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Abstract 

Tumorigenesis is a complex biological phenomenon that includes extensive genetic and 

phenotypic heterogeneities and complicated regulatory mechanisms. In the recent few years, 

our studies demonstrate that tumor-initiating cells are similar to neural stem/progenitor cells 

in regulatory networks, tumorigenicity and pluripotent differentiation potential. In the review, 

I will make further discussion on these observations and propose a rule of cell biology by 

integrating these findings with evidence from developmental biology, tumor biology and 

evolution, which suggests that neural stemness underlies two coupled cell properties, 

tumorigenicity and pluripotent differentiation potential. Tumorigenicity and phenotypic 

heterogeneity in tumor is a result of acquirement of neural stemness in cells. The neural 

stemness property of tumor-initiating cells can hopefully integrate different 

concepts/hypotheses underlying tumorigenesis. Neural stem cells/neural progenitors and 

tumor-initiating cells share regulatory networks; both exhibit neural stemness, tumorigenicity 

and differentiation potential; both are dependent on expression or activation of ancestral 

genes (the atavistic effect); both rely primarily on aerobic glycolytic metabolism; both can 

differentiate into various cells or tissues that are derived from three germ layers, resembling 

severely disorganized or more severely degenerated process of embryonic development; both 

are enriched in long genes with more splice variants that provide more plastic scaffolds for 

cell differentiation, etc. The property of neural stemness might be a key point to understand 

tumorigenesis and pluripotent differentiation potential, and possibly explain certain 

pathological observations in tumors that have been inexplicable. Therefore, behind the 

complexity of tumorigenesis might be a general rule of cell biology, i.e., neural stemness 

represents the ground state of cell tumorigenicity and pluripotent differentiation potential. 
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Introduction 

Cancer has been the most frustrating disease not only for clinicians but also for researchers 

since its earliest description in an ancient Egyptian textbook about 5,000 years ago (Hajdu, 

2011). The difficulty resides in the extreme complexity of cancer, as reflected by enormous 

inter- and intra-tumor heterogeneity, including genetic heterogeneity in most tumors caused 

by genetic changes and phenotypic heterogeneity in a tumor. Heterogeneity can also be the 

consequences of epigenetic and microenvironment changes (Burrell et al., 2013; Meacham 

and Morrison, 2013; Friedmann-Morvinski and Verma, 2014; Prasetyanti and Medema, 2017; 

Dagogo-Jack and Shaw, 2018). There have been many hypotheses and concepts trying 

explaining the phenomenon of cancer initiation and progression (Paduch, 2015; Hanselmann 

and Welter, 2016). They can explain tumorigenesis in some cases, but meet serious challenges 

in others (Hanselmann and Welter, 2016). These concepts have difficulties to compromise 

most if not all phenomena that have been observed for tumorigenesis. Moreover, these 

concepts or hypotheses are generally difficult to be translated into clinical applications. In this 

review, I will discuss our recent findings, in combination with other studies and clinical 

evidence, about a general rule of tumorigenesis. This grave biological phenomenon might 

have been suggesting a general principle of cell biology, which means that evolutionarily 

pre-determined state of neural stemness is the ground state for cell tumorigenicity and 

pluripotent differentiation potential. 

1. The ‘neural default model’ of embryonic pluripotent cells 

The link between neural stemness, cell tumorigenicity and pluripotent differentiation potential 

can be traced to the ‘neural default model’ of embryonic pluripotent cells in developmental 

biology. At the beginning of embryogenesis, a fertilized egg cleaves to generate blastomeres 

that further differentiate into three primary germ layers, ectoderm, endoderm and mesoderm. 

Ectoderm is the germ layer giving rise to both epidermis and nervous system, and other 

tissues/organs are derived from either endoderm or mesoderm. How the neural tissue in an 

early embryo is induced to form had been a major topic of research in developmental biology. 

The pioneering work in 1924 was that the dorsal blastopore lip, or the Spemann-Mangold 

organizer, of an early newt gastrula embryo was able to induce neural plate, the precursor 

tissue for central nervous system, in ectoderm, while the dorsal lip itself developed into 

mesodermal notochord (Gilbert and Barresi, 2016). However, the nature of the neural 

inducing activity in the organizer had not been understood for six decades until the emergence 

of some critical initial findings at the end of 1980s. Isolated blastula ectoderm differentiates 

into epidermis when cultured in neutral saline in vitro. Surprisingly, these ectodermal cells 

differentiate exclusively into neural tissues instead when they are disaggregated first for a few 
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hours and then re-aggregated again in culture (Grunz and Tacke, 1989; Godsave and Slack, 

1989; Sato and Sargent, 1989). This means that absence, but not presence, of an extracellular 

signal is prerequisite for neural fate decision, and neural fate might be the default fate of 

ectoderm. Subsequent mechanistic studies elucidated that the organizer is a wealth of secreted 

factors antagonizing BMP4, a TGFbeta ligand that transduces epidermis-inducing and 

anti-neural signaling in ectoderm (Harland, 2000; De Robertis and Kuroda, 2004; De Robertis, 

2006; Gilbert and Barresi, 2016). Contrary to the initial aim of search for neural inducers, 

these studies reveal a non-obvious principle that neural fate is achieved by default and 

epidermal fate is induced during ectodermal cell fate decision, i.e., the ‘neural default model’ 

of ectoderm (Muñoz-Sanjuán and Brivanlou, 2002; Gilbert and Barresi, 2016). Besides neural 

and epidermal differentiation, blastula ectoderm can also be induced into mesodermal and 

endodermal tissues in response to inducers, such as Activin. The pluripotent differentiation 

potential of blastula ectodermal cells resembles that of mammalian embryonic stem cells 

(ESCs). The neural default fate is also manifested by ESCs. When ESCs are cultured in 

defined serum-free medium instead of regular medium that contains high concentration of 

fetal bovine serum, the cells adopt a neural fate and turn into primitive neural stem cells 

(primNSCs) (Tropepe et al., 2001; Ying et al., 2003a; Smukler et al., 2006). BMP4 signaling 

inhibits neural differentiation in amphibian ectodermal cells, which adopt a neural fate in the 

absence of BMP4. Likewise, it is required for maintenance of ESC pluripotency because 

ESCs without BMP signaling will also adopt a neural fate (Ying et al., 2003b; Malaguti et al., 

2013). The neural default state of embryonic pluripotent cells provides the mechanism for cell 

fate decision between neural and non-neural cells at the beginning stage of differentiation 

during embryogenesis. If considering that embryonic pluripotent cells can be induced to 

differentiate into various types of non-neural somatic cells by different lineage or cell type 

specific factors, it can be deduced that the neural default state can be extended to somatic 

cells. Taken together with the tumorigenic property of embryonic pluripotent cells 

(Ben-David and Benvenisty, 2011), our studies and studies from other groups provide the 

evidence that neural state represents the ground state of cell differentiation and 

tumorigenicity. 

2. The link between neural stemness and cancer cells 

Downregulation/silencing of pro-differentiation genes or/and tissue-specific genes is a 

common feature of tumorigenesis, leading to a dedifferentiation effect and gain of stemness in 

cancer cells. It is expected that re-differentiation will cause a reduction or loss in cancer cell 

malignancy. In an attempt to drive terminal differentiation of cancer cells, we found that 

blocking epigenetic modification factors, HDAC1/3, EZH2, LSD1 and DNMT1, could lead to 

postmitotic neuron-like differentiation in cell lines of different cancers, accompanied with 
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dramatic reduction in malignant features and tumorigenicity in these cells (Zhang et al., 2017; 

Lei et al., 2019). These epigenetic factors play extensively promoting roles and expression of 

their genes is upregulated or activated during initiation and progression of different cancers. 

Neuronal differentiation is the key property of neural stem/progenitor cells (NSCs/NPCs). 

The neuronal phenotype suggests that the cell lines of different cancers may have the property 

of NSCs/NPCs. In compatible with the property of neural stemness is the specific expression 

of genes of these proteins in embryonic neural cells. Comprehensive analyses on more than 

3,000 cancer related genes demonstrated that most genes promoting tumorigenesis and/or 

being upregulated/activated during tumorigenesis are enriched in embryonic neural tissues. In 

contrast, genes repressing tumorigenesis and/or being downregulated/silenced during 

tumorigenesis are generally not expressed in embryonic neural cells (Zhang et al, 2017). This 

means that cancer cells and embryonic neural cells share numerous regulatory signals, which 

confer the property of NSCs/NPCs to cancer cells. The genes that regulate different malignant 

features, like mobility, proliferation, chemoresistance, stemness, dysregulated epigenetics and 

metabolism, etc., are all corresponding with neural specific or neural enriched genes. 

Therefore, I proposed that tumorigenesis might represent a process of gradual loss of original 

cell identity and gain of the property of NSCs/NPCs (Cao, 2017). Regulation of 

tumorigenesis includes thousands of cancer related genes and numerous intertwined signaling 

pathways. In fact, nearly all aspects of biological research have been reported to be involved 

in tumorigenesis. This makes tumorigenesis an incomprehensible biological phenomenon if 

no links between different regulatory signals are established. Due to that tumorigenesis is 

characterized by upregulation/activation of cancer-promoting genes, which are enriched in 

embryonic neural cells or neural stem cells, and downregulation of tissue-specific genes, the 

complexity of tumorigenesis might be reduced as a process of gain of the property of a 

particular cell type, the neural stemness. 

 There are quite some scattered pieces of evidence in clinical and basic studies showing 

the association between tumorigenesis and neural cells, as reviewed in Cao (2017). It was 

reported that NPCs promote cancer (Mauffrey et al., 2019). A recent paper shows a piece of 

more direct evidence that loss of a transcriptional repressor causes transition of intestinal stem 

cells in Drosophila into NSC-like state and drives neuroendocrine tumor formation (Li et al., 

2020). Although cancer cells and NSCs/NPCs have similar neuronal differentiation potential 

(i.e., neural stemness), and share numerous regulatory signals, the key question is how neural 

stemness is related with cell tumorigenicity. 

3. Neural stemness as the source of cell tumorigenicity  

Among embryonic and adult cell types, ESCs and their artificial equivalent, the induced 
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pluripotent stem cells (iPSCs), have tumorigenic potential (Ben-David and Benvenisty, 2011). 

When transplanted into immunodeficient mice, these cells form teratomas that contain tissue 

types derived from all three germ layers. Teratoma formation is also a standard assay for 

investigating pluripotent differentiation potential of ESCs or iPSCs. NSCs/NPCs are 

considered as a type of somatic stem cells, which have been thought as non-tumorigenic. 

However, occasional studies revealed the opposite evidence. PrimNSCs derived from ESCs or 

iPSCs show tumorigenicity in immunodeficient mice (Germain et al., 2012; Deng et al., 

2018). The derived primNSCs were even purified to exclude the tumorigenic effect of some 

remaining cells that did not change fully into primNSCs (Germain et al., 2012). The 

mechanisms for this effect are unknown, but the most convenient explanation is due to the 

leftover of incompletely differentiated ESCs or the expression of MYC oncoprotein in iPSCs. 

Another report complicates this assumption, because tumor formation derived from 

transplanted human fetal NSCs in a patient was observed in a clinical practice (Amariglio et 

al., 2009). If we consider the neural default state and tumorigenicity of ESCs, tumorigenicity 

of NSCs is not irrational. As a matter of fact, tumorigenicity is an intrinsic property of 

NSCs/NPCs (Xu et al., 2020). First, tumorigenicity was demonstrated for primNSCs that 

were derived from ESCs. This should not be due to the remnant of incompletely differentiated 

ESCs because the former show stronger tumorigenicity than the latter. Actually, TGFbeta 

signaling is required for inhibition of neural differentiation and promotes non-neural 

differentiation of ESCs (Tropepe et al., 2001; Ying et al., 2003b; Mullen and Wrana, 2017). It 

suppresses tumor formation while promotes metastasis, immune regulation, etc., of cancer 

cells (Massagué, 2008; Seoane and Gomis, 2017). It is rather logical that tumorigenic cells 

are stronger in tumorigenicity in the absence of TGFbeta signaling. PrimNSC-derived tumors 

are composed of tissues of all germ layers, including immature neuroectodermal cells, 

differentiated neuronal cells, or keratinized structures from ectoderm, and full spectrum of 

tissues from mesoderm and endoderm (Xu et al., 2020). These tumors are very similar to 

teratoma formed by ESCs, suggesting that primNSCs, representing initial neuroectodermal 

cells, are pluripotent in differentiation potential. Second, tumorigenicity was demonstrated for 

a NSC cell line derived from E9 mouse embryos (Xu et al., 2020). Subcutaneous 

transplantation of the cells caused formation of tumors, and tail vein injection of the cells led 

to formation of tumors in various tissues or regions of mouse body. The tumors contain also 

different tissues of three germ layers, but with less abundance of tissue types than in 

primNSC-tumors. Third, tumorigenicity was demonstrated for NPCs that were isolated from 

cortices of E13.5 embryos. Different tissue types of neural and non-neural lineages can also 

be observed in these tumors. Moreover, NSCs/NPCs contribute to chimera formation in chick 

and mouse embryos (Clarke et al., 2000; Tropepe et al., 2001). These analyses suggest that 

NSCs/NPCs have both tumorigenic and pluripotent differentiation potential. 
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  Many types of adult tissue stem/progenitor cells have been identified. However, there 

seem to be no evidence for that other tissue stem/progenitor cells have tumorigenic potential. 

Mesenchymal stem cells (MSCs) have been extensively investigated for their roles during 

tumorigenesis. They exhibit seemingly both a promoting and an inhibitory effect on tumor 

progression (Serakinci et al., 2018). However, the cells themselves exhibit no tumorigenicity 

(Ra et al., 2011; Sykova and Forostyak, 2013; Yong et al., 2018; Xu et al., 2020). 

Hematopoietic stem cell transplantation has been widely used as a treatment for 

hematological cancers and other diseases. In our study, we also observed that embryonic 

fibroblasts and myoblasts are not tumorigenic (Xu et al., 2020). When either the muscle 

differentiation factor Myod1 was lost in myoblasts or a transcriptional repressor was lost in 

intestinal stem cells, the resulting cells gained neural stemness and tumorigenicity (Li et al., 

2020; Xu et al., 2020). In contrast, decrease in neural stemness via differentiation into neuron- 

or muscle-like cells, tumorigenicity is reduced or lost (Zhang et al, 2017; Xu et al., 2020). 

These lines of evidence from both NSCs/NPCs and genetically manipulated somatic cells 

indicate that the property of neural stemness is the source of tumorigenicity. 

 Both cancer cells and NSCs/NPCs have the neuronal differentiation potential and share 

similar regulatory networks. Do cancer cells behave like NSCs/NPCs in other aspects? 

NSCs/NPCs are characteristic of free-floating neurosphere formation in defined NSC 

serum-free medium. Cancer cells capable of tumor formation (or tumor initiating cells, TICs) 

can form spherical structures in a same culture condition. These structures express neural 

stemness markers, resembling neurospheres of NSCs/NPCs (Xu et al., 2020). The ability in 

neurosphere formation is a reflection of neural stemness and tumorigenicity of cancer cells. 

Cells without neurosphere formation could mean that they have very weak tumorigenicity, or 

they are not sufficient to initiate tumor. Weak tumorigenicity could be detected using more 

sensitive approaches. For example, the osteosarcoma cell U-2OS does not form neurospheres 

and displays no tumorigenicity in nude mice. However, it is very weakly tumorigenic in the 

most severely immunodeficient NOD/SCID IL2R-gamma-0 (NSG) mouse (Lauvrak et al. 

2013). Non-cancer cells, such as MEFs, myoblasts and MSCs, do not form neurospheres and 

are not tumorigenic. Tissue stem cells also form spherical structures in serum-free culture, 

though, the media are different in composition. Specific growth factors or even a specific 

culture condition is required for a particular type of tissue stem cells. For example, MSCs 

form spheres in an appropriate serum-free medium (Méndez-Ferrer et al., 2010), but do not in 

the serum-free medium for neurosphere formation (Xu et al., 2020). More importantly, 

xenograft tumors formed by transplanted NSCs/NPCs or cancer cells show differentiation of 

tissues or cell types from different lineages, but not the differentiation hierarchy of a type of 

tissue stem cells along a particular lineage. Neurosphere formation is an indication of neural 
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stemness and tumorigenicity. In line with the experimental observation of pluripotent 

differentiation potential of NSCs/NPCs (Clarke et al., 2000; Tropepe et al., 2001; Xu et al., 

2020), bioinformatic analysis also revealed that neural genes are most closely associated with 

neural development, embryonic development and cancer, whereas non-neural genes are not 

(Xu et al., 2020). 

The link between neural stemness and cell tumorigenicity has been implied by many 

lineage-tracing studies. For instances, CD133 (or PROM1) identifies human colon 

cancer-initiating cells (Ricci-Vitiani et al., 2007); Msi1-expressing cells are identified as key 

drivers of pancreatic cancer (Fox et al., 2016); Sox2-expressing cells are identified as 

tumor-propagating cells and show cancer stem cell (CSC) property in squamous-cell 

carcinoma (Boumahdi et al., 2014); Dclk1 labels intestinal tumor stem cells, which produce 

tumor progeny (Nakanishi et al., 2013). In these studies, CD133, Sox2, Msi1 or Dclk1, which 

are frequently used as CSC markers, are either typical markers for neural stem cell and/or 

their genes are specifically expressed in neural tissues in vertebrate embryos (Fig. 1). Their 

use as markers of NSCs/NPCs has been extensively documented. These studies demonstrate 

that the markers label NSCs/NPCs label TICs, suggesting an association between TICs and 

neural stemness. It is usually argued that neural stemness markers are sometimes also markers 

for other types of stem/progenitor cells. This issue will be discussed later.  

Fig. 1. Neural specific or enriched expression 
of the genes for cancer stem cell markers 
during vertebrate embryonic development 
or in adult. (A, B) sox2 (A) and msi1 (B) 
expression pattern during Xenopus 
embryogenesis, as detected with whole mount 
in situ hybridization. st.18, st.30 or st.32 refer 
to the Nieuwkoop and Faber developmental 
stages of Xenopus laevis. The anterior of the 
embryos is to the left. np: neural plate; br: brain; 
ey: eye; ov: otic vesicle. (Adapted from Zhang 
et al., 2017). (C) cd133 (prom1a and prom1b in 
zebrafish) expression pattern during zebrafish 
embryogenesis, as detected with whole mount 
in situ hybridization. Developmental stage is 
indicated (24 hours post fertilization (hpf)). The 
anterior of the embryos is to the left. ea: eye 
anlage; ep: epiphysis; ov: otic vesicle. (Adapted 
from McGrail et al., 2010). (D) Left: 
Localization of Dclk1 (also called KIAA0369) 
to the central nervous system of an E17 rat 
fetus, as detected by immunohistochemistry. 
(Adapted from Mizuguchi et al., 1999). Right: 
Specific expression of DCLK1 in the brain of 
human fetus and adult (indicated with a solid 
triangle), as detected by Northern blotting. 

(Adapted from Matsumoto et al., 1999). 
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4. Tumor phenotypic heterogeneity 

A tumor is composed of heterogeneous populations of cells. How the heterogeneity is 

generated is also a complex issue (Marusyk et al., 2012; Burrell et al., 2013; Meacham and 

Morrison, 2013; McGranahan and Swanton, 2015; Quintanal-Villalonga et al., 2020). In 

general, two major models have been proposed. One is the clonal evolution model, in which 

heterogeneity is explained as a result of natural selection. This model emphasizes the central 

role of genetic heterogeneity arising from a Darwinian-like evolution in phenotypic 

heterogeneity. It is challenged by the cancer stem cell (CSC) model, in which a subpopulation 

of cancer cells has the ability of indefinite self-renewal, initiating tumor formation and 

driving tumor growth. In this model, heterogeneity is generated by differentiation of CSCs 

(Clevers, 2011; Marusyk et al., 2012; Beck and Blanpain, 2013; Prasetyanti and Medema, 

2017), comparable to the tissue hierarchy generated by normal stem cells. However, it has not 

been characterized whether CSCs in different cancers exhibit the stemness of a similar type of 

stem cells, or CSCs in each cancer exhibit the stemness of the stem cells of the respective 

tissue of tumor origin, or CSCs are of a mysterious character and not comparable with any 

known stem/progenitor cell types. CSCs are also termed as tumor-initiating cells (TICs), and 

generally identified with certain markers. However, CSCs identified with markers might 

represent just a subpopulation of TICs, since CSCs are also heterogeneous cell populations. 

For an instance, CD133 is one of the most frequently used CSC markers. Both CD133+ and 

CD133- metastatic cancer cells initiate tumors in colon cancer (Shmelkov et al., 2008), and 

CD133-positive cells and CD133-negative cells from primary glioblastoma seem to be 

equally tumorigenic (Beier et al., 2007). Hence, TICs might be a more generalized expression 

for the cells capable of tumor initiation, regardless of the presence or absence of particular 

CSC markers. TICs form tumors in nude mice. Nevertheless, how tissues or cells are 

differentiated in xenograft tumors had not been examined carefully except teratomas formed 

by transplanted ESCs, iPS or teratocarcinoma cells. In our study, we observed that xenograft 

tumors formed by cancer cells contain tissue or cell types derived from three germ layers, as 

revealed by tissue-specific gene expression assay and immunohistochemistry assay with 

specific markers (Xu et al., 2020). Tissue or cell differentiation from different lineages in 

xenograft tumors formed by TICs is rather similar to the xenograft tumors formed by 

NSCs/NPCs. Tumors of primNSCs are characteristic of teratoma/teratocarcinoma because 

they contain well differentiated tissues with readily identifiable morphology. Tumors from E9 

NSCs and E13.5 NSCs/NPCs are less abundant in tissue diversity. Nevertheless, expression 

of markers for ectodermal, endodermal and mesodermal lineages was all detected. Similarly, 

xenograft tumors from cells of different cancers, for example, melanoma, colorectal 

carcinoma or glioblastoma, show significant expression of lineage markers or contain cells 
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from different lineages, including SOX1-positive cells and MAP2-postive cells derived from 

ectoderm, ACTA2- and BGLAP-positive cells derived from mesoderm, AFP-positive cells 

derived from endoderm. These cell types were also present in tumors derived from Myod1 

knockout myoblast cells (Xu et al., 2020), meaning that blocking of a pro-differentiation 

factor leads to loss of myoblast identity, gain of neural stemness and cell tumorigenicity, and 

re-acquirement of differentiation potential. Besides these findings, pluripotent differentiation 

potential of particular type of cancer cells, the teratocarcinoma cells and their capability of 

contribution to formation of chimera embryos have been observed in nearly a half century ago 

(Mintz and Illmensee, 1975; Papaioannou et al., 1975). Although CSCs have been described 

and delicate molecular mechanisms for establishing CSC phenotypes have been proposed in 

numerous publications, the nature of CSCs has not been characterized. Consequently, it is not 

known whether CSCs could differentiate along the differentiation lineage of a tissue 

stem/progenitor cell or the lineages of other types of stem/progenitor cells. In fact, in vitro 

generated cells with CSC properties have the potential to differentiate into cells expressing 

markers for neuron, endothelial cells and muscle (Scaffidi and Misteli, 2011). CSCs in 

glioblastoma can differentiate into tumor-endothelium or vascular pericytes (Ricci-Vitiani, 

2010; Wang et al., 2010; Cheng et al., 2013). Colon cancer stem cells reveal a multi-lineage 

differentiation capacity (Vermeulen et al., 2008). These cells do not follow the differentiation 

hierarchy of a particular type of tissue stem cells along a fixed lineage. In summary, cancer 

cells capable of tumor initiation, or TICs, exhibit property of neural stemness and have the 

potential of differentiation into diverse tissue or cell types, contributing to intra-tumor 

phenotypic heterogeneity. 

 The phenotypic difference between tumors has been a primary focus of tumor research. 

In fact, there exist many cell or tissue types in common among different types of tumors. In 

each tumor, there are immature neuroepithelial-like cells that function as TICs and express 

neural stemness markers, such as SOX1-positive cells. Indeed, NSCs can be derived, at least, 

from human teratomas (Kim et al., 2019). Tumors also contain neuron-like cells or nerves 

(Venkataramani et al., 2019; Venkatesh et al., 2019; Zeng et al., 2019; Reavis et al., 2020). 

Cells expressing smooth muscle protein ACTA2 are widely detected in different tumors. AFP 

has been used as a marker for cancers of the liver, testicles, and ovaries, and is expressed also 

in other types of cancers, such as colorectal and gastric cancers (Yachida et al., 2003; Anzai 

et al., 2015; Gong et al., 2018). Moreover, pathological studies reveal similar tissues or cells 

in different tumors. For example, osteoclasts are multinucleated giant cells that are 

responsible for bone dissolution and absorption. They are not present in normal tissues other 

than bones. Nevertheless, similar cells have been found in tumors of pancreas (Abid and 

Gnanajothy, 2019; Njoumi et al., 2014; Sah et al., 2015; Togawa et al., 2010; Bauditz et al., 
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2006), liver (Bauditz et al., 2006; Dioscoridi et al., 2015; Ikeda et al., 2003; Kuwano et al., 

1984; Rosai, 1990), skin (Goel et al., 2011; Al-Brahim and Salama, 2005; Jiménez-Heffernan 

et al., 2018; Houang et al., 2015), lung (Nakahashi et al., 1987; Matsukuma et al., 2014; 

Lindholm et al., 2019; Kong et al., 2015; Dahm, 2017), breast (Stewart and Mutch, 1991; 

Agnantis and Rosen, 1979; Fadare and Gill, 2009; Ginter et al., 2015; Ohashi et al., 2018), 

and in many other tumors. Osteoid and bone formation was found in different cancers, such 

as breast cancer and melanoma (Hoorweg et al., 1997; Dekkers et al., 2019), etc. Thus, under 

the appearance of big phenotypic difference between tumors, there are in fact many tissue or 

cell types in common. 

The intra- or inter-tumoral heterogeneity should be a result of differentiation potential of 

TICs, under the control of intra- and extracellular signals. Differentiation potential of TICs 

should also account for cancer types that appear irrelevant with the tissue of origin, e.g. 

primary osteosarcoma of the breast (Dekkers et al, 2019) and the ‘muscle cancer’ 

(rhabdomyosarcoma) from non-muscle cells (Drummond et al., 2018), for which the 

mechanisms are unknown. Teratomas/teratocarcinomas are considered as a special type of 

tumor since their initiation and progression is similar to a chaotic process of embryonic 

development, which appears rather different from other types of tumors. Nevertheless, the 

pluripotent differentiation potential of NSCs and TICs suggests an intrinsic link between 

teratomas/teratocarcinomas and other types of tumors. TICs of teratomas/teratocarcinomas 

should be more similar to primNSCs in differentiation potential, producing a tumor of a 

disorganized mixture of well-differentiated tissues or organs. The differentiation potential of 

TICs of other types of tumors might be more defected due to extensive genetic, epigenetic 

and microenvironmental variations, in particular the defect in pro-differentiation or 

tissue-specific genes, leading to tumors of more severely defected cell or tissue differentiation. 

These tumors can be considered as degenerated or more severely defected forms of 

teratomas/teratocarcinomas. 

5. Neural state as the ground state for tumorigenicity and pluripotent differentiation 

potential 

The earliest demonstration of the link between cell tumorigenicity and pluripotent 

differentiation potential was conducted on embryonic carcinoma cells (ECs) derived from 

teratocarcinoma. After the finding of ECs in more than a decade later, mouse ESCs were 

isolated and the properties of ESCs were observed to be very comparable with those of ECs. 

Both cell types form teratomas and display pluripotent differentiation potential (Solter, 2006). 

From historical view, it was a type of cancer cells, the ECs, that inspired the study of 

pluripotent property of ESCs. It was postulated that tumorigenicity and pluripotency are two 
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coupled cell properties (Knoepfler, 2009; Riggs et al., 2013). Characterization of iPS was also 

dependent on the two cell properties, which is usually performed with xenograft tumor 

formation assays in nude mice. Nevertheless, why should pluripotent cells be tumorigenic has 

been largely unknown. Our recent study and studies by others suggest that the neural ground 

state is the link between cell tumorigenicity and pluripotent differentiation potential. 

The default fate of embryonic pluripotent cells is neural. Blocking endogenous factors in 

somatic cells also leads to the gain of a neural property at the cost of original cell identity 

(Cheng et al., 2014; Li et al., 2020; Xu et al., 2020). This means that either embryonic 

pluripotent cells or somatic cells turn into neural cells when appropriate endogenous factors 

are blocked. The effect reflects that neural state might be the ground state of cells, upon which 

all cells are formed. The question is, why the property of neural stemness, but not of other cell 

types, is the ground state of tumorigenicity and differentiation? The answer resides in 

evolution. Among the three germ layers, origin of ectoderm is the earliest during evolution, 

followed sequentially by endoderm and mesoderm (Domazet-Lošo et al., 2007). Analysis of 

neural genes and non-neural genes in the ectoderm showed that one peak of emergence of 

neural genes is already present in the time point representing the last common ancestors (LCA) 

of eukaryotes and the other is at the time of emergence of the eumetazoa (Domazet-Lošo et al., 

2007), indicating that genes relevant for neural development have an earlier evolutionary 

origin. Metazoans are all evolved from unicellular ancestors, an earlier origin suggesting that 

neural genes might play a critical role in multicellularity. Monosiga brevicollis, Amphimedon 

queenslandica and Trichoplax adhaerens are the closest species representing transition from 

unicellularity to multicellularity, and share a last common unicellular ancestor in more than 

600 million years ago. M. brevicollis represents the closest unicellular relatives of metazoans 

(Sebé-Pedrós et al., 2017). A. queenslandica represents the oldest surviving metazoan and an 

evolutionary intermediary between unicellular choanoflagellate protists and eumetazoans, and 

T. adhaerens is the basal eumetazoan species. Interestingly, a majority of genes with enriched 

expression in vertebrate embryonic neural tissues can be traced back to these species (Xu et 

al., 2020), suggesting that the founders of most neural genes have emerged during the 

transition from unicellularity to multicellularity. More importantly, more than 60% of genes in 

M. brevicollis that are homologous to vertebrate genes are genes enriched in embryonic neural 

cells. The overwhelming presence of founders of vertebrate neural genes in the closest 

unicellular relative of metazoan implies that the last common unicellular ancestor is biased 

towards a neural state (Xu et al., 2020). The vertebrate homologous genes in M. brevicollis 

are mostly involved in organelle part, intracellular part, cytoplasm, cytosol, etc., that are basic 

functional constituents common to all animal cells, such as ribosomes and proteasomes. 

Moreover, these genes are mainly associated with regulation of cell cycle, metabolism and 
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gene expression. This means that a neural biased state in the unicellular ancestors was the 

beginning state or ground state of multicellularity, and this state was an adaptation of 

unicellular ancestors to the low oxygen environment in about 600 million years ago. 

Coherently, the intrinsic property of adaptation of neural state to hypoxic environment is 

reflected by that low oxygen condition enhances the property of neural stemness and the 

generation of NSCs from fibroblasts (Clarke et al., 2009; Cheng et al., 2014). 

The neural ground state is also reflected by that the machineries required for basic 

cellular physiological functions and developmental programs are mostly enriched in 

embryonic neural cells. Here are some examples. Expression of genes promoting cell cycle is 

enriched only in neural cells during embryogenesis (Fig. 2A), meaning that embryonic neural 

cells undergo faster cell growth and proliferation than non-neural cells. Sufficient ribosome 

biogenesis and increased overall protein production is critical for cell growth (Baserga, 2007; 

Turi et al., 2019). A faster cell cycle means a requirement for more protein synthesis. 

Correspondingly, expression of genes for the machinery of ribosome biogenesis and the 

machinery for protein translation is also enriched in embryonic neural cells (Fig. 2B, C). 

During normal neural development, ribosome biogenesis is downregulated with increased 

differentiation of NSCs in mouse embryos (Chau et al., 2018), an indication of higher 

requirement for ribosome biogenesis in more proliferative and fast growing cells. The 

machinery for protein quality control and turnover should match the situation of fast protein 

production to guarantee protein homeostasis for cell growth and proliferation. Coherently, 

genes for the components of proteasome, which is responsible for protein degradation, show 

neural biased expression in Xenopus or zebrafish embryos (Fig. 2D). Alternative splicing has 

been proposed to underlie phenotypic novelty during evolution (Bush et al., 2017). It 

contributes to developmental programs and plays critical roles in controlling cell 

differentiation, lineage determination, tissue or organ formation and homeostasis (Baralle and 

Giudice, 2017; Bush et al., 2017). Genes for the components of RNA splicing machinery are 

expressed dominantly in embryonic neural cells (Fig. 2E). This neural dominant expression is 

in agreement with that neural genes are enriched in long genes, which contain more exons and 

introns than those in non-neural genes (Xu et al., 2020) (Table 1). Higher alternative splicing 

activity generates more transcripts that demand more machineries like ribosomes and 

proteasomes. Embryonic neural enrichment can also be found for other basic machineries. 

Interestingly, a major part of genes for these basic machineries have a unicellular origin (Xu 

et al., 2020), suggesting that the embryonic neural cells represent the direct descendant cells 

of the unicellular ancestors. Neural enriched expression during embryogenesis has been also 

observed for most of genes for epigenetic modification factors, including histone lysine 

deacetylases hdac1-3, histone acetyltrasferase crebbp, DNA methyltransferase dnmt1, lysine 
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methyltransferases setdb1-dot1l, lysine demethylases kdm1a-kdm6b, arginine 

methyltransferases prmt1-prmt7, and the putative arginine demethylase jmjd6 (Fig. 2F). 

Epigenetic modification factors are involved widely in early embryonic development, 

maintenance of stemness and differentiation of stem cells, etc. An additional example is the 

neural dominant expression of the factors that reprogram somatic cells into pluripotent stem 

cells and of the reprogramming co-regulators that improve the efficiency of reprogramming 

(Xu et al., 2016) (Fig. 2G, H). Enrichment of the genes for these machineries for basic 

cellular physiological functions implies that all machineries should all exist in a high level 

and function efficiently to meet the requirement by the fast-growing, highly proliferative, and 

differentiation potential of embryonic neural cells or neural stem cells. The neural biased 

expression is in contrast to that these genes should be uniformly expressed, as usually thought. 

These machineries do exist in other cell types, but usually at a lower level.  

Table 1. Difference in average gene length and exon/intron numbers between neural and 
non-neural genes 

 5283 neural enriched genes 7238 non-neural genes 
Average gene length 
(nucleotides) 

92765 42911 

Average number of 
exons/introns per gene 

13/12 9/8 

  

Accordingly, fast cell growth and proliferation is a typical feature of cancer cells and 

genes promoting cell cycle are usually upregulated during and promote tumorigenesis. 

Similar to the situation in embryonic neural cells, cancer cells show elevated levels of 

ribosome biogenesis, which plays a promoting role in tumorigenesis (Bustelo and Dosil, 2018; 

Catez et al., 2018; Pelletier et al., 2018; Turi et al., 2019). Translation initiation factors are 

also usually upregulated in cancers and correlate with disease progression and poor prognosis 

(Bhat et al., 2015). Moreover, cancer cells also show higher levels of proteasomes and 

proteasome activity for protein quality control, so as to promote their survival, growth and 

metastasis (Chen et al., 2017; Soave et al., 2017; Rousseau and Bertolotti, 2018). Splicing 

factors function as both oncoproteins and tumor suppressors, depending on the functions of 

spliced variants they generate, but mostly being upregulated in cancers and oncoproteins 

(Dvinge et al., 2016; Wang and Lee, 2018). Dysregulated epigenetics is also typical feature of 

tumorigenesis. Epigenetic modification factors are mostly upregulated and play primarily a 

promoting role in cancers, which has been reviewed extensively (Bennett and Licht, 2018; 

Mohammad et al., 2019). Moreover, the reprogramming factors and co-regulators are also 

mostly cancer promoting factors, primarily contributing to the gain or maintenance of 

stemness in cancer cells. Therefore, similar to the situation in embryonic neural cells or neural 

stem cells, all these basic machineries should be coordinately upregulated, such that they can 
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Fig. 2. Neural specific or enriched expression of the genes for basic physiological machineries or 
developmental programs in vertebrate embryos. (A-E) Neural specific or enriched expression of the 
genes for components of the machineries of cell cycle (A), ribosome biogenesis (B), protein translation 
(C), proteasome (D) and RNA splicing (E) in Xenopus or zebrafish (marked with a solid triangle) 
embryos. (F) Neural specific or enriched expression of the genes for epigenetic modification factors in 
Xenopus embryos. (G, H) Neural specific or enriched expression of the genes for reprogramming 
factors (G) and reprogramming co-regulators (H) in Xenopus or zebrafish (marked with a solid triangle) 
embryos. Xenopus embryos shown here are at neurula stages (for example, all panels in A and B) and 
tailbud stages (for example, panels for eif1b and eif1ax in C, and psma2, psmb5 and psmd8 in C), and 
zebrafish embryos are at stages between Prim-5 to Prim-22. Expression patterns of only a part of genes 
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of these machineries and developmental programs are shown here as examples. Expression pattern data 
are from Xenopus (www.xenbase.org) and zebrafish (www.zfin.org) databases or literatures therein. A 
comprehensive list of genes with neural specific or enriched genes can be found in Additional file 2: 
Table S4 in Xu et al., 2020. 

 
be expressed in a higher level to satisfy the higher requirements by cancer cells than by 

normal tissue cells. Enrichment of the basic machineries of cellular physiological functions 

and developmental programs in embryonic neural cells or neural stem cells consolidates that 

neural stemness represents a ground or basal state upon which other cell types are derived. 

These basic machineries should be repressed in response to differentiation, leading to a 

reduced level in differentiated cells. When a differentiation signal is removed/repressed in a 

cell, like what occurs during tumorigenesis, the cell will turn back to the ground state, a 

highly proliferative and fast-growing state that needs more machineries for cell cycle, protein 

synthesis, translation, degradation, splicing, etc.   

Since neural-biased unicellular state is the beginning state of multicellularity and cell 

type diversification, emergence of non-neural state requires inhibition of the initial state. In 

other words, neural cells are formed by an evolutionarily predetermined ground state and 

non-neural cells are induced upon the neural ground state. Induction of non-neural cells needs 

repression of neural ground state by non-neural pro-differentiation signals. Accordingly, 

genes enriched in embryonic neural cells, such as those discussed above, are downregulated 

or repressed in non-neural cells, ultimately leading to the reduction of cell tumorigenicity and 

pluripotent differentiation potential. Besides evolutionary advantage, neural genes are 

characteristic of over-representation of long genes with more exons and introns, as compared 

with non-neural genes (Gabel et al., 2015; Zylka et al., 2015; Xu et al., 2020), with the 

average length of neural genes in general being about two times of the length of non-neural 

genes (Xu, et al., 2020) (Table 1). Longer genes facilitate binding of different regulators, 

generating more spliced variants or forming secondary or tertiary structures, which means 

that longer genes can serve as more flexible scaffolds for regulatory signals required for 

generation of diverse types of cells. Shorter genes should have less flexibility. In this regard, 

enrichment of longer genes may confer neural stemness the plasticity and make it a more 

appropriate initial state for cell differentiation. 

 During tumorigenesis, tissue-specific genes are usually downregulated or silenced in 

cells. This would cause de-repression of neural ground state and facilitate somatic cells to 

return to the ground state, the most direct route that needs no instructive signals. The resulting 

cells acquire the property of neural stemness, the capability of self-renewal and differentiation 

into cells of different lineages. An atavistic effect of tumorigenesis has been suggested 

because cancer is driven by ancestral gene regulatory networks, and cancer genes are mostly 

conserved in unicellular and basal species of multicellular organisms (Domazet-Lošo and 
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Tautz, 2010; Bussey et al., 2017; Trigos et al., 2017; Trigos et al., 2018). Moreover, cancer 

development is suggested as a reverse evolution from multicellularity to unicellularity 

(Alfarouk et al., 2011; Chen et al., 2015). The metabolic style in cancer cells (or more 

precisely, TICs) also reflects the characteristics of metabolism of the last common ancestor of 

unicellular and multicellular organisms in an oxygen-deficient environment in about 600 

million years ago. Like in cancer cells, NSCs and pluripotent stem cells (PSCs) rely mainly 

on aerobic glycolysis as well (Kim et al., 2014; Zheng et al., 2016; Intlekofer and Finley, 

2019; Nishimura et al., 2019). PSC differentiation into NSCs does not change or even 

increases glycolysis, whereas PSC differentiation into mesoderm and endoderm or NSC 

differentiation into neurons decreases glycolytic flux (Zheng et al., 2016; Intlekofer and 

Finley, 2019). Reprogramming of somatic cells into pluripotent state causes metabolic shift 

from oxidative phosphorylation to glycolysis again (Nishimura et al., 2019). Cancer cells are 

characteristic of genomic instability and gene mutations, which are also the feature of the 

genomes of unicellular species under adverse environment (Yona et al., 2012; Cisneros et al., 

2017). Coincidentally, both NSCs and PSCs are prone to genomic instability (Varela et al., 

2012; Peterson and Loring, 2014). As mentioned above, enrichment of longer genes with 

more splice variants is a unique feature of neural cells, and this enrichment is also present in 

pathways linked to cancers (Sahakyan and Balasubramanian, 2016). These shared features, as 

summarized in Table 2, also suggest an intrinsic link between neural stemness, cell 

tumorigenicity and pluripotent differentiation potential. 

Table 2. Comparison of the properties of three types of cells 

Neural stem/progenitor cells Tumor-initiating cells Pluripotent stem cells (PSCs) 
Tumorigenic Tumorigenic Tumorigenic 

Defined by ancestral regulatory 
networks 

Dependence on 
activation of ancestral 
regulatory networks 

Unknown 

Neural stemness Neural stemness Neural stemness as the default state 
of PSCs 

Pluripotent differentiation 
potential 

Pluripotent 
differentiation potential 

Pluripotent differentiation potential 

Characteristic of aerobic 
glycolysis. Differentiation into 
neurons decreases glycolysis 

Characteristic of aerobic 
glycolysis 

Characteristic of aerobic glycolysis. 
Differentiation into NSCs does not 
change or increases glycolysis; 
differentiation into mesoderm and 
endoderm decreases glycolysis 

Determined by neural biased 
state of last common unicellular 
ancestors 

Tumorigenesis as a 
process of reverse 
evolution and also a 
process of gain of neural 
stemness  

Unicellular origin of pluripotency  

Prone to genomic instability Genome instability Prone to genomic instability 

Enriched in long genes with 
more splice variants 

Enriched in long genes 
with more splice variants 

Unknown 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2020                   doi:10.20944/preprints202012.0122.v1

https://doi.org/10.20944/preprints202012.0122.v1


 17

6. General stemness versus specific stemness 

Amphibian blastula ectodermal cells and mammalian ESCs are derived from cells that appear 

at cleavage stage of embryogenesis, and considered as the basis for differentiation. By 

contrast, NSCs are considered as a type of tissue stem cells because they emerge later than 

pluripotent embryonic cells, are derived from ectoderm and exhibit differentiation potential 

for neural lineage during normal embryonic development. Therefore, change of ESCs into 

primNSCs is considered as a differentiation effect and loss of pluripotency. However, based 

on the analyses above, this change might be more logically interpreted as an effect of 

restoration of neural ground state of ESCs. The induced pluripotency should be per se also an 

effect of gain of neural stemness in somatic cells. As shown in Fig. 2G and H, the four 

original reprogramming factors, Sox2, c-Myc, Oct4 and Klf4, and subsequent alternative 

reprogamming factors and reprogramming co-regulators are enriched in neural 

precursor/progenitor cells during vertebrate embryonic development, in addition to their 

earlier expression in the inner cell mass of mammalian blastocysts. Functionally, Oct4 

homologous proteins in Xenopus are required for neural induction and promote 

neuroectodermal gene expression (Cao et al., 2006; Snir et al., 2006). Sox2 in neural 

development has been well documented. In particular, the four reprogramming factors for 

generating iPSCs also induce NSCs/NPCs from fibroblasts (Lujan and Wernig, 2010). 

Likewise, neural crest cells share many key regulatory factors with blastula animal pole cells 

during Xenopus embryogenesis, and correspondingly, neural crest cells retain pluripotent 

differentiation potential as in blastula animal pole cells (Buitrago-Delgado et al., 2015). It is 

interesting that ESCs and primNSCs seem to be exchangeable. In addition to the 

demonstration of ESC-like pluripotent differentiation potential of NSCs/NPCs (Clarke et al., 

2000; Tropepe et al., 2001; Xu et al., 2020), primNSCs can be derived from ESCs by putting 

ESCs into a defined serum-free medium, and vice versa, primNSCs can be reversed to the 

state of ESCs simply by putting primNSCs back into the ESC culture conditions (Tsang et al., 

2013). Taking the evolutionary advantage of neural state into consideration, reprogramming 

of somatic cells into a pluripotent state should be interpreted as a process of restoring neural 

ground state in somatic cells, consequently leading to the gain of pluripotent differentiation 

potential and tumorigenicity, a process similar to that occurs during tumorigenesis. TGF 

signaling is required for neural inhibition during germ layer differentiation and for 

maintenance of ESC pluripotency (i.e., preventing ESCs from adopting a neural fate) (Ozair 

et al., 2013; Itoh et al., 2014; Meyers and Kessler, 2017). This means that TGF in ESCs 

represses the neural ground state on one hand and on the other, functions to prime the 

potential for non-neural differentiation (Sancho and Rodríguez, 2013; Gomes Fernandes et al., 

2016). As differentiation continues, factors promoting differentiation of a particular cell type 
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should inhibit further the neural ground state and meanwhile confer the property of the cell 

type. This relationship can be traced back to the transition from unicellularity to 

multicellularity during evolution. As a prime signaling for cell fate diversification, emergence 

of TGF pathway was accompanied with the start of multicellularity (Nichols et al., 2006). 

The pathway is not present in M. brevicollis (King et al., 2008; Srivastava et al., 2010), but 

present in A. queenslandica (Adamska et al., 2007; Srivastava et al., 2010). This multicellular 

organism represents the last common ancestor to living metazoans and develops with the least 

level of cell type diversification. Cells with pluripotent state are present in A. queenslandica, 

and pluripotency has a unicellular origin (Sogabe et al., 2019), which might be biased toward 

a neural state (Xu et al., 2020). Therefore, both our and previous studies by other groups 

support that neural stemness should represent the general stemness (Clarke et al., 2000; Xu et 

al., 2020) 

 The similarity in regulatory networks and cell properties between ESCs and primNSCs 

and the temporal order of cell differentiation during embryogenesis suggest that ESCs are 

most closely related with primNSCs. It is not surprising that most markers for ESCs or 

pluripotency are also markers for NSCs/NPCs or enriched in embryonic neural cells. With the 

progression of differentiation, stemness decreases gradually, until possibly a total loss in fully 

differentiated cells. There are somatic stem/progenitor cells in adult animals that are required 

for tissue regeneration and repair. These specific stem cells also display the properties like 

proliferation and self-renewal, but have restricted differentiation potential along a fixed 

lineage. They might represent an intermediary between the general stemness and a maturely 

differentiated state. They derive the properties of stemness from the general stemness, and 

meanwhile are conferred with the specific property of a lineage by lineage-specific regulatory 

factors. The association between general (or neural) stemness and the stemness of somatic 

tissues can be manifested by that many markers for NSCs/NPCs are also markers for somatic 

stem cells. For example, neural stemness markers BMI1, MSI1, SOX9 and CD133 can be 

used for labeling intestinal stem cells (Barker, 2013); the NSC marker NESTIN also identifies 

bone marrow mesenchymal stem cells (Méndez-Ferrer et al., 2010), hair follicle sheath 

progenitor cells (Li et al., 2003), testicular stem Leydig cells (Jiang et al., 2014), and 

endothelial progenitor cells (Mokrý et al., 2004). These shared markers manifest similar 

stemness properties or regulate the properties via a similar mechanism between different 

types of stem/progenitor cells. Sox2, a marker for both NSCs and ESCs, regulates 

proliferation through conserved mechanisms and target genes in both NSCs and endodermal 

stem cells (Hagey et al., 2018). 
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7. Tumrogenesis and regeneration 

The capability of regeneration is inversely correlated with the evolutionary positions of 

animals, with higher regenerative capacity in lower animals and lower capacity in higher 

animals (Pesaresi et al., 2019). Moreover, animals at early developmental stage usually 

exhibit stronger regenerative capacity. There is also an inverse correlation between the 

propensity for regeneration and the capacity of tumorigenesis. It seems that animals with the 

ability of regeneration of complete limbs or head almost do not develop cancer, such as hydra 

(Kienle and Kiene, 2012). Dedifferentiation has been suggested as one of the major routes to 

regeneration (Jopling et al., 2011; Pesaresi et al., 2019). Dedifferentiation will cause the 

reversal of differentiated state into an undifferentiated state that is determined by neural 

ground state, and re-acquirement of differentiation potential. A prominent example is the 

dedifferentiation of myoblast cells in response to loss of a muscle differentiation factor 

Myod1 (Xu et al., 2020). Moreover, dedifferentiated fat cells display the potential of 

differentiation into multiple lineages, including neural lineage (Jumabay and Boström, 2015). 

Due to the increasing complexity of gene regulatory networks of cell differentiation during 

evolution, it can be postulated that cells in animals at lower evolutionary positions or at early 

developmental stages are more easily to dedifferentiate, and the dedifferentiated cells are 

more easily to re-differentiate under the control by a relatively simple regulatory network. By 

contrast, cells in higher animals or at adult stages are more difficult to dedifferentiate and 

re-differentiate because more sophisticated regulatory networks are involved. Consequently, 

higher animals have a low capacity of regeneration because of more complicated regulation 

of dedifferentiation and re-differentiation, which might have higher possibility of 

dysregulation. When dedifferentiate and re-differentiate are not regulated properly, cancer 

could occur because of the tumorigenicity of dedifferentiated cells. 

8. The current model and other models of tumorigenesis 

The analysis above indicates that tumorigenesis follows a general rule beneath the 

complicated genetic and phenotypic heterogeneity of tumors. Cells may experience different 

changes due to suffering from intracellular/extracellsular insults, including mutations, 

chromosomal instability, aneuploidy, microenviromental changes, gene misregulation, etc. 

Any single change is hard to explain the complexity of tumorigenesis. Whatever the insults 

are, the ultimate consequences should be the change in gene expression in cells. When 

tissue-specific genes or differentiation genes are accidentally downregulated/silenced or 

neural genes are upregulated/activated or both, the result will be the loss of original cell 

identity and gain of property of neural stemness and tumorigenicity. Gain of property of 

neural stemness means the capability of self-renewal and differentiation into different 
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tissue/cell types, which contribute to tumor phenotypic heterogeneity. This is a default route 

that is pre-determined by evolution. The last common unicellular ancestors of metazoan had a 

neural biased state, the initial state for multicellularity. Emergence of novel genes and 

regulatory networks was required for inhibition of neural state to generate non-neural cells in 

metazoan. TGF signaling, which is critical for maintaining ESC pluripotency and neural 

inhibition, began to emerge in the basal species of metazoan such as A. queenslandica. It 

might be the earliest signal for diverting the neural state to a non-neural state, as it functions 

to prime the ESCs the potential to non-neural differentiation. Cells with pluripotency exist in 

A. queenslandica, which are most closely related with the unicellular relatives of metazoan 

(Sogabe et al, 2019). With the progression of metazoan evolution, regulation of cell 

differentiation becomes more complex, the property of neural stemness, the differential and 

tumorigenic potential in the cells is further decreased. Repression of differentiation signals 

will cause de-repression of neural ground state, leading to the gain of neural stemness, 

differentiation potential and tumorigenicity in either embryonic pluripotent cells (hence the 

‘neural default model’) or somatic cells. This process of reverse evolution is a default route 

without the necessity of inducing signals, 

and is the most direct route hence for 

tumorigenesis. The proposed concept is 

illustrated in Fig. 3. 

Fig. 3. A diagram depicting the relation 
between neural ground state, pluripotent 
differentiation potential and tumorigenesis 
from the view of evolution. See text for 
details. 
 

 

 

 

 
 

The property of neural stemness is hopefully able to integrate different characteristics of 

tumorigenesis. As summarized in Table 2, NSCs/NPCs and TICs share regulatory networks, 

both exhibit neural stemness and differentiation potential; both are dependent on expression 

or activation of ancestral genes (the atavistic effect); both rely primarily on aerobic glycolytic 

metabolism; both can differentiate into various cells or tissues that are derived from all three 

germ layers, resembling severely disorganized or more severely degenerated form of 

embryonic development; both are enriched in longer genes with more splice variants that 

might provide more plastic scaffolds for cell differentiation, etc. This might be a key point to 

understand tumorigenesis and pluripotent differentiation potential. 
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