent findings in macrophages show 
that DNA damage signalling and DDR mechanisms are directly linked to polyploidization [36-38].

Figure 1: When stimulated to GSC cycles and encystment, damaged minuta germ cells that have DNA DSB defects cannot form cysts. Instead, they become fusible, undergo a process of 
homologous cell fusion, and form multinucleated syncytia termed MNGCs or MGCs [19]. Each enclosed nucleus enters a GSC- cycle and forms multiple haploid subnuclei (HSNs), but 
the HSNs have a defective genome and cannot cellularize into GSCs. They inherit the DNA DSB defects of the mother cell. Due to the remaining damage, the defective subnuclei fuse 
to form a large hyperploid nucleus. This giant hyperploid nucleus reconstitutes the germline genome and forms a high number of genomic intact subnuclei that cellularize into infectious 
mono-nucleated “spores” protected by a thick envelope [1]. It follows that the giant polyploid syncytium formed by homologous cell fusion is a multinucleated genome repair structure 
(MGRS) with enhanced reproductive cyst-like function. It repairs the germline genome damaged by excess oxygen and produces a great number of viable and genomically intact daughter 
cell “spores”.

In this sense, the polyploid MNGCs (MGRS) of Entamoeba can be considered as reproductive cyst-like structures (rCLS). However, the progeny of normal cysts is not identically to the 
progeny of MGRSs. While in original cysts the GSC progeny resemble the previous GSCs, the MGRS progeny more closely resembles small mononuclear cysts (spores) and are infectious.

https://doi.org/10.47275/2332-4864-113


 Volume 6(1): 4-9

Citation: Niculescu VF (2021) Germline Evolution in Cancer as Explained by the Germ and Soma Theory of Dual Cell Systems. J Clin Anat Pathol, 6(1): 113. DOI: 
https://doi.org/10.47275/2332-4864-113

J Clin Anat Pathol, 2021

Irreparable loss-of-function and vegetative hyperploidization caused by excess-oxygen

Cells exposed to prolonged excess oxygen in cultures undergo symmetric hyperploid cell cycles, have lost the GSC function, and are unable to 
produce cysts. The hyperoxic phenotype has difficulty with cell cycle progression and cytokinesis. It cannot repair the loss-of-function (no GSC 
cycles) and DNA SSB defects caused by hyperoxia [1]. To compensate for the damage, the defective minuta germline produces an excess of genome 
copies. The DNA content is highest in the primary hyperoxic cultures (20C-40C DNA content). It decreases by about half in better adapted longterm 
cultures and disappears upon return to normoxia [39, 40]. This reduces the nuclear size and nuclear volume also [39]. Hyperploidization is thought 
to buffer against DNA damage by providing extra copies of important repair genes [41]. In response to stress, the germline of Entamoeba develops 
increased genome plasticity, epigenetic changes, and compensatory protective mechanisms. They activate overexpression of DNA repair genes, DDR 
mechanisms, and repair networks capable of reducing DNA replication stress [42, 43].

Germline renewal by soma-germ transition (SGT)

Functional recovery (gain-of-function) comes from the oxygen-tolerant Magna subline. Hyperoxia and air cultures do not damage the somatic 
genome, but Magna cells cannot form cysts and do not participate in GSC cycles. However, hyperoxic somatic Magna cells may convert into minuta 
germ cells via soma-germ transition (SGT). The new minuta germ cells are fully functional. They can start the GSC cycle and form intact stem cells. 
SGT is a transition process analogous to the EMT in cancer.

Damaged germ cells can repair Entamoeba genome
When stimulated to GSC cycles and encystment, damaged minuta germ cells that have DNA DSB defects cannot form cysts. Instead, they 

become fusible, undergo a process of homologous cell fusion, and form multinucleated syncytia termed MNGCs or MGCs [19]. Each enclosed 
nucleus enters a GSC- cycle and forms multiple haploid subnuclei (HSNs), but the HSNs have a defective genome and cannot cellularize into 
GSCs. They inherit the DNA DSB defects of the mother cell. Due to the remaining damage, the defective subnuclei fuse to form a large hyperploid 
nucleus. This giant hyperploid nucleus reconstitutes the germline genome and forms a high number of genomic intact subnuclei that cellularize 
into infectious mono-nucleated “spores” protected by a thick envelope [1]. It follows that the giant polyploid syncytium formed by homologous cell 
fusion is a multinucleated genome repair structure (MGRS) with enhanced reproductive cyst-like function. It repairs the germline genome damaged 
by excess oxygen and produces a great number of viable and genomically intact daughter cell “spores”.

In this sense, the polyploid MNGCs (MGRS) of Entamoeba can be considered as reproductive cyst-like structures (rCLS). However, the progeny 
of normal cysts is not identically to the progeny of MGRSs. While in original cysts the GSC progeny resemble the previous GSCs, the MGRS progeny 
more closely resembles small mononuclear cysts (spores) and are infectious.

Germ and soma in cancer
The life cycle of cancer shows many similarities to the life cycle of Entamoeba, suggesting a common unicellular origin. This opens the 

opportunity to clarify many of the unanswered questions in cancer cell biology, based on knowledge of the germline and soma biology of protists. 
For example, I believe that stem cells in both cell systems are produced by the germline. Under normoxic living conditions, the cancer germline 
could perform polyploid cells (aCLS) analogous to the polyploid inner cyst cell of Entamoeba and reproductive aCLS cycles, analogous to the GSC 
cycle of Entamoeba. As previously described, the GSC cycle of Entamoeba produces multiple daughter cells with germ and stem cell function 
(Figure 1). The reproductive progeny of the aCLS are unicellular germ stem cells of unicellular imprinting, analogous to Entamoeba HGCs. In the 
present work, they are referred to as GSCs. It is unclear whether they are also haploid or not.

The Cell-of-Origin of cancer

The cell-of-origin is the cell that exits the multicellular lifestyle and activates mechanisms of the unicellular life that are conserved in the genome 
of multicellular eukaryotes. The cell-of-origin of cancer differentiates germ and soma sublines analogous to the inner cyst cell of Entamoeba (Figure 
1). Both sublines have different DSR potential towards oxygen and genotoxic chemotherapeutics. Analogous to the Entamoeba germline, the cancer 
germline is oxygen-sensitive, whereas the somatic subline is oxygen-tolerant.

aCLS cycles of cancer are equivalent to the GSC cycles of Entamoeba

Under normoxic living conditions at the onset of carcinogenesis, germ and soma sublines most likely proliferate by asymmetric cell division. 
The asymmetrically proliferating germline differentiates self-renewing progenitor cells and committed precursor cells. To accumulate GSCs, the 
germline performs numerous aCLS cycles of unicellular imprinting, analogous to Entamoeba GSC cycles [27] (Figure 1). The aCLS cycle of cancer 
is the developmental pathway by which a committed precursor cell develops into a polyploid cyst-like structure (aCLS). aCLSs mature and produce 
multiple daughter GSCs with a unicellular phenotype, which in turn differentiates germ and soma. All phenotypes, described above (progenitors 
and precursor cells, aCLS, germ cells, and stem cells) belong to the stem cell family of cancer. 

aCLSs are formed rapidly by cancer GSCs and could be observed only rarely after chemotherapeutical treatments and irradiation. They were 
recently detected in breast cancer MDA-MB-231 cell line after treatment with doxorubicin (DOX) (Figure 2) [44]. The researchers consider that the 
budding progeny of the giant amoeboid phenotypes - which can return to the mitotic cycle and restore the original cell phenotype - “usually undergo 
bipolar, less commonly tripolar or tetrapolar cell division immediately, sometimes even before or during the process of budding”. Undoubtedly, this 
is the beginning of a new aCLS cycle for rapid accumulation of GSCs and reconstitution of the germline.
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Hyperoxia abrogates cancer reproductive aCLS cycles, but not germline proliferation

Hyperoxic culture conditions damage not only Entamoeba germline but also cancer germline. In contrast to the oxygen-tolerant soma, the 
oxygen-sensitive germline of cancer proliferates in hyperoxic laboratory air cultures with 21% O2 content by slow cycling. As the culture ages, the 
damaged germline enters a state of quiescence, while the soma cell fraction continues to proliferate and become more dominant. But even if the 
germline thins out considerably, it does not disappear completely. Sometimes it becomes even more abundant through an EMT-like process of 
soma-germline transition (SGT). SGT/EMT activation is generally associated with the development and accumulation of CSCs [27,28]. 

In Entamoeba, hyperoxic stress and prolonged hyperoxic conditions lead to a loss-of-function germline that is unable to perform reproductive 
GSC cycles. It switches into “vegetative” cell cycling, mitotic/cytokinetic dysfunction, and hyperploidization, and multinucleation [1]. Hyperoxically 
damaged germline cells accumulate a high genome copy number and high nuclear DNA content of 20C-40C and become multinucleated. However, 
the hyperploid cell state is transient, and the daughter G1 cells become mononucleated. The polyploid cell cycle can be prevented by starvation [39, 
40] or return to normoxic living conditions. In adequate nutrient-deficient encystment media, the damaged germline cell transforms into a fusible 
and highly mobile phenotype capable of homologous cell fusion. It forms MGRSs polyploids that repair and reorganize its damaged genome. 

Unfortunately, there are less comparable data on cancer. It is not known what happens when the hyperoxic damaged germline returns to 
normoxic culture conditions and whether it can transform into fusible phenotypes and induce MGRS. Treatments with CoCl2, as performed by 
Zhang S, et al. (2014) are inconclusive because CoCl2 (a hypoxia inducer) kills the dominant somatic cell mimicking a genotoxic agent such as 
chemotherapeutic agents or irradiation [45]. However, there is strong evidence that genomically damaged cancer germlines can induce a process of 
genome repair and reorganization by cell fusion, similar to the Entamoeba germline.

Are “pre-existing” PGCCs actually true MGRSs?

“Pre-existing” PGCCs (MNGCs) [45] have been frequently observed in untreated cancers. I hypothesize that the “pre-existing PGCCs” are 
distinctly different from genotoxically induced PGCCs, but are closely related to Entamoeba MGRSs that result from homologous cell fusion. 
Germline cell fusion was rarely observed after genotoxic treatments due to DNA DSB damage which prevents cell fusion. As a result, treated cells 
lose not only the proliferative ability but also the ability to change into the fusible phenotype. They become senescent and perform more or less 
aberrant polyploidization and repair patterns that require an unusually long time (several days) to form intact CSC-like progeny. 

Kaur E, et al. (2015) found that MGRS and homologous cell fusion can occur in cancer after irradiation. Irradiation could not destroy the ability 
of glioblastoma germline cells to switch into fusible phenotypes [46]. The authors distinguish between pre-existing multinucleated giant MNGCs 
(MGRSs) from parent cell populations and the nonapoptotic MNGCs formed by irradiation. They consider pre-existing MNGCs as a cause of 
increased resistance to therapy [45-48] and homotypic cell fusion as a conditioning pre-stage of MNGC formation. 

According to the researchers, cell fusion processes forming non-proliferative MNGCs occur in glioma cell cultures at high frequency. It is an 

 

Figure 2: Genomic repair and reorganization after doxorubicin (DOX) treatment in a breast MDA-MB-231 cell line. (B) One of the mononucleated daughter cell formed by the giant 
amoeboid cell (arrow) enters immediately after generation an aCLS cycle and forms a typical tetranucleated polyploid cell analogous to the inner cyst cell of Entamoeba (from Salmina et 
al., http://www.mdpi.com/ 1422-0067/21/8/2779/s1; Reproduced with permission of the authors).
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innate nature of glioma cells to form MNGCs to overcome stress. The researchers found in a heterogeneous population of glioblastoma, a small 
population of mononucleated cells (RR cells) with an innate capacity to survive the lethal dose of radiation. Radiation arrests RR-cells into the G2/M 
phase. The non-proliferative cells are highly motile and undergo homologous cell fusion to survive the lethal dose of radiation and enter a process 
of DNA damage response (DDR).

This process of homotypic cell fusion induced by irradiation is identical to the process of homologous cell fusion of damaged minuta germ cells 
observed in Entamoeba. Similarly, with the irradiated RR cells, genomic damaged minuta cells are non-proliferative and high motile; they undergo 
cell fusion at high frequency and form MGRSs [19].

Genotoxically induced PGCCs: polyploidization and hyperploidization without cell fusion

Chemotherapeutics including CoCl2 and irradiation have much more deleterious effects on the cancer germline than hyperoxia in laboratory 
air cultures. In contrast to excess oxygen, chemotherapeutic agents and irradiation induce surviving germ cells into an aberrant, unnatural G2 
arrest. Not all genotoxic agents have the same effect; some damage is worse than others. Many of the damaged cells undergo tetraploidization 
and aneuploidy while others resort to hyperploidization. Polyploidization and hyperploidization increase the number of templates required for 
homologous recombination. The hyperploidization observed in cultures of the breast MDA-MB-231 cell line after doxorubicin (DOX) treatment 
[44] is closest to the “vegetative” repair hyperploidy observed in the damaged minuta germline of Entamoeba proliferating in hyperoxic cell cultures 
by symmetric cell division. As mentioned above, growth in persistent hyperoxic cultures lead the germline of Entamoeba minuta into hyperploid cell 
cycles [1]. Hyperploidization offers a good chance through an increased number of templates capable to repair and maintain vegetative proliferation.

According to the data of Salmina K, et al. (2020), cancer cells that survive DOX treatment also hyperploidize and gradually acquire giant size, and 
amoeboid phenotype [44]. It is an ancestral repair mechanism that occurs both in cancer and in Entamoeba. At the end of the second week or later, 
the amoeboid giant cancer cells bud the progeny, which returns to the mitotic cycle. The amoeboid giant cells that restore the initial phenotype have 
the same function as Entamoeba MRGSs, but it achieves repair through the mechanisms of vegetative hyperploidization observed in Entamoeba.

Germline evolution in cancer: generations of GSCs of increased fitness
In my opinion, the cell of origin of cancer reactivates an archaic unicellular germ/soma life cycle that is conserved in the genome of all eukaryotes. 

Cancer largely retains archaic unicellular features and unicellular mechanisms that develop the CSC system. I believe that one cannot talk about the 
somatic evolution of cancer, without mentioning the germline evolution also.

Primary pGSCs:pGSCs arise directly from the cell-of-origin. Normoxic living conditions induce the just differentiated germline to produce 
daughter germ cells and stem cells of unicellular imprinting by asymmetric cell division and autonomous cyclic differentiation. The cancer germline 
differentiates in turn self-renewing progenitor cells and committed precursor cells capable of forming reproductive aCLS and multiple progenies 
(pGSCs) (Figure 3). The autonomous cyst-like structure aCLS and the aCLS cycle of cancer are equivalent to the inner cyst cell of the Entamoeba 
and its GSC cycle. Tetranucleated aCLSs were rarely seen in cancer cell cultures. Sometimes they could be observed after genotoxic treatments. 
Gentotoxically induced polyploids (PGCCs) sprout fully functional mononuclear daughter cells (spores) and these daughters start new germline 
and soma clones and form polyploid aCLSs and intact GSCs (Figure 2). Repeated aCLS cycles lead to the accumulation of numerous pGSCs.

In contrast, hyperoxia stops asymmetric cell division and aborts germline differentiation capacity (no GSC cycles, no aCLSs). Mechanisms of 
germline protection do not allow transmission of DNA damage to subsequent CSC generations. The damaged cancer germline, unable to perform 
reproductive aCLS cycles, is defective and awaits repair by cell fusion and MGRSs. Signalling mechanisms activated by defective germlines lacking 
reproductive function induce STG events and allow somatic genetic information to be epigenetically transferred into germline clones via DNA 
methylation, chromatin modification, or protein factors, affecting gene expression.

Secondary sGSCs: Germline damage and the lack of further pGSC production are compensated by soma-to-germ transition (STG), a process 
better known as EMT in cancer, and MMT in Entamoeba. Signalling mechanisms activated by defective germlines induce STG events and allow 
hereditary information to be transferred into germline clones [49-55]. Soma information transferred into the germline usually affects gene expression 
in the resulting offspring. The more effective germline clones and sGSCs produced by STG have increased fitness, leading to selection pressure in 
favour of sGSCs. However, hyperoxia can also damage the secondary germline and defective secondary germline clones can also induce new STG 
events.

Tertiary tGSCs: Hyperoxic deterioration of damaged primary or secondary germline cells can be repaired by polyploid MGRSs. MGRS can 
repair and reorganize the damaged germline genome and give rise to tertiary tGSCs with increased virulence and invasiveness. MGRSs, known 
in the cancer literature as “pre-existing PGCCs from patients”, have often been observed in untreated cancer stages as a consequence of the innate 
germline sensitivity to excess-oxygen that occurs in excessively oxygenated tissue. MGRSs is the driver of GSC evolution [45, 47, and 48].

Germline evolution is an alternation of intact and damaged germ cell states and repair by MGRSs

The data presented in this work led to a new hypothesis about cancer’s germline evolution and GSC formation. I hypothesize that the cancer 
germline alternates between normoxic and hyperoxic cell states (Figure 3), respectively, fully functional cell states and damaged cell states. 
Hyperoxic germ cells were repaired by MGRSs and the repaired cells can proliferate under normoxic conditions by asymmetric cell division and 
cyclic differentiation forming aCLS precursor cells, aCLS polyploids and new generations of GSCs. Germline evolution occurs in cancer through 
ancient unicellular mechanisms also occurring in protists.
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Conclusion and Remarks
The central question that led me to elaborate on the present theory was: what do the “pre-existing PGCCs” do in stil untreated cancer, and 

why do they occur during cancer development? It has always been clear to me that “pre-existing PGCCs” are something quite different from the 
genotypically induced PGCCs occurring in treated cancers. The answer came from Entamoeba research: the “pre-existing PGCCs” are repair and 
genome reorganization tools capable of repairing the damaged genome of cancer’s germline, analogous to the MGRSs of Entamoeba. But what are 
the harmful agents? Once again comes the answer from Entamoeba: it is the increased oxygen content of well-oxygenated tissues (hyperoxia), which 
is harmful to the germline genome. Excess oxygen leads to DNA damage and loss of function in both systems; reproductive aCLS cycles are no 
longer produced, and GSCs are no longer accumulated. It was clear that the polyploid inner cyst cell of Entamoeba has a natural cancer counterpart 
namely: the polyploid cyst-like, mother cell aCLS, which also produces GSCs daughter cells. But how does this remarkable analogy and relationship 
between the two cell systems come about?

Both are single-celled systems that invade the human organism. They both originate from a single cell (inner cyst cell in Entamoeba, and 
cell-oforigin in cancer). They have to function in both low oxygen normoxic niches and high oxygenated hypoxic tissues and are controlled by 
mechanisms of unicellular life. They both accumulate germ stem cells (GSCs) via reproductive-polyploid processes.

The germ and soma theory can better explain cancer evolution and the switch into unicellularity than embryonic theories and previous CSC 
hypotheses. This theory was developed by analogy with the germ and soma life cycles of unicellular organisms. In my opinion, the germ and soma 
cell system of cancer is controlled by ancient mechanisms of unicellular life that have been inherited and conserved into the genome of multicellular 
organisms. I think that germ and soma in cancer are differentiated by the cell-of-origin and that cancer stem cells are germ stem cells (GSCs) 
produced by the germline. In its initial development stage, cancer accumulates more and more primary pGSCs through repeated reproductive 
aCLS cycles. However, when pGSCs reach hyperoxic living conditions, hyperoxia damages the germline, which loses the capacity to perform 
reproductive aCLS cycles and becomes hyperoxic damaged. Hyperoxic damaged germlines are unable to restart the reproductive aCLS cycles and 
require genomic repair.

Loss-of-function induces soma-to-germ transition and the formation of secondary sGSC clones, which can also be damaged by tissue hyperoxia. 
Mixed populations of damaged pGSCs and damaged sGSCs become fusible and fuse into giant repair MGRSs that reorganize the damaged genome 
and include soma information. The daughter cell progeny of these MGRSs are third-generation tGSCs which is the most efficient invasive GSC 
generation. Germline evolution culminates in the formation of totipotent GSCs that can reproduce the entire tumor. Germline evolution from 
simple pGSCs to totipotent GSCs occurs through a permanent alternation of hyperoxic genome damage, SGT events, and genome reorganization.

Acknowledgements
I express my gratitude to Mr. Gregor Jaruga for the graphics and the prompt delivery.

References
1.	 Niculescu VF (2021) Germ and soma genomes in Entamoeba: damage by excess oxygen and repair by cell fusion.

2.	 Cheng CY, Orias E, Leu JY, Turkewitz AP (2020) The evolution of germ-soma nuclear differentiation in eukaryotic unicells. Curr Biol 30: R502-R510. https://doi.org/10.1016/j.
cub.2020.02.026

 

Figure 3: Cancer germline evolution. The germline proliferates under both normoxic and hyperoxic living conditions. Normoxia allows the germline to undergo numerous reproductive 
aCLS- cycles (green); a committed aCLS precursor cell polyploidies into an aCLSpolyploid cell that produces multiple daughter cells as primary pGSCs. The excess-oxygen in the tissue 
(hyperoxia) damages the germline genome. The senescent germ cells transmit information to the soma and soma cells enter an EMT-like soma-to-germ transition (SGT). Hyperoxia can also 
damage secondary sGSCs. Damaged pGSCs and sGSC become fusible and fuse with each other to repair and reorganize the damaged genome. MGRSs (rot) give rise to tertiary tGSCs that 
contain epigenetic soma information. tGSCs have increased efficiency and invasiveness.

https://doi.org/10.47275/2332-4864-113
https://www.cell.com/current-biology/pdf/S0960-9822(20)30199-8.pdf
https://doi.org/10.1016/j.cub.2020.02.026
https://doi.org/10.1016/j.cub.2020.02.026


 Volume 6(1): 8-9

Citation: Niculescu VF (2021) Germline Evolution in Cancer as Explained by the Germ and Soma Theory of Dual Cell Systems. J Clin Anat Pathol, 6(1): 113. DOI: 
https://doi.org/10.47275/2332-4864-113

J Clin Anat Pathol, 2021

3.	 Niculescu VF (2015) The stem cell biology of the protist pathogen Entamoeba invadens in the context of eukaryotic stem cell evolution. Stem Cell Biol Res 2: 2. http://dx.doi.
org/10.7243/2054-717X-2-2

4.	 Liu J (2019) The “life code”: A theory that unifies the human life cycle and the origin of human tumors. Sem Cancer Biol 60: 380-397. https://doi.org/10.1016/j.semcancer.2019.09.005

5.	 Niu N, Mercado-Uribe I, Liu J (2017) Dedifferentiation into blastomere-like cancer stem cells via formation of polyploid giant cancer cells. Oncogene 36: 4887-4900. https://doi.
org/10.1038/onc.2017.72

6.	 Jia L, Zhang S, Ye Y, Li X, Mercado-Uribe I, et al. (2012) Paclitaxel inhibits ovarian tumor growth by inducing epithelial cancer cells to benign fibroblast-like cells. Cancer Lett 326: 
176-182. https://dx.doi.org/10.1016/j.canlet.2012.08.004

7.	 Erenpreisa J, Cragg MS (2008) In: Life cycle features of tumours cells. In evolutionary biology from concept to application. 4: 61-71. https://dx.doi.org/10.1007/978-3-540-78993-2_4

8.	 O’Brien-Ball C, Adrian Biddle A (2017) Reprogramming to developmental plasticity in cancer stem cells. Dev Biol 430: 266-274. https://doi.org/10.1016/j.ydbio.2017.07.025

9.	 Shostak S (2011) Evolution of cancer stem cells. cancer stem cells-the cutting edge. Stanley Shostak (Eds.) IntechOpen, Rijeka, 557. http://dx.doi.org/10.5772/17359

10.	 Vinnitsky V (2014) The development of a malignant tumor is due to a desperate asexual self-cloning process in which cancer stem cells develop the ability to mimic the genetic program 
of germline cells. Intrinsically Disord Proteins 2: e29997. https://doi.org/10.4161/idp.29997

11.	 Davies PC, Lineweaver CH (2011) Cancer tumors as metazoa 1.0: tapping genes of ancient ancestors. Phys Biol 8: 015001. http://dx.doi.org/10.1088/1478-3975/8/1/015001

12.	 Chen H, Lin F, He X (2014) The degenerative evolution from multicellularity to unicellularity during cancer. arXiv:1408.3236 [q-bio.GN], Cornell University. https://doi.org/10.1038/
ncomms9812

13.	 Chen H, Lin F, Xing K, He X (2015) The reverse evolution from multicellularity to unicellularity during carcinogenesis. Nat Commun 6: 6367. https://doi.org/10.1038/ncomms7367

14.	 Chen H, Xionglei He (2016) The convergent cancer evolution toward a single cellular destination. Mol Biol Evol 33: 4-12. https://doi.org/10.1093/molbev/msv212

15.	 Trigos AS, Pearson RB, Papenfuss AT, Goode DL (2018) How the evolution of multicellularity set the stage for cancer. Br J Cancer 118: 145-152. https://doi.org/10.1038/bjc.2017.398

16.	 Jézéquel P, Campone M (2018) Comment on‘How the evolution of multicellularity set thestage for cancer’. Br J Cancer 119: 133-134. https://doi.org/10.1038/s41416-018-0091-0

17.	 Bich L, Pradeu T and Moreau JF. (2019) Understanding multicellularity: the functional organization of the intercellular space. Front Physiol 10:1170. https://doi.org/10.3389/
fphys.2019.01170

18.	 Libby E, Conlin PL, Kerr B, Ratcliff WC (2016) Stabilizing multicellularity through ratcheting. Philos Trans R Soc Lond B Biol Sci 371: 20150444. https://doi.org/10.1098/
rstb.2015.0444

19.	 Krishnan D, Ghosh SK (2018) Cellular events of multinucleated giant cells formation during the encystation of entamoeba invadens.Front Cell Infect Microbiol 8: 262. https://doi.
org/10.3389/fcimb.2018.00262

20.	 Nedelcu AM (2020) The evolution of multicellularity and cancer: views and paradigms. Biochem Soc Trans 48: 1505-1518. https://doi.org/10.1042/bst20190992

21.	 Merlo LMF, Pepper JW, Reid BJ, Maley CC (2006) Cancer as an evolutionary and ecological process. Nat Rev Cancer 6: 924-935. https://doi.org/10.1038/nrc2013

22.	 Trigos AS, Pearson RB, Papenfuss AT, Goode DL (2017) Altered interactions between unicellular and multicellular genes drive hallmarks of transformation in a diverse range of solid 
tumors. Proc Natl Acad Sci U S A 114: 6406-6411. https://doi.org/10.1073/pnas.1617743114

23.	 Vincent M (2012) Cancer: a de-repression of a default survival program common to all cells? a life-history perspective on the nature of cancer. Bioessays 34: 72-82. https://doi.
org/10.1002/bies.201100049

24.	 Lambert G, Estévez-Salmeron L, Oh S, Liao D, Emerson BM, et al. (2011) An analogy between the evolution of drug resistance in bacterial communities and malignant tissues. Nat 
Rev Cancer 11: 375-382. https://doi.org/10.1038/nrc3039

25.	 Chen W, Li Y, Wang Z (2018) Evolution of oncogenic signatures of mutation hotspots in tyrosine kinases supports the atavistic hypothesis of cancer. Sci Rep 8: 8256. https://doi.
org/10.1038/s41598-018-26653-5

26.	 Bussey KJ, Cisneros LH, Lineweaver CH, Davies PCW (2017) Ancestral gene regulatory networks drive cancer. Proc Natl Acad Sci U S A 114: 6160-6162. https://doi.org/10.1073/
pnas.1706990114

27.	 Niculescu VF (2019) aCLS cancers: genomic and epigenetic changes transform the cell of origin of cancer into a tumorigenic pathogen of unicellular organization and lifestyle. Gene 
726: 144174. https://doi.org/10.1016/j.gene.2019.144174

28.	 Raffaghello L, Lee C, Safdi FM, Wei M, Madia F, et al. (2008) Starvation-dependent differential stress resistance protects normal but not cancer cells against high-dose chemotherapy. 
Proc Natl Acad Sci U S A 105: 8215-8220. https://doi.org/10.1073/pnas.0708100105

29.	 Illidge TM, Cragg MS, Fringes B, Olive P, Erenpreisa JA (2000)Polyploid giant cells provide a survival mechanism for p53 mutant cells after DNA damage. Cell Biol Int 24: 621-633. 
https://doi.org/10.1006/cbir.2000.0557

30.	 Ribatti D, Tamma R, Annese T (2020) Epithelial-mesenchymal transition in cancer: a historical overview. Trans Oncol 13: 100773. https://doi.org/10.1016/j.tranon.2020.100773

31.	 Ye X, Weinberg RA (2015) Epithelial-mesenchymal plasticity: a central regulator of cancer progression. Trends Cell Biol 25: 675-686. https://doi.org/10.1016/j.tcb.2015.07.012

32.	 Sogame Y, Saito R, Koizumi R, Shimitzu T, Ono T (2019) Evidence of stress recovery in free-living ciliate colpoda cucullus: the repair capability of resting cysts to damage caused by 
gamma irradiation. Acta Protozool 58: 25-29. http://dx.doi.org/10.4467/16890027AP.19.006.10837

33.	 Caldecott KW (2001) Mammalian DNA single-strand break repair: an X-ra(y)ted affair. Bioessays 23: 447-455. https://doi.org/10.1002/bies.1063

34.	 Helleday T, Lo J, van Gent DC, Engelward BP (2007) DNA double-strand break repair: from mechanistic understanding to cancer treatment. DNA Repair (Amst) 6: 923-935. https://
doi.org/10.1016/j.dnarep.2007.02.006

35.	 Khanna KK, Jackson SP (2001) DNA double-strand breaks: signaling, repair and the cancer connection. Nat Genet 27: 247-254. https://doi.org/10.1038/85798

36.	 Davoli T, DenchiEL, deLangeT (2010) Persistent telomere damage induces bypass of mitosis and tetraploidy. Cell 141: 81-93. http://dx.doi.org/10.1016/j.cell.2010.01.031

37.	 Horn V, Triantafyllopoulou A (2018) DNA damage signaling and polyploid macrophages in chronic inflammation. Curr Opin Immunol 50: 55-63. http://dx.doi.org/10.1016/j.
coi.2017.11.002

https://doi.org/10.47275/2332-4864-113
https://www.hoajonline.com/stemcells/2054-717X/2/2
http://dx.doi.org/10.7243/2054-717X-2-2
http://dx.doi.org/10.7243/2054-717X-2-2
https://www.sciencedirect.com/science/article/pii/S1044579X19300537?via%3Dihub
https://doi.org/10.1016/j.semcancer.2019.09.005
https://pubmed.ncbi.nlm.nih.gov/28436947/
https://doi.org/10.1038/onc.2017.72
https://doi.org/10.1038/onc.2017.72
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3495569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3495569/
https://dx.doi.org/10.1016/j.canlet.2012.08.004
https://dx.doi.org/10.1007/978-3-540-78993-2_4
https://dx.doi.org/10.1007/978-3-540-78993-2_4
https://pubmed.ncbi.nlm.nih.gov/28774727/
https://doi.org/10.1016/j.ydbio.2017.07.025
https://www.intechopen.com/books/cancer-stem-cells-the-cutting-edge
http://dx.doi.org/10.5772/17359
https://pubmed.ncbi.nlm.nih.gov/28232878/
https://pubmed.ncbi.nlm.nih.gov/28232878/
https://doi.org/10.4161/idp.29997
https://iopscience.iop.org/article/10.1088/1478-3975/8/1/015001
http://dx.doi.org/10.1088/1478-3975/8/1/015001
https://www.nature.com/articles/ncomms9812
https://doi.org/10.1038/ncomms9812
https://doi.org/10.1038/ncomms9812
https://www.nature.com/articles/ncomms7367
https://doi.org/10.1038/ncomms7367
https://academic.oup.com/mbe/article/33/1/4/2579542
https://doi.org/10.1093/molbev/msv212
https://www.nature.com/articles/bjc2017398
https://doi.org/10.1038/bjc.2017.398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6035250/
https://doi.org/10.1038/s41416-018-0091-0
https://www.frontiersin.org/articles/10.3389/fphys.2019.01170/full
https://doi.org/10.3389/fphys.2019.01170
https://doi.org/10.3389/fphys.2019.01170
https://royalsocietypublishing.org/doi/10.1098/rstb.2015.0444
https://doi.org/10.1098/rstb.2015.0444
https://doi.org/10.1098/rstb.2015.0444
https://www.frontiersin.org/articles/10.3389/fcimb.2018.00262/full
https://doi.org/10.3389/fcimb.2018.00262
https://doi.org/10.3389/fcimb.2018.00262
https://pubmed.ncbi.nlm.nih.gov/32677677/
https://doi.org/10.1042/bst20190992
https://www.nature.com/articles/nrc2013
https://doi.org/10.1038/nrc2013
https://pubmed.ncbi.nlm.nih.gov/28484005/
https://pubmed.ncbi.nlm.nih.gov/28484005/
https://doi.org/10.1073/pnas.1617743114
https://onlinelibrary.wiley.com/doi/abs/10.1002/bies.201100049
https://doi.org/10.1002/bies.201100049
https://doi.org/10.1002/bies.201100049
https://pubmed.ncbi.nlm.nih.gov/21508974/
https://pubmed.ncbi.nlm.nih.gov/21508974/
https://doi.org/10.1038/nrc3039
https://www.nature.com/articles/s41598-018-26653-5
https://doi.org/10.1038/s41598-018-26653-5
https://doi.org/10.1038/s41598-018-26653-5
https://www.pnas.org/content/114/24/6160
https://doi.org/10.1073/pnas.1706990114
https://doi.org/10.1073/pnas.1706990114
https://pubmed.ncbi.nlm.nih.gov/31647999/
https://pubmed.ncbi.nlm.nih.gov/31647999/
https://doi.org/10.1016/j.gene.2019.144174
https://pubmed.ncbi.nlm.nih.gov/18378900/
https://pubmed.ncbi.nlm.nih.gov/18378900/
https://doi.org/10.1073/pnas.0708100105
https://onlinelibrary.wiley.com/doi/abs/10.1006/cbir.2000.0557
https://doi.org/10.1006/cbir.2000.0557
https://www.sciencedirect.com/science/article/pii/S1936523320302503?via%3Dihub
https://doi.org/10.1016/j.tranon.2020.100773
https://www.sciencedirect.com/science/article/abs/pii/S0962892415001452
https://doi.org/10.1016/j.tcb.2015.07.012
https://www.ejournals.eu/Acta-Protozoologica/2019/Issue-1/art/14581/
https://www.ejournals.eu/Acta-Protozoologica/2019/Issue-1/art/14581/
http://dx.doi.org/10.4467/16890027AP.19.006.10837
https://pubmed.ncbi.nlm.nih.gov/11340626/
https://doi.org/10.1002/bies.1063
https://pubmed.ncbi.nlm.nih.gov/17363343/
https://doi.org/10.1016/j.dnarep.2007.02.006
https://doi.org/10.1016/j.dnarep.2007.02.006
https://pubmed.ncbi.nlm.nih.gov/11242102/
https://doi.org/10.1038/85798
https://www.sciencedirect.com/science/article/pii/S0092867410000668
http://dx.doi.org/10.1016/j.cell.2010.01.031
https://www.sciencedirect.com/science/article/abs/pii/S0952791517300341?via%3Dihub
http://dx.doi.org/10.1016/j.coi.2017.11.002
http://dx.doi.org/10.1016/j.coi.2017.11.002


 Volume 6(1): 9-9

Citation: Niculescu VF (2021) Germline Evolution in Cancer as Explained by the Germ and Soma Theory of Dual Cell Systems. J Clin Anat Pathol, 6(1): 113. DOI: 
https://doi.org/10.47275/2332-4864-113

J Clin Anat Pathol, 2021

38.	 Zheng L, Dai H, Zhou M, Li X, Liu C, et al. (2012) Polyploid cells rewire DNA damage response networks to overcome replication stress-induced barriers for tumour progression. Nat 
Commun 3: 815. http://dx.doi.org/10.1038/ncomms1825

39.	 Mukherjee C, Clark CG, Lohia A (2008) Entamoeba shows reversible variation in ploidy under different growth conditions and between life cycle phases. PLoS Negl Trop Dis 2: e281. 
http://dx.doi.org/10.1371/journal.pntd.0000281

40.	 Mukherjee C, Majumder S, Lohia A (2009) Inter-cellular variation in dna content of entamoeba histolytica originates from temporal and spatial uncoupling of cytokinesis from the 
nuclear cycle. PLoS Negl Trop Dis 3: e409. http://dx.doi.org/10.1371/journal.pntd.0000409

41.	 Edgar BA, Orr-Weaver TL (2001) Endoreplication cell cycles: more for less. Cell 105: 297-306. http://dx.doi.org/10.1016/S0092-8674(01)00334-8

42.	 Kültz D (2005) Molecular and evolutionary basis of the cellular stress response. Annu Rev Physiol 67: 225-257. http://dx.doi.org/10.1146/annurev.physiol.67.040403.103635

43.	 de Francisco P, Martín-González A, Turkewitz AP, Gutiérrez JC (2018) Genome plasticity in response to stress in tetrahymena thermophila: selective and reversible chromosome 
amplification and paralogous expansion of metallothionein genes. Environ Microbiol 20: 2410-2421. https://doi.org/10.1111/1462-2920.14251

44.	 Salmina K, Bojko A, Inashkina I, Staniak K, Dudkowska M, et al. (2020) “Mitotic slippage” and extranuclear DNA in cancer chemoresistance: a focus on telomeres. Int J Mol Sci 21: 
2779. http://dx.doi.org/10.3390/ijms21082779

45.	 Zhang S, Mercado-Uribe I, Xing Z, Sun B, Kuang J, et al. (2014) Generation of cancer stem-like cells through the formation of polyploid giant cancer cells. Oncogene 33: 116-128. 
http://dx.doi.org/10.1038/onc.2013.96

46.	 Kaur E, Rajendra J, Jadhav S, Shridhar E, Sastri Goda J, et al. (2015) Radiation-induced homotypic cell fusions of innately resistant glioblastoma cells mediate their sustained survival 
and recurrence. Carcinogenesis 36: 685-695. http://dx.doi.org/10.1093/carcin/bgv050

47.	 Barok M, Tanner M, Köninki K, Isola J (2011) Trastuzumab-DM1 causes tumour growth inhibition by mitotic catastrophe in trastuzumab-resistant breast cancer cells in vivo. Breast 
Cancer Res 13: R46. https://doi.org/10.1186/bcr2868

48.	 Malpica A, Deavers MT, Lu K, Bodurka DC, Atkinson EN,  et al. (2004) Grading ovarian serous carcinoma using a two-tier system. Am J Surg Pathol 28: 496-504. http://dx.doi.
org/10.1097/00000478-200404000-00009

49.	 Monaghan P, Metcalfe NB (2019) The deteriorating soma and theindispensable germline: gamete senescence and offspring fitness. Proc R Soc B 286: 20192187. http://dx.doi.
org/10.1098/rspb.2019.2187

50.	 Liu YS, Chen Q (2018) 150 years of darwin’s theory of intercellular flow of hereditary information. Nat Rev Mol Cell Biol 19: 749-750. http://dx.doi.org/10.1038/s41580-018-0072-4

51.	 Sciamanna I, Serafino A, Shapiro JA, Spadafora C (2019) The active role of spermatozoa in transgenerational inheritance. Proc R Soc B 286: 20191263. http://dx.doi.org/10.1098/
rspb.2019.1263

52.	 Zhang Y, Chen Q (2019) The expanding repertoire of hereditary information carriers. Development 146: dev170902. https://doi.org/10.1242/dev.170902

53.	 Perez MF, Lehner B (2019) Intergenerational and transgenerational epigenetic inheritance in animals. Nat Cell Biol 21: 143-151. http://dx.doi.org/10.1038/s41556-018-0242-9

54.	 Sharma U (2019) Paternal contributions to offspring health: role of sperm small RNAs in intergenerational transmission of epigenetic information. Front Cell Dev Biol 7: 215. http://
dx.doi.org/10.3389/fcell.2019.00215

55.	 Eaton SA, Jayasooriah N, Buckland ME, Martin DIK, Cropley JE, et al. (2015) Roll over weismann: extracellular vesicles in the transgenerationaltransmission of environmental effects. 
Epigenomics 7: 1165-1171. http://dx.doi.org/10.2217/epi.15.58

Addendum: The terms hypoxia, normoxia, hyperoxia are used in this paper from the point of view of the germ ine.  Normoxia does not mean the 
atmospheric oxygen level of 21% O2, but the most physiological oxygen level below 5.7% O2 content, which allows the germline to develop all 
its physiological capabilities, including reproductive function and germ cell production (normoxia equals physoxia).

https://doi.org/10.47275/2332-4864-113
https://www.nature.com/articles/ncomms1825
https://www.nature.com/articles/ncomms1825
http://dx.doi.org/10.1038/ncomms1825
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000281
http://dx.doi.org/10.1371/journal.pntd.0000281
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000409
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000409
http://dx.doi.org/10.1371/journal.pntd.0000409
https://pubmed.ncbi.nlm.nih.gov/11348589/
http://dx.doi.org/10.1016/S0092-8674(01)00334-8
https://www.annualreviews.org/doi/10.1146/annurev.physiol.67.040403.103635
http://dx.doi.org/10.1146/annurev.physiol.67.040403.103635
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.14251
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.14251
https://doi.org/10.1111/1462-2920.14251
https://www.mdpi.com/1422-0067/21/8/2779
https://www.mdpi.com/1422-0067/21/8/2779
http://dx.doi.org/10.3390/ijms21082779
https://www.nature.com/articles/onc201396
http://dx.doi.org/10.1038/onc.2013.96
https://academic.oup.com/carcin/article/36/6/685/276836
https://academic.oup.com/carcin/article/36/6/685/276836
http://dx.doi.org/10.1093/carcin/bgv050
https://breast-cancer-research.biomedcentral.com/articles/10.1186/bcr2868
https://breast-cancer-research.biomedcentral.com/articles/10.1186/bcr2868
https://doi.org/10.1186/bcr2868
https://journals.lww.com/ajsp/Abstract/2004/04000/Grading_Ovarian_Serous_Carcinoma_Using_a_Two_Tier.9.aspx
http://dx.doi.org/10.1097/00000478-200404000-00009
http://dx.doi.org/10.1097/00000478-200404000-00009
https://royalsocietypublishing.org/doi/10.1098/rspb.2019.2187
http://dx.doi.org/10.1098/rspb.2019.2187
http://dx.doi.org/10.1098/rspb.2019.2187
https://www.nature.com/articles/s41580-018-0072-4
http://dx.doi.org/10.1038/s41580-018-0072-4
https://royalsocietypublishing.org/doi/10.1098/rspb.2019.1263
http://dx.doi.org/10.1098/rspb.2019.1263
http://dx.doi.org/10.1098/rspb.2019.1263
file:///F:/OMICS/Journals/Subbu%20Team/OMICS/JPCM/Volume%2011/Volume%2011.4/Volume%2011.4_C/Zhang Y, Chen Q (2019) The expanding repertoire of hereditary information carriers. Development 146: dev170902.
https://doi.org/10.1242/dev.170902
https://www.nature.com/articles/s41556-018-0242-9
http://dx.doi.org/10.1038/s41556-018-0242-9
https://www.frontiersin.org/articles/10.3389/fcell.2019.00215/full
http://dx.doi.org/10.3389/fcell.2019.00215
http://dx.doi.org/10.3389/fcell.2019.00215
https://www.futuremedicine.com/doi/10.2217/epi.15.58
https://www.futuremedicine.com/doi/10.2217/epi.15.58
http://dx.doi.org/10.2217/epi.15.58

	Title
	Abstract 

