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Introduction
The goal of this Short Review is to provide a conceptual 

explanation of how evolutionary forces in the changing physical 
environment of Earth, ultimately, gave rise to germinal and somatic 
stem cells and to an integrated process of extra-, intra-, and gap 
junctional inter-cellular communication mechanisms that led to the 
emergence of (a) the self-aware- conscious mind from the biological 
brain; and (b) either normal healthy human development or of 
multiple acute and chronic diseases. It is designed to cover multiple 
areas to which the evolution of the family of the gap junction genes, 
the “connexins”, can contribute to the understanding of the delicate 
homeostatic regulation of cell proliferation, differentiation, apoptosis 
and senescence in the normal development of the human being and 
how disruption of cell-cell communication by epigenetic means, 
especially during in utero development, can lead to stem cell-based 
diseases. This conceptual review is a natural application of the quote 
by Theodosius Dobzhansky, when he said: “Nothing in biology 
makes sense except in the light of evolution [1]”.

Background

In the early stages of the creation of Earth, its environment 
(atmosphere, water, temperature, radiation levels) were inhospitable 
to life forms. Eventually, the stage was set for the first life forms to 
emerge in an anoxic environment. These single cell organisms emerged 
to generate energy for life and reproduction by metabolizing glucose 
via a DNA-coded protein –enzyme mechanism, called glycolysis. It 
was a sufficient, but inefficient, mechanism to produce ATP, which, 
when metabolized, release the energy for life’s processes. Only after 
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An attempt will be made to provide a short conceptual review to 
integrate, from an evolutionary perspective, how the emergence 
of gap junctional intercellular communication helped to bring 
about multi-cellularity and new adaptive phenotypes. This new 
fundamental biological function of the metazoans was needed 
to provide homeostatic control of new cellular functions of an 
interacting society of different cell types existing in a 3-dimensional 
unit.  Changing paleo-physics- and -chemistry of the earth led to 
single celled organisms that metabolized sugar via glycolysis and 
survived via symmetrical cell division and occasional mutations. 
With the appearance of oxygen-producing phytoplanktons, the 
single cell organism, the mitochondrion, symbiotically- fused with 
a primitive cell to form the first multi-cellular organism, which 
could metabolize glucose via oxidative phosphorylation. The new 
society of adherent cells developed new strategies for adaptive 
survival. New genes and phenotypes included: (a) growth control, 
(b) differentiation, (c) programmed cell death; (d) senescence; 
(e) regulation of gene expression-“epigenesis”; (f) germline and 
somatic stem cells; (g) asymmetrical cell division; and (h) anoxic 
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human organism, starting from a single “toti-potent” stem cell to 
the mature, reproductive and self-aware being, consisting of over 
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periods, could lead to alteration of risks to diseases later in life 
(i.e., the Barker hypothesis). Chronic disruption of these signaling 
mechanisms in the adult organs could also lead to several kinds of 
chronic, stem cell-based diseases, diabetes, cancer, atherogenesis 
and premature aging.
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the evolutionary appearance of phytoplanktons, which could capture 
energy from the sun to produce glucose and release oxygen, did 
the earth’s environment change. Ironically, this new oxygenated 
environment became toxic to the anaerobic bacteria that now had 
to seek non-oxygenated niches [2-4]. While still in a scientific “black 
box”, a new microorganism, the mitochondrion, appeared, which 
could metabolize glucose via “oxidative phosphorylation” to produce, 
more efficiently, ATP (hence more energy) [5]. What is not known is 
how this new energy- proficient biological energy factory, somehow, 
became symbiotically- associated with another cell type to become 
the parent for the first multi-cell, metazoan organism.

New genes and phenotypes needed for the evolutionary 
transition from single cell organisms to the multi-cell, 
metazoan organism

What was the evolutionary “quantum leap” of this first multi-
cell metazoan organism?  One needs to understand how the singled 
cell organism survived inevitable environmental change. Since 
most life forms depend on the DNA molecule as its “blue print” for 
evolutionary transmission of molecular and biochemical instructions 
for both individual survival and for the survival of the species, it 
must protect their DNA from either too many irreversible changes 
and too few (or both the individual and its species would die). In 
terms of these early single cell organisms, it had to select genes that 
could protect and repair damage to their genes so that not too many 
mutations would occur or, on the other hand, that these genes could 
not be too perfect so that no mutations would occur.  The primary 
manner, how the singled cell organism survived the inevitable 
environmental change, was by “symmetrical” cell division. That is, 
when a mother cell divided, both daughters would be similar to the 
mother. However, in a large population of these single cell organisms, 
there could and would be a few daughters who had inherited a 
mutation in one of their gene repertoire. Out of a large population in 
a changing environment, most individual organisms that maintained 
their mother’s gene repertoire would not survive. Only those that 
had inherited a mutation in a gene, which could cope with the new 
environment, would survive to maintain the species with a slight 
genomic change. In other words, survival of singled cell organisms 
was basically dependent on symmetrical cell proliferation.

The new adaptive strategy that evolution selected with the 
oxygenation of the earth’s environment was a society of adhering 
cells that had other means to survive the changing environment. 
This came about when molecules, such as collagen, which could 
only be synthesized with the presence of oxygen, provided an 
“extracellular glue” so that cells could form an adherent society 
of cells in 3-dimensional structures [6,7]. However, whereas the 
single cells could communicate with each other via simple secreted 
molecules “quorum sensing” [8], these new 3-dimensional society 
of cells had to acquire genes for new forms of communication 
within and between these early metazoan cells. It appears that a 
family of genes, the connexins [9,10], which code for a membrane 
bound protein channel, that allows ions and small molecules to be 
transferred directly from one cell to its contiguous neighbor [11-15].
These “multi-cell” metazoans acquired new phenotypes from new 
genes that allowed them to (a) control their growth; (b) divide both 
asymmetrically and symmetrically to form new specialized cells ( 
germinal stem cells; somatic stem cells, transit amplifying or somatic 
cells and highly specialized differentiated cells, such as eye, muscle, 
heart, neuronal, gonad, pancreas, etc. cells); (c) die by apoptosis ( 
or controlled cell death or suicide); (d) senesce; and (e) adaptively 
respond, via epigenetic mechanisms, if the cell is differentiated (e.g. to  
produce insulin in the beta cell of the pancreas when presented with 
glucose). The appearance of the connexin genes and functioning gap 
junctions also allowed for the development of the left-right bilateral 
symmetry [16].

Unique properties of stem cells: the ability to divide either 
by symmetrical or asymmetrical means

It is important to understand the concepts just mentioned, e.g. 

(a) symmetric and asymmetrical cell division; and (b) stem cells 
and somatic cells. The stem cell is capable of dividing either by 
symmetrical division (when the mother cell divides to produce two 
similar daughters) or asymmetrical division (when the mother cell 
divides to produce one daughter similar to itself- “unlimited self- 
renewal” and the other daughter that is free to have finite ability to 
proliferate and to terminally differentiate into a highly specialized 
cell, such as a neuron). One hypothesis for this ability to switch 
between these two means of cell proliferation could be determined by 
factors signaling the division plane of the stem cell in the niche, which 
might or might not regulate the expression of the connexin gene [17]. 
They are, for all intensive purposes, “immortal” cells until they are 
induced to “mortalize” by apoptosis, by senescence or by terminally 
differentiation. The other cell type, the somatic or transit amplifying 
cells, can only divide symmetrically for a finite amount of time before 
it dies by apoptosis, senesces or terminally differentiates.

In the human being, a single “toti-potent” stem cell (the fertilized 
egg) divides to form “pluri-potent” stem cells, which through the 
process of development gives rise to “multi-potent” stem cells to form 
different organ systems and to give rise to uni-potent stem cells that 
form unique lineages of highly specialized cells, such as a hepatocyte 
or a red blood cell.

Distinct modes of cell communication between single cell 
organisms and metazoans

Two important observations have to be highlighted here. First, 
think of single cell organisms dividing in the primitive earth. As 
long as they have nutrients and the right exposure to radiation/
temperature and other physical & chemical (pH; chemical toxicants) 
restraining factors, they will proliferate until those limiting factors 
inhibit their ability to divide.

A population of free-standing single cell organisms can and do 
communicate with each other via primitive forms of hormones or 
growth factors (“Quorum-sensing”). That is to say, secreted factors 
from individual single cell organisms can communicate with other 
members to control certain cellular behaviors. They normally 
proliferate as long as nutrients are abundant and negative signaling 
molecules are absent. In other words, cybernetic regulation does 
occur when nutrients become depleted. During log phase growth, 
these single cell organisms act as metaphorical cancer cells.

With the abundance of oxygen, the molecular family of collagen 
type molecules, allowed cells to stick together to form society of 
adherent cells that could now exist in 2- and 3-dimensions [6]. While 
single cell organisms can and do exist in 2-dimensional biofilms 
[18], the ability to form a 3-dimensional and communicating 
society of different functioning cell types, required not only extra-
cellular communication of secreted-type molecules over space and 
distances but that of direct transfer of ions and small regulatory 
molecules between adhering cells, namely via gap junctions. This new 
architecture of a society of cells required gap junctional intercellular 
communication a new means to communicate in order to maintain 
homeostatic control of the functions of cells, namely , growth control; 
differentiation, apoptosis, epigenetic regulation of specific genes of 
the total genome and senescence.  The formation of an adhering 
society of cells must control their ability to proliferate because, if 
they do not, they are, indeed, a cancer. That is, cancer cells are those 
that lose control growth, do not terminally-differentiate, do not 
perform apoptosis normally, have abnormal gene expression and 
are characterized as being “immortal” [19]. In addition to the known 
functions of the gap junctions, the emerging roles of hemichannels is 
starting to provide newer insights of their roles in the communication 
of cell functions in the 3-dimensional society of cells [20].

To put this observation in context of this “Short Review”, several 
genes appeared during the evolutionary transition [21] from an 
anaerobic environment to an oxygenated environment to allow 
this adherent population to control growth, to differentiate and to 
perform apoptosis during critical periods of development [22]. 
This family of highly conserved genes contains the connexin genes. 
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These genes code for the connexin proteins that self assemble into 
a hexameric hemichannel (“connexon”), and when transferred to 
the cell membrane, it unites with the opposing “connexon” to form 
a channel that allows ions and small molecular weight molecules 
to transfer, freely, from one cytoplasm directly to the other cell 
cytoplasm, without having to transverse the cell membrane, the inter- 
cellular space, and to re-enter the neighboring membrane to get into 
the cytoplasm [11]. A floating plaque on the cell membrane of these 
conjoined connexons forms the gap junctions, which can now help to 
synchronize metabolic and electrotonic functions of groups of cells. 
This allows cardiomyocytes to electrotonically contract in synchrony 
or allows synchronization, metabolically, of all the hepatocytes of the 
liver to all express the genes to detoxify potential toxicants in the liver. 
From the transcription of the connexin genes, their translation into 
proteins, their self-organization into hemichannels, the translocation 
to the membrane, the assembly into a functional gap junction by 
fusion with opposing connexon, the organization into floating plagues 
and any posttranslational modification of the individual connexins 
proteins of the gap junctions, there are multiple points of regulation. 
The channel size, determined by the specific connexon components 
of the gap junctions, determine the specific molecules that might 
traverse the gap junction channel. This selective transfer of ions/small 
molecules, including micro-RNA’s [23], can help to determine the 
gene expression of the communicating cells and their phenotypes and 
functions.

It turns out the toti-potent stem cell (the fertilized cell) does 
not express its connexin genes and, therefore, has no functional 
gap junctions [22]. As the fertilized egg starts to proliferate, at an 
early stage of the embryonic blastomere, some connexin genes are 
expressed and the cells start to differentiate [24]. These differentiated 
cells, in turn, secrete extracellular molecules (e.g. extracellular matrix 
molecules; cell adhesion molecules, hormones, growth factors, etc.) 
[25-28], that, in turn, could induce other cells to up-regulate different 
connexins to cause additional cells to differentiate into other cell 
types. Therefore, in the carefully controlled chaos of communication 
mechanisms of the developing embryo/fetus, extra-cellular-secreted 
molecules (hormones, growth factors, cytokines, neurotransmitters), 
bind to expressed receptors on sequestered differentiated cells to 
trigger “intra-cellular signals”[29]. These specific “intra-cellular” 
signaling pathways (a) turn different subsets of the total genome off 
or on, as well existing biochemical structures and functions, in each 
cell type, and (b) increase or decrease connexin gene expression 
(epigenetically) or function to proliferate, differentiate or go through 
apoptosis [30,31]. Consequently, in the development of the embryo, 
fetus and neonate, it is critical that a delicate regulation of gene 
expression, cell proliferation, differentiation and apoptosis must 
occur or else, development could be disrupted that could lead to 
embryonic/fetal death, birth defects, and modulation of diseases later 
in life could occur (The “Barker hypothesis” [32]). One potential 
mechanism that could explain how exposure to endogenous or 
exogenous agents during pregnancy might increase or decrease the 
risk to diseases later in life is that these agents could increase or 
decrease organ-specific adult stem cells [33-35], that could be the 
target cells for stem cell-based diseases, such as diabetes, cancer or 
atherosclerosis [36,37]. While this concept of the fundamental roles 
that gap junctional intercellular communication plays in the normal 
physiological functions of all organs of the metazoans, including the 
human being, this concept is still not generally recognized as key factor 
in the fields of toxicology, cancer, neurosciences, nor in the emerging 
field of stem cell regenerative therapy, as it should. However, it is a 
fact that these gap junctions exist in all organs and the gap junctional 
intercellular communication process, which, homeostatically, 
regulates cell proliferation, differentiation and apoptosis can be 
modulated by all kinds of physical, chemical and biological agents, 
as well as by behaviors, such as smoking; excessive calories and 
cultural conditions (changing diets; lack of exercise) [38,39]. With the 
explosion of experiments linking alterations of the gut microbiome to 
various chronic diseases of the human [40,41], and with the known 
association of gut bacteria, Heliobacter pylori, and stem cells in the 
stomach [42,43], as well as various secreted inflammatory factors 
from various populations of the microbiome that could modulate gap 

junctions in the gut cells [44], one could reasonable speculated that 
these factors could  stimulate normal or “initiated” adult gut stem 
cells to bring about chronic inflammatory bowel diseases or intestinal 
cancers.

Stem Cell Characteristics
During the evolutionary transition from the anoxic environment 

to the oxygenated environment, the germinal and somatic stem cells 
were formed and had to be sequestered in an anoxic microenvironment 
(their niche) in the multi-cellular metazoan to allow it to remain 
quiescent for most its time [45], except during organism growth, 
wound healing, germ cell formation, and cell replacement. The 
reason the stem cell and its low oxygen-microenvironment, its 
niche, were needed is because, if this founding metazoan cell was 
subject to differentiation or “mortality”, it would not have survived. 
Consequently, metazoans had to develop a delicate homeostatic 
relationship between the primitive-type of stem cell (germinal and 
somatic) for the species survival and individual’s survival. This 
convergence of selected genes during the evolution of the metazoan 
led to these new phenotypes of (a) cell division regulation (“contact-
inhibition”), (b) differentiation of different cell types, (c) apoptosis of 
cells during development and tissue repair, (d) stem cells and their 
niches, (e) epigenetic regulation of selective gene expression and (f) 
senescence. The stem cell is characterized by metabolism of glucose 
via glycolysis, since it lacks the number of mitochondria found in its 
progenitors and differentiated daughters [46-50]. Upon exogenous 
signals, including exposure to oxygen [51-54], the cells can divide by 
either symmetrical division to increase the stem cell number or by 
asymmetrical cell division to form one daughter to retain “stemness” 
and one daughter that is destined to form a lineage-dependent 
differentiated cells.

Therefore, these stem cells must have a low oxygenated niche to 
retain their stemness abilities later in life for wound repair, growth 
and tissue regeneration. The transit amplifying or progenitor cells, 
which will eventually die, are needed only for growth of organs 
and tissue replacement. The differentiated cells, which gave up 
their “immortality” to perform high energy- requiring functions, 
acquired more mitochondria to generate their need for more energy 
by oxidative phosphorylation. They can usually give up their highly 
differentiated functions because, as long as the adult organ –specific 
stem cells survive, they can be replaced.

There are major implications of this view of the evolutionary 
emergence of the mitochondrion, the stem cells, the gap junction gene 
family, and symmetrical and asymmetrical cell division. One reason 
of both the anoxic niche environment (needed for stemness with few 
mitochondria and glycolysis of glucose for energy) and oxygenated 
environments for oxidative phosphorylation by somatic cells (needed 
for high energy metabolic production for differentiate functions) 
is that a highly, cybernetic feedback of specific signals from extra-, 
intra- and gap junctional inter-cellular communication must control 
mutually exclusive cellular choices the cell makes.

Difference between normal and stem cells, cancer stem cells 
and single cell organisms

One of the major hypotheses of the origin of cancer cells, in 
particular, “cancer stem cells” or “cancer initiating cells” (the cells 
in a tumor that sustain the growth of tumors) [55] is that they seem 
to originate from normal adult organ-specific stem cells, rather than 
from  “de-differentiating” or by  being “re-programmed” [19,50,56-
58]. Both the normal stem cells and the cancer cells metabolize glucose 
via glycolysis, in a manner similar to single cell organisms [59].

Since cancer cells do not have growth control, do not terminally 
differentiate, nor do they apoptosis, senesce, or divide asymmetrically, 
and since they lack either the expression of the gap junction genes or 
function of the gap junctions, cancer cells might be viewed as retro-
evolutionary throw-back to the single cell organisms that proliferate 
only symmetrically and in an uncontrolled fashion [50,58].
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One example of how abnormal dysfunction of an organ-specific 
adult stem cell might lead to cancer can be found in the association of 
various viruses, such as hepatitis, SV40, human papilloma viruses, and 
various human cancers [60]. Some of these oncogenic viruses have 
been referred to as “immortalizing” viruses. That is, the prevailing 
interpretation of the role of these viruses and associated ”oncogenes” is 
that, when integrated into differentiated or “mortal” cell types, they are 
able to “de-differentiate”  or “re-program” these “mortal cells”, so that 
embryonic genes are re-expressed and they become “immortalized”. 
Once “immortalized”, they can survive longer to accrue other genetic 
and epigenetic alterations to acquire those “hallmarks of cancer” 
[61,62]. The SV40 Large T antigen can inactivate the p53 and RB 
gene products, preventing terminal differentiation [63]. However, 
an alternative interpretation of this prevailing cancer paradigm can 
be, and has been made, namely, these viruses do not “immortalize” 
or “re-program” differentiated cells, but rather, when a population 
of cells, containing a few adult stem cells, many progenitor and 
terminally-differentiated cells, in vitro or in vivo, are exposed to these 
viruses,  only the adult stem cells (which is naturally immortal until 
induced to terminally differentiate or become “mortal”), containing 
the virus, will be blocked from becoming “mortal”. In other words, 
oncogenic viruses or their “oncogenes” only affect the normal adult 
tissue specific stem cells (cervix, breast, liver, etc). These cells are not 
yet neoplastically transformed, but can survive long enough to accrue 
those other changes to become invasive and metastatic [64].

Of course not all cancers need viruses to become cancerous. 
Various types of mutations, inherited, such as in the inherited 
ultraviolet light skin cancer syndrome, xeroderma pigmentosum 
[65], which lacks the ability to repair UV-induced DNA lesions [66] 
and are hyper-producing somatic mutations via “errors of DNA 
repair” [67,68]. However, given recent controversy on the potential 
role mutations formed in proliferating stem cells [69-80], what has 
been ignored is the fact that mutations can be formed in dividing 
adult stem cells via “errors in DNA replication”, such as in the cancer 
prone syndrome, Bloom syndrome, which forms mutations without 
DNA lesions [81]. Therefore, cancers could arise from stem cells, 
either from mutations caused by “errors of DNA repair” or “errors 
of DNA replication” that could block these stem cells from terminal 
differentiation, allowing them to live longer to accrue other needed 
changes to become malignant.

The alteration of the quality & quantity of stem cells leads to 
the yin & yang nature of cancer and aging

Aging, itself, as recently demonstrated by the Hutchinson 
Gilford-Progeria human premature aging syndrome, could be due to 
the genetic loss of stem cells [82], or in the case of “normal” aging, by 
environmental agents inducing their loss. Indeed, as in the linkage 
of cancer and aging, sun-exposed skin can cause premature aging of 
the skin and skin cancer by either killing or mutating skin stem cells, 
respectively.  Smoking can induce lung stem cell death or premature 
differentiation, leading to emphysema or asthma or the promotion 
of initiated or premalignant lung stem cells, leading to lung cancer. 
Finally, excessive alcohol can kill liver stem cells leading to cirrhosis 
or promoting premalignant liver stem cells to liver cancer.

Finally, the brain, which has multiple communicating regions, 
which, in turn, control different operational functions by the 
extra-, intra- and gap junctional inter-cellular mechanisms of glial, 
oligodendrocytes, and neurons [83] can be altered during early 
development to give rise, not only to unconscious control of body 
functions, but, also, to altered awareness of becoming self-aware 
(“As a result of a thousand million years of evolution, the universe is 
becoming conscious of itself, able to understand something of its past 
history and its possible future.”-Julian Huxley). By diurnal control of 
the integrated cell-cell communication process via the feedback of 
light ( possibly by the alteration in melatonin [84]), daily metabolic 
breakdown molecules, exposures to drugs, dietary factors, stress, etc., 
this homeostatic regulation of these three forms of cell communication 
can explain both normal development and health, but also many 
diverse diseases associated within all organs.

Conclusions
The development of a normal, healthy, self conscious human 

being starts from a single fertilized egg dependents on the delicate 
concatenation of a hierarchical and cybernetic interaction of three 
integrated cell communication mechanisms, coded by many genes 
that are influenced by both endogenous and exogenous factors (extra-
cellular communication) that triggers intra-cellular communication 
within stem cells, transit amplifying cells and terminally differentiated 
cells, which, in turn, modulates gap junctional  inter-cellular 
communication to initiate mutually exclusive cell behaviors.  The 
complexity of this process, especially during early development, 
renders disruption of development very likely since the organism 
has but one chance to “get it right”. In the adult, disruption of this 
integrated communication process in highly stable organs, usually by 
massive cell killing, can lead to serious life threatening diseases [85]. 
On the other hand, chronic non-cell killing exposures of disruption of 
cell-cell communication in particular organs can lead to much organ-
specific pathology. The major implications of this perspective of the 
fundamental role of cell –cell communication in the homeostatic 
regulation of cell proliferation, differentiation and apoptosis, 
particularly acutely, during in utero development, and chronically, 
during neonatal, adolescent, maturation and geriatric phases of life, 
is that alteration of stem cell numbers and quality of stem cells could 
affect stem cell-based diseases.
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