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Emerging evidence indicates that the cellular electromagnetic field regulates the fundamental physics of cell biology. The electromagnetic oscillations and synchronization of biomolecules triggered by the internal and external pulses serve as the physical basis of the cellular electromagnetic field. Recent studies have indicated that centrosomes, a small organelle in eukaryotic cells that organize spindle microtubules during mitosis, also function as a nano-electronic generator in cells. Additionally, cellular electromagnetic fields are defined by cell types and correlated to the epigenetic status of the cell. These interactions between tissue-specific electromagnetic fields and chromatin fibers of progenitor cells regulate cell differentiation and organ sizes. The same mechanism is implicated in the regulation of tissue homeostasis and morphological adaptation in evolution. Intercellular electromagnetic interactions also regulate the migratory behaviors of cells and the morphogenesis programs of neural circuits. The process is closely linked with centrosome function and intercellular communication of the electromagnetic fields of microtubule filaments. Clearly, more and more evidence has shown the importance of cellular electromagnetic fields in regulatory processes. Furthermore, a detailed understanding of the physical nature of the inter- and intracellular electromagnetic interactions will better our understanding of fundamental biological questions and a wide range of biological processes.
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INTRODUCTION
For decades, biologists have been trying to figure out the underlying physical mechanisms for the self-organization of super macromolecules and organelles within a cell, also known as “order from order” (Mentre, 2012). Despite the tremendous progress the field has made in understanding the molecular basis of cellular events in the past decades, a single cell’s omnipotent ability for self-organization, adaptation, and evolution is still a mystery. Cellular consciousness models have emerged to provide wholistic views of cellular electromagnetic interactions within and between the cellular protein complexes, nucleic acids, and transmembrane electric currents (De Loof, 2016; Baluska et al., 2021; Timsit and Gregoire, 2021). Like a nano-brain for the cell, the immaterial and protean nature of such interactions are capable of processing and integrating the vast amounts of environmental cues at nanoscopic scales and eventually orchestrated in the kaleidoscopic programs of transformations in morphogenesis and evolution.
Bioelectricity regulated by ion pumps and ion channels, which maintains the membrane potential of cells, also plays important roles in stem cell differentiation and embryo development (Levin, 2021). The crosstalk between transmembrane potentials and intracellular electromagnetic interactions may represent interesting areas of research to unveil this mystery of cells. From the quantum biology point of view, electromagnetic interactions and photonic communications at intracellular and intercellular levels are indispensable for the emerging evolutions of eukaryotic cells and metazoan species (Albrecht-Buehler, 2005; Cantero et al., 2018). Microtubules and chromatin fibers are well-known electromagnetic oscillators in eukaryotic cells (Zhao and Zhan, 2012a; Zhao and Zhan, 2012b; Polesskaya et al., 2018). The centrosome and cilium in eukaryotic cells function as a nano-sized molecular electronic generator that continuously fuels the microtubule network with electric currents, generating the electromagnetic field that facilitates mitosis (Nygren et al., 2020). Chromatin electromagnetic oscillations are triggered by the energy-consuming movements of DNA/RNA polymerases and cytoskeleton electronic pulses transmitted to chromatin fibers through microtubules, which are generated by centrosome and the cytoskeleton bond ATPases (Zhao and Zhan, 2012a; Pliss et al., 2013; Niekamp et al., 2019). These electromagnetic interactions govern a plethora of cellular functionalities from gene transcriptional regulation to tissue morphogenesis.
THE ELECTRONIC GENERATOR FUNCTION OF A CENTROSOME
A centrosome is a small membrane-less organelle of eukaryotic cells. It is essential for mitosis and other fundamental cellular functionalities (Bettencourt-Dias and Glover, 2007). The centrosome was first discovered in the late 19th century (Nygren et al., 2020), but the structural features of the centrosome remained obscure for years due to its small size, which is usually only a few hundred nanometers in diameter (Conduit et al., 2015). However, the new generation of super-resolution microscopes has captured the molecular details of centrosomes (Chong et al., 2020). A centrosome is composed of two centrioles and pericentriolar amorphous structures, namely, pericentriolar material (PCM). In most cases, each centriole is composed of nine microtubule triplets arranged in a barrel structure. Interestingly, the two centrioles are arranged in an orthogonal configuration. Despite advancements in the structural features of centrosomes, few mechanistic insights have been concluded due to the unique super macro molecular complex in eukaryotic cells until recently.
Based upon the structural details of centrosomes in combination with the latest advancements in quantum biology, it is reasonable to speculate that centrosomes function as a nano-sized electric generator in live cells (Nygren et al., 2020). Mechanistically, the dipolar structure of α and β tubulins of microtubules allows the generation of dipolar oscillations under the intracellular pulses (Zhao and Zhan, 2012a). The motor proteins within the centriole, lead to the synchronized oscillation of microtubules in the centrosome and electric excitation of the centrioles (Nygren et al., 2020). The electric excitation of centrioles generates a dynamic electromagnetic field around the microtubule triplets (Figure 1).
[image: Figure 1]FIGURE 1 | Illustration of the electromagnetic field and electric currents within and around the centrosome.
Furthermore, the perpendicular configuration of two centrioles in a centrosome can be explained by the interaction of the EMFs of the mother and daughter centrioles, in which the rotational momentum of a centriole generates an electrical current alongside the microtubule triplets and a coupling EMF, aligned with the EMF of the other rotating centriole (Nygren et al., 2020). Thus, an electric circuit is formed from one end to the other end of the centriole, in which an anode is formed at one end of the centriole and a cathode is formed at the other end of the centriole. The cathode end of the mother centriole moves to the proximity of the anode end of the daughter centriole in the orthogonal configuration by EMF interaction (Figure 1). The anodal end of the mother centriole and the cathodal end of the daughter centriole is mutually attracted to each other. An electric circuit is also formed in the cytosol of the pericentriolar material connecting the two far ends of the mother and daughter centrioles (Figure 1). Additionally, the spinal rotation of the mother and daughter centrioles accompanied by the nano-scale cytosol flow triggered by the rotations of centrioles generates an imbalanced torque around the centrosome core structures and results in the rotation of the centrosome complex in the cytosol (Nygren et al., 2020) (Figure 2).
[image: Figure 2]FIGURE 2 | Illustration of centrosome rotation in correlation with cytosol flow.
Nano-sized electric pumping is known to facilitate the oligomerization of α and β tubulins and promote the assembly of microtubule fibers (Sahu et al., 2014). From the quantum biology point of view, the electric current and EMF formed around the centrosome complex are important for the assembly of spindle microtubules in mitosis. When the two distal ends of the mother and daughter centriole rotate around the two proximal ends of the mother and daughter centriole, a coupling EMF is formed in the vector that is perpendicular to the longitudinal section of the mother and daughter centrioles. It is likely that the coupling EMF perpendicular to the longitudinal section of the centrosome promotes the assembly of astral microtubules in mitosis (Figure 3). The directional preferences of the spindle body microtubules are also achieved through EMF interaction between the centrosome and the intracellular EMF landscape, which is shaped by the pre-existing cytoskeleton network and chromosomes in the nucleus of a dividing cell (Zhao and Zhan, 2012a; Zhao and Zhan, 2012b).
[image: Figure 3]FIGURE 3 | Illustration of the assembly of spindle microtubules orchestrated by EMF of the centrosome.
CELL TYPE SPECIFICITY OF CELLULAR ELECTROMAGNETIC FIELDS
In metazoans, cells need to differentiate into specific lineages to form different tissues and organs to perform complicated functions and morphogenic programs. Cells of the same lineage inherit the same transcriptional programs and epigenetic transcriptional state (Hemberger et al., 2009). Theoretically, cells of a specific lineage possess specific fingerprints of dielectric frequencies (Zhao and Zhan, 2012b; Polesskaya et al., 2018). Additionally, cell type-specific dielectric fingerprints have been observed in different types of cancer cells (Barbault et al., 2009; Jafari and Hasanzadeh, 2020). During embryogenesis, the spatial and temporal proliferation and differentiation of cells result in programmed changes of cellular electromagnetic fields in different parts of the embryo to form organs, in terms of dielectric oscillatory frequencies and bioelectricity of transmembrane potentials (Levin, 2021). The progressed changes of cellular electromagnetic fields of different types of cells within a developing embryo concur with spatial and temporal changes of the subnuclear organizations of chromatin fibers, which further orchestrate the morphogenetic programs of the embryo to regulate the sizes and shapes of organs.
Liquid−liquid phase separation (LLPS) is the physical phenomenon that has been recently acknowledged as an important regulatory mechanism of gene transcription, which dynamically regulates the subnuclear compartmentations of transcription factors and chromatin regions (Hyman et al., 2014; Boija et al., 2018). Different transcriptional programs are composed of different chromosome clustering and epigenetic states of chromatin fibers in a particular liquid phase. The process is accompanied by changes in subnuclear chromatin organizations (Yuan et al., 2020). These changes further result in alterations of frequencies of the electric oscillatory chromatin subunits. Certain transcriptional factors, such as YAP and TAZ, have proven to be able to initiate specific transcriptional programs and the process of LLPS of chromatin fibers in the nucleus (Cai et al., 2019; Lu et al., 2020). Recent discoveries indicated that LLPS is ubiquitous in regulating cellular events from signal transductions to gene transcriptional regulations (Mehta and Zhang, 2022). Thus, cells with a particular epigenetic status share identical cellular electromagnetic frequencies derived from nuclear chromatin fibers, RNA molecules, and proteins.
SYNCHRONIZATION OF CELLULAR ELECTROMAGNETIC FIELDS
The synchronized dipolar movements of α and β tubulins in the microtubules and histones in the chromosomes are recognized as the molecular basis of the electromagnetic oscillations of microtubules and chromatin fibers (Zhao and Zhan, 2012a; Polesskaya et al., 2018). DNA/RNA molecules are also electromagnetic oscillators based upon the synchronized longitudinal oscillations of electrons in the hydrogen bonds within the DNA/RNA sequences induced by the pulses within live cells (Savelev and Myakishev-Rempel, 2020). From the physical point of view, any polymeric biomolecules, including most proteins and RNAs and given the complexity and flexibility of various types of chemical and hydrogen bonds existing within these molecules, can be viewed as electromagnetic oscillators in the live cell (Sponer et al., 2001; Zhang et al., 2021). During transcription, the electromagnetic oscillations of the transcribed chromatin fibers are transmitted to the RNA molecules transcribed. The electromagnetic oscillations of mRNAs are further passed down to tRNAs and proteins through the process of translation. Thus, the electromagnetic oscillation pattern of a particular chromatin state in the nucleus propagates in the cell through the central dogma. In such a paradigm, the cell generates a cellular electromagnetic field with patterns of electromagnetic frequencies that echo electromagnetic oscillations of the chromatin fibers in the nucleus of the cell.
CELLULAR ELECTROMAGNETIC FIELD IN REGULATING ORGAN MORPHOGENESIS
The cellular electromagnetic field plays a key role in the spatial and temporal regulations of the morphogenetic programs of organs and maintains anatomical homeostasis. (Levin, 2021). Michael Levin suggested bioelectricity regulated by the transmembrane potentials can be viewed as the software to program the hardware of the cell to perform complicated transformations in morphogenesis. The transmembrane potentials of eukaryotic cells are regulated by ion channels and ion pumps; they both play important roles in embryo development and organ morphogenesis. Ion channels allow the ions to flow passively across the cell membrane down electrical and concentration gradients, whereas ion pumps transfer ions in reverse to the concentration gradients and are usually coupled with ATPase activities (Gadsby, 2009). Studies of the model organisms which included planarian, drosophila, zebrafish, xenopus, mouse, and human patients with specific genetic mutations of ion channels and ion pumps, suggested alterations of transmembrane potentials can cause dramatic morphological changes in animal development (Adams et al., 2016; Belus et al., 2018; Pai et al., 2018; George et al., 2019; Lanni et al., 2019; Levin, 2021; Pezzulo et al., 2021).
Ion pumps, including the plasma membrane variant of the V-ATPase proton pump, sodium/potassium ATPase, and calcium ATPase, are integral membrane proteins, and their activities are regulated by cytoskeleton proteins and microtubules through direct physical interactions (Devarajan et al., 1994; Arce et al., 2008; Ma et al., 2012). It is to be noted that a large proportion of the cellular ATP is consumed by the ATPases of ion pumps (Howarth et al., 2012). It is reasonable to assume the ATPases of ion pumps, which intrinsically associate with the cytoskeletons, serve as important energy sources for the dielectric oscillations of the cytoskeleton. Thus, the spatial and temporal alterations of transmembrane potentials of cells in an embryo are closely correlated with changes in dielectric oscillation frequencies of cells during embryo development. A recent study showed intermediate-frequency (100 kHz–300 kHz) electric fields altered the resting membrane potential of Hela cells as predicted by a Schwan-based mathematical model (Li et al., 2021). Consistently, Chang et al. have reported that intermediate-frequency electric fields (200 kHz) increased the membrane permeability of cancer cells (Chang et al., 2018). In the study, they observed an augmented number and sizes of holes on the cell membrane in glioblastoma cells when exposed to the EMF with scanning electron microscopy. Notably, exogenously forced alterations of membrane polarizations suppressed the malignant phenotypes of cancer cells (Brook Chernet, 2014). Thus, alterations of cellular transmembrane potentials may have direct impacts on the specific frequencies of cellular dielectric oscillations which further regulate gene transcriptions. The varied physical activities of ion pump ATPases and ion channels under different transmembrane potentials are likely to be involved in the relay of a chain of reactions.
Cellular electromagnetic fields are important in maintaining tissue homeostasis (Levin, 2021). The number of specific types of cells must be quantitatively regulated to embody a particular morphogenetic program or genetic traits. The electromagnetic field of the cells in a particular organ will instruct the stem cells and the progenitor cells when to differentiate or self-renew by interfering with the chromatin organization of these cells (Ross et al., 2015; Maziarz et al., 2016; Suryani et al., 2021). The subtle preferences over a particular cellular electromagnetic frequency to differentiate or remain quiescent for the stem cells would determine the size and the shape of a particular tissue. The regulatory loops involved in epigenetic changes of key transcription factors are triggered by the alterations of the electromagnetic oscillation frequencies of the surrounding chromatin regions of the transcription factors enriched with noncoding RNAs.
About 99% of the genetic information of the chromatin fibers is not transcribed. Studies indicate that these noncoding DNA sequences play important roles in regulating a broad spectrum of cellular functions (Statello et al., 2021). From the quantum biology point of view, these noncoding DNA sequences function as an antenna in the chromatin fibers to sense the variation of cellular electromagnetic fields (Zhao and Zhan, 2012b). Alterations of cellular electromagnetic fields change the oscillatory mode of these noncoding DNA sequences by directly interfering with the electromagnetic field of chromatin oscillatory subunits. Different electromagnetic oscillation frequencies and chromatin subunits would cause changes in chromatin organization accompanied by changes in epigenetic modifications and protein binding partners as described in the pulse couple oscillation clustering mode (Zhao and Zhan, 2012b; Manser et al., 2017).
Interestingly, the organs of metazoans are usually composed of different cell types, such as the liver is composed of hepatocytes, stellate fat-storing cells, Kupffer cells, and endothelial cells. Different cells are mixed together in close proximity in an organ, and differentiated cells are not likely to transdifferentiate from other cell types by the cellular electromagnetic fields of their neighbor cells. One possible explanation for this phenomenon is that the membrane potentials of cells from more differentiated states are usually hyperpolarized (Numaga-Tomita et al., 2019). Thus, they are much less sensitive to the environmental changes of EMF, and the intracellular EMF of differentiated cells is not likely to be interfered with by the alterations of EMF of other cells (Li et al., 2021). Alternatively, stem cells and progenitor cells usually possess depolarized membrane potential, which is more likely to transcriptionally respond to the changes of external EMF through the alteration of intracellular EMF (Levin, 2021; Li et al., 2021).
CELLULAR ELECTROMAGNETIC FIELDS IN TISSUE DAMAGE REPAIR AND EVOLUTION
Metazoan species have to adapt to harsh environments that are constantly subjected to elements of destruction. The tissue-specific cellular electromagnetic field is an important factor in regulating the wound-healing system of a particular tissue (Saliev et al., 2014). Tissue injuries weaken the tissue-specific electromagnetic field of the damaged areas. Quiescent stem cells and progenitor cells residing in the vicinity of the injured area can directly sense the changes of tissue electromagnetic fields in their surroundings by their chromosomal oscillatory subunits. Thus, the external alterations of tissue electromagnetic fields can cause epigenetic changes in the progenitor cells surrounding the injured areas and further instruct the cells to proliferate and initiate the damage repair programs in the tissue (Ahmed et al., 2014).
Similarly, during evolution, environmental factors can constantly give feedback to a species on the size, along with other physical properties of a specific tissue, through damage-induced activations of the stem/progenitor cells. The activations of stem/progenitor cells alter the EMF and bioelectricity properties of specific parts of the animal body, which further leads to epigenetic changes in germ-line cells that are passed down to the offspring (Tseng and Levin, 2012; Durant et al., 2017). Thus, the alteration of the tissue-specific electromagnetic field is an important mediator within the chain of events leading to the adaptation and evolvement of specific morphogenetic features of a species (Tung and Levin, 2020).
CELLULAR ELECTROMAGNETIC FIELDS REGULATE CELL MIGRATORY BEHAVIOR
In addition to transcriptional regulation, cellular electromagnetic fields also regulate the migratory behaviors of cells. Centrosomes can sense pulsating near-infrared light signals and can promote the projection of pseudopodia toward the light source, leading to the migration of cells toward the light source (Albrecht-Buehler, 1991; Albrecht-Buehler, 1994). Later, studies showed infrared light radiation is absorbed by the water molecules in the cytoplasm and increases the temperature of the local cytoplasm, which lead to the increase of electrical capacitance of the cell membrane and further induces depolarized electrical current near the radiated region of the cell membrane (Shapiro et al., 2012). Thus, an electrical circuit is formed between centrosomes and the infrared light-radiated region of the cell membrane, in which the depolarized electrical current connects with the electrical current generated by centrosomes through the cytoskeleton and cytoplasm. As nanoscale electrical pulses can trigger the assembly of microtubules, the electric currents lead to the directional growth of the microtubule network of cytoskeletons (Figure 4). Interestingly, in Dr. Albrecht-Buehler’s cell phototaxis experiments, the migration of cells is triggered by flashing light sources (Albrecht-Buehler, 1994). Flashing infrared light allowed periodical polarization and depolarization of cellular membrane potential, which periodically sustained the local depolarized electrical currents near the infrared regions of the cell.
[image: Figure 4]FIGURE 4 | Illustration of synchronization of cytoskeleton electric currents originated from the centrosome with depolarized electric currents triggered by flashing infrared light.
It is noteworthy that heat-generating organs and the circulating blood of warm-blooded animals are able to emit infrared light signals (Kelly et al., 1954). The phototaxis migratory behavior of cells is triggered by flashing light sources with flashing periods of around one flash per second, which mimicked the rhythmic pressure changes of the cardiovascular system. The phototaxis behaviors of cells may help the cells to migrate toward the blood vessels and the heat source of organs, which would help the cells to obtain nutritional resources. Additionally, the thermogenic metabolism of cells can also generate near-infrared irradiation, leading to intercellular photonic communications between individual cells resulting in the aggregatory behavior of cells (Albrecht-Buehler, 1997; Albrecht-Buehler, 2005; Rahnama et al., 2011). Such a mechanism may help cells to maintain robustness in tissue regeneration and wound healing and also play an important role in organ morphogenesis.
CELLULAR ELECTROMAGNETIC FIELDS REGULATE NEURON DEVELOPMENT
Neural development of the brain is among the most challenging questions yet to be addressed in modern-day biology. Cellular electromagnetic interactions between different neural cells in a neural circuit play an important role in the morphogenetic program of forming and strengthening neural circuits (Cantero and Cantiello, 2020). A recent study suggested that neural electrical signals generated by the depolarization of the membrane potential can pass through the microtubule filaments of neural axons to provide another means of signal transduction which controls the exact timing for neuronal spikes (Singh et al., 2021). Thus, the electrical signals of nearby neurons and neural spikes mediate voltage changes in the proximity of the neural plasma membrane and can also trigger the directional projections of microtubule filaments in the neuronal axons orchestrated by centrosomes as discovered in Albrecht-Buehler’s experiment (Albrecht-Buehler, 1991) (Figure 5). Additionally, neurotransmitters also cause directional depolarization of neural plasma membrane triggered by ligand-gated ion channels of neurons, and the depolarized electrical currents can also synchronize with the cytoskeleton’s electrical currents generated by the centrosome, which further leads to directional growth of neural tubes and migration of neural cells (Figure 5). Such a mechanism orchestrates the self-organized autonomous morphogenesis programs of neural circuits.
[image: Figure 5]FIGURE 5 | Illustration of the synchronizations of the centrosome and cytoskeleton electrical currents and depolarized electrical currents of neurons to direct the growth of neural tubes in a neural circuit.
CONCLUSIVE REMARKS
Emerging evidence suggests the dielectric property of microtubules is essential for their functionalities and the nano-sized electromagnetic interactions are fundamental to the dynamic regulations of cell division and architecture of the microtubule-based cytoskeleton networks. Although the electrical generator model of centrosomes is supported by multiple lines of evidence, direct proofs for the model are still pending due to certain technical limitations. The microscopic understanding of the electromagnetic interactions within and between cells will provide us with a deepened knowledge of the self-organized mechanisms for organ development and morphogenesis from the embryo to neural biology. More detailed electromagnetic oscillatory models should be built for the already well-established electromagnetic oscillators, such as the chromosome and the microtubule. Novel electromagnetic oscillatory models should be conjured for various RNA and protein molecules. Electromagnetic oscillation as a ubiquitous physical phenomenon arches over every aspect of cell biology and is a phantom hand of art for classical molecular and cellular biology. From morphogenesis to functionalities of metazoan animals, the twilight of quantum biology may hold the key to addressing many challenging questions in biology and medicine.
AUTHOR CONTRIBUTIONS
GS, JL, and WZ participated in discussing and generating parts of the ideas of the manuscript; YZ set up the outline and framework for the review and wrote the manuscript. RH revised the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.1014030/full#supplementary-material
REFERENCES
 Adams, D. S., Uzel, S. G., Akagi, J., Wlodkowic, D., Andreeva, V., and Yelick, P. C., (2016). Bioelectric signalling via potassium channels: A mechanism for craniofacial dysmorphogenesis in KCNJ2-associated andersen-tawil syndrome. J. Physiol. 594, 3245–3270. doi:10.1113/JP271930
 Ahmed, A., Shtaya, A., Zaben, M., and Gray, W. (2014). Activation of endogenous neural stem cells after traumatic brain injury. Lancet 383, S18. doi:10.1016/s0140-6736(14)60281-6
 Albrecht-Buehler, G. (1997). Autofluorescence of live purple bacteria in the near infrared. Exp. Cell Res. 236, 43–50. doi:10.1006/excr.1996.3688
 Albrecht-Buehler, G. (2005). A long-range attraction between aggregating 3T3 cells mediated by near-infrared light scattering. Proc. Natl. Acad. Sci. U. S. A. 102, 5050–5055. doi:10.1073/pnas.0407763102
 Albrecht-Buehler, G. (1994). Cellular infrared detector appears to be contained in the centrosome. Cell Motil. Cytoskelet. 27, 262–271. doi:10.1002/cm.970270307
 Albrecht-Buehler, G. (1991). Surface extensions of 3T3 cells towards distant infrared light sources. J. Cell Biol. 114, 493–502. doi:10.1083/jcb.114.3.493
 Arce, C. A., Casale, C. H., and Barra, H. S. (2008). Submembraneous microtubule cytoskeleton: Regulation of ATPases by interaction with acetylated tubulin. FEBS J. 275, 4664–4674. doi:10.1111/j.1742-4658.2008.06615.x
 Baluska, F., Miller, W. B. J., and Reber, A. S. (2021). Biomolecular basis of cellular consciousness via subcellular nanobrains. Int. J. Mol. Sci. 22, 2545. doi:10.3390/ijms22052545
 Barbault, A., Costa, F. P., Bottger, B., Munden, R. F., Bomholt, F., and Kuster, N., (2009). Amplitude-modulated electromagnetic fields for the treatment of cancer: Discovery of tumor-specific frequencies and assessment of a novel therapeutic approach. J. Exp. Clin. Cancer Res. 28, 51. doi:10.1186/1756-9966-28-51
 Belus, M. T., Rogers, M. A., Elzubeir, A., Josey, M., Rose, S., and Andreeva, V., (2018). Kir2.1 is important for efficient BMP signaling in mammalian face development. Dev. Biol. 444, S297–S307. doi:10.1016/j.ydbio.2018.02.012
 Bettencourt-Dias, M., and Glover, D. M. (2007). Centrosome biogenesis and function: Centrosomics brings new understanding. Nat. Rev. Mol. Cell Biol. 8, 451–463. doi:10.1038/nrm2180
 Boija, A., Klein, I. A., Sabari, B. R., Dall’agnese, A., Coffey, E. L., and Zamudio, A. V., (2018). Transcription factors activate genes through the phase-separation capacity of their activation domains. Cell 175, 18421842–18421855. doi:10.1016/j.cell.2018.10.042
 Brook Chernet, M. L. (2014). Endogenous voltage potentials and the microenvironment: Bioelectric signals that reveal, induce and normalize cancer. J. Clin. Exp. Oncol. s1. doi:10.4172/2324-9110.s1-002
 Cai, D., Feliciano, D., Dong, P., Flores, E., Gruebele, M., and Porat-Shliom, N., (2019). Phase separation of YAP reorganizes genome topology for long-term YAP target gene expression. Nat. Cell Biol. 21, 1578–1589. doi:10.1038/s41556-019-0433-z
 Cantero, M., and Cantiello, H. (2020). Microtubule electrical oscillations and hippocampal function. J. Neurology Neuromedicine 5, 1–5. doi:10.29245/2572.942x/2020/3.1267
 Cantero, M. D. R., Villa Etchegoyen, C., Perez, P. L., Scarinci, N., and Cantiello, H. F. (2018). Bundles of brain microtubules generate electrical oscillations. Sci. Rep. 8, 11899. doi:10.1038/s41598-018-30453-2
 Chang, E., Patel, C. B., Pohling, C., Young, C., Song, J., and Flores, T. A., (2018). Tumor treating fields increases membrane permeability in glioblastoma cells. Cell Death Discov. 4, 113. doi:10.1038/s41420-018-0130-x
 Chong, W. M., Wang, W. J., Lo, C. H., Chiu, T. Y., Chang, T. J., and Liu, Y. P., (2020). Super-resolution microscopy reveals coupling between mammalian centriole subdistal appendages and distal appendages. Elife 9, e53580. doi:10.7554/eLife.53580
 Conduit, P. T., Wainman, A., and Raff, J. W. (2015). Centrosome function and assembly in animal cells. Nat. Rev. Mol. Cell Biol. 16, 611–624. doi:10.1038/nrm4062
 De Loof, A. (2016). The cell's self-generated "electrome": The biophysical essence of the immaterial dimension of Life?Commun. Integr. Biol. 9, e1197446. doi:10.1080/19420889.2016.1197446
 Devarajan, P., Scaramuzzino, D. A., and Morrow, J. S. (1994). Ankyrin binds to two distinct cytoplasmic domains of Na, K-ATPase alpha subunit. Proc. Natl. Acad. Sci. 91, 2965–2969. doi:10.1073/pnas.91.8.2965
 Durant, F., Morokuma, J., Fields, C., Williams, K., Adams, D. S., and Levin, M. (2017). Long-Term, stochastic editing of regenerative anatomy via targeting endogenous bioelectric gradients. Biophysical J. 112, 2231–2243. doi:10.1016/j.bpj.2017.04.011
 Gadsby, D. C. (2009). Ion channels versus ion pumps: The principal difference, in principle. Nat. Rev. Mol. Cell Biol. 10, 344–352. doi:10.1038/nrm2668
 George, L. F., Pradhan, S. J., Mitchell, D., Josey, M., Casey, J., and Belus, M. T., (2019). ion channel contributions to wing development inDrosophila melanogaster. G3 Genes|Genomes|Genetics 9, 999–1008. doi:10.1534/g3.119.400028
 Hemberger, M., Dean, W., and Reik, W. (2009). Epigenetic dynamics of stem cells and cell lineage commitment: Digging waddington's canal. Nat. Rev. Mol. Cell Biol. 10, 526–537. doi:10.1038/nrm2727
 Howarth, C., Gleeson, P., and Attwell, D. (2012). Updated energy budgets for neural computation in the neocortex and cerebellum. J. Cereb. Blood Flow Metabolism 32, 1222–1232. doi:10.1038/jcbfm.2012.35
 Hyman, A. A., Weber, C. A., and Jülicher, F. (2014). Liquid-liquid phase separation in biology. Annu. Rev. Cell Dev. Biol. 30, 39–58. doi:10.1146/annurev-cellbio-100913-013325
 Jafari, M., and Hasanzadeh, M. (2020). Cell-specific frequency as a new hallmark to early detection of cancer and efficient therapy: Recording of cancer voice as a new horizon. Biomed. Pharmacother. 122, 109770. doi:10.1016/j.biopha.2019.109770
 Kelly, C. F., Bond, T. E., and Heitman, H. (1954). The role of thermal radiation in animal ecology. Ecology 35, 562–569. doi:10.2307/1931045
 Lanni, J. S., Peal, D., Ekstrom, L., Chen, H., Stanclift, C., and Bowen, M. E., (2019). Integrated K+ channel and K+Cl- cotransporter functions are required for the coordination of size and proportion during development. Dev. Biol. 456, 164–178. doi:10.1016/j.ydbio.2019.08.016
 Levin, M. (2021). Bioelectric signaling: Reprogrammable circuits underlying embryogenesis, regeneration, and cancer. Cell 184, 1971–1989. doi:10.1016/j.cell.2021.02.034
 Li, X., Yang, F., and Rubinsky, B. (2021). A correlation between electric fields that target the cell membrane potential and dividing HeLa cancer cell growth inhibition. IEEE Trans. Biomed. Eng. 68, 1951–1956. doi:10.1109/TBME.2020.3042650
 Lu, Y., Wu, T., Gutman, O., Lu, H., Zhou, Q., and Henis, Y. I., (2020). Phase separation of TAZ compartmentalizes the transcription machinery to promote gene expression. Nat. Cell Biol. 22, 453–464. doi:10.1038/s41556-020-0485-0
 Ma, B., Qian, D., Nan, Q., Tan, C., An, L., and Xiang, Y. (2012). Arabidopsis vacuolar H+-ATPase (V-ATPase) B subunits are involved in actin cytoskeleton remodeling via binding to, bundling, and stabilizing F-actin. J. Biol. Chem. 287, 19008–19017. doi:10.1074/jbc.M111.281873
 Manser, M., Sater, M. R. A., Schmid, C. D., Noreen, F., Murbach, M., and Kuster, N., (2017). ELF-MF exposure affects the robustness of epigenetic programming during granulopoiesis. Sci. Rep. 7, 43345. doi:10.1038/srep43345
 Maziarz, A., Kocan, B., Bester, M., Budzik, S., Cholewa, M., and Ochiya, T., (2016). How electromagnetic fields can influence adult stem cells: Positive and negative impacts. Stem Cell Res. Ther. 7, 54. doi:10.1186/s13287-016-0312-5
 Mehta, S., and Zhang, J. (2022). Liquid–liquid phase separation drives cellular function and dysfunction in cancer. Nat. Rev. Cancer 22, 239–252. doi:10.1038/s41568-022-00444-7
 Mentre, P. (2012). Water in the orchestration of the cell machinery. Some misunderstandings: A short review. J. Biol. Phys. 38, 13–26. doi:10.1007/s10867-011-9225-9
 Niekamp, S., Coudray, N., Zhang, N., Vale, R. D., and Bhabha, G. (2019). Coupling of ATPase activity, microtubule binding, and mechanics in the dynein motor domain. EMBO J. 38, e101414. doi:10.15252/embj.2018101414
 Numaga-Tomita, T., Shimauchi, T., Oda, S., Tanaka, T., Nishiyama, K., and Nishimura, A., (2019). TRPC6 regulates phenotypic switching of vascular smooth muscle cells through plasma membrane potential-dependent coupling with PTEN. FASEB J. 33, 9785–9796. doi:10.1096/fj.201802811R
 Nygren, J., Adelman, R. A., Myakishev-Rempel, M., Sun, G., Li, J., and Zhao, Y. (2020). Centrosome as a micro-electronic generator in live cell. Biosystems. 197, 104210. doi:10.1016/j.biosystems.2020.104210
 Pai, V. P., Pietak, A., Willocq, V., Ye, B., Shi, N.-Q., and Levin, M. (2018). HCN2 Rescues brain defects by enforcing endogenous voltage pre-patterns. Nat. Commun. 9, 998. doi:10.1038/s41467-018-03334-5
 Pezzulo, G., Lapalme, J., Durant, F., and Levin, M. (2021). Bistability of somatic pattern memories: Stochastic outcomes in bioelectric circuits underlying regeneration. Philosophical Trans. R. Soc. B Biol. Sci. 376, 20190765. doi:10.1098/rstb.2019.0765
 Pliss, A., Malyavantham, K. S., Bhattacharya, S., and Berezney, R. (2013). Chromatin dynamics in living cells: Identification of oscillatory motion. J. Cell. Physiol. 228, 609–616. doi:10.1002/jcp.24169
 Polesskaya, O., Guschin, V., Kondratev, N., Garanina, I., Nazarenko, O., and Zyryanova, N., (2018). On possible role of DNA electrodynamics in chromatin regulation. Prog. Biophys. Mol. Biol. 134, 50–54. doi:10.1016/j.pbiomolbio.2017.12.006
 Rahnama, M., Tuszynski, J. A., Bókkon, I., Cifra, M., Sardar, P., and Salari, V. (2011). Emission of mitochondrial biophotons and their effect on electrical activity of membrane via microtubules. J. Integr. Neurosci. 10, 65–88. doi:10.1142/S0219635211002622
 Ross, C. L., Siriwardane, M., Almeida-Porada, G., Porada, C. D., Brink, P., and Christ, G. J., (2015). The effect of low-frequency electromagnetic field on human bone marrow stem/progenitor cell differentiation. Stem Cell Res. 15, 96–108. doi:10.1016/j.scr.2015.04.009
 Sahu, S., Ghosh, S., Fujita, D., and Bandyopadhyay, A. (2014). Live visualizations of single isolated tubulin protein self-assembly via tunneling current: Effect of electromagnetic pumping during spontaneous growth of microtubule. Sci. Rep. 4, 7303. doi:10.1038/srep07303
 Saliev, T., Mustapova, Z., Kulsharova, G., Bulanin, D., and Mikhalovsky, S. (2014). Therapeutic potential of electromagnetic fields for tissue engineering and wound healing. Cell Prolif. 47, 485–493. doi:10.1111/cpr.12142
 Savelev, I., and Myakishev-Rempel, M. (2020). Evidence for DNA resonance signaling via longitudinal hydrogen bonds. Prog. Biophys. Mol. Biol. 156, 14–19. doi:10.1016/j.pbiomolbio.2020.07.005
 Shapiro, M. G., Homma, K., Villarreal, S., Richter, C.-P., and Bezanilla, F. (2012). Infrared light excites cells by changing their electrical capacitance. Nat. Commun. 3, 736. doi:10.1038/ncomms1742
 Singh, P., Sahoo, P., Saxena, K., Manna, J. S., Ray, K., and Ghosh, S., (2021). Cytoskeletal filaments deep inside a neuron are not silent: They regulate the precise timing of nerve spikes using a pair of vortices. Symmetry 13, 821. doi:10.3390/sym13050821
 Sponer, J., Leszczynski, J., and Hobza, P. (2001). Electronic properties, hydrogen bonding, stacking, and cation binding of DNA and RNA bases. Biopolymers 61, 3–31. doi:10.1002/1097-0282(2001)61:1<3::AID-BIP10048>3.0.CO;2-4
 Statello, L., Guo, C. J., Chen, L. L., and Huarte, M. (2021). Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev. Mol. Cell Biol. 22, 96–118. doi:10.1038/s41580-020-00315-9
 Suryani, L., Foo, J. K. R., Cardilla, A., Dong, Y., Muthukumaran, P., and Hassanbhai, A., (2021). Effects of pulsed electromagnetic field intensity on mesenchymal stem cells. Bioelectricity 3, 186–196. doi:10.1089/bioe.2021.0002
 Tung, A., and Levin, M. (2020). Extra-genomic instructive influences in morphogenesis: A review of external signals that regulate growth and form. Dev. Biol. 461, 1–12. doi:10.1016/j.ydbio.2020.01.010
 Timsit, Y., and Gregoire, S. P. (2021). Towards the idea of molecular brains. Int. J. Mol. Sci. 22, 11868. doi:10.3390/ijms222111868
 Tseng, A. S., and Levin, M. (2012). Transducing bioelectric signals into epigenetic pathways during tadpole tail regeneration. Anat. Rec. Hob. 295, 1541–1551. doi:10.1002/ar.22495
 Yuan, P., Wang, J., Sun, H., Lan, P., Zhang, W., and Li, S., (2020). Hippo-YAP signaling controls lineage differentiation of mouse embryonic stem cells through modulating the formation of super-enhancers. Nucleic Acids Res. 48, 7182–7196. doi:10.1093/nar/gkaa482
 Zhang, Q., Shao, D., Xu, P., and Jiang, Z. (2021). Effects of an electric field on the conformational transition of the protein: Pulsed and oscillating electric fields with different frequencies. Polym. (Basel) 14, 123. doi:10.3390/polym14010123
 Zhao, Y., and Zhan, Q. (2012a). Electric fields generated by synchronized oscillations of microtubules, centrosomes and chromosomes regulate the dynamics of mitosis and meiosis. Theor. Biol. Med. Model 9, 26. doi:10.1186/1742-4682-9-26
 Zhao, Y., and Zhan, Q. (2012b). Electric oscillation and coupling of chromatin regulate chromosome packaging and transcription in eukaryotic cells. Theor. Biol. Med. Model 9, 27. doi:10.1186/1742-4682-9-27
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Sun, Li, Zhou, Hoyle and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-1014030-g005.gif





OPS/images/fcell-10-1014030-g003.gif





OPS/images/fcell-10-1014030-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Electromagnetic interactions in regulations of cell behaviors and morphogenesis		Introduction

		The electronic generator function of a centrosome

		Cell type specificity of cellular electromagnetic fields

		Synchronization of cellular electromagnetic fields

		Cellular electromagnetic field in regulating organ morphogenesis

		Cellular electromagnetic fields in tissue damage repair and evolution

		Cellular electromagnetic fields regulate cell migratory behavior

		Cellular electromagnetic fields regulate neuron development

		Conclusive remarks

		Author contributions

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-1014030-g001.gif





OPS/images/fcell-10-1014030-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





