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In animal cells and models, the control of cell growth and division is essential for the maintenance of cellular homeostasis and for cell proliferation. Defects in these pathways can lead to abnormal cell proliferation and eventually development of cancer. Although cell growth and cell division are two functionally distinct processes, they are crucial for generating progeny of all cells and are strongly intertwined. Therefore, these terms are often used interchangeably, which leads to confusion. It is best then to correctly define these terms before we discuss them in detail (Figure 1).
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FIGURE 1. (A) Definition of cell growth and cell division. (B) Schematic of possible cross talk between the cell cycle machinery and processes like cell growth, transcription, epigenetics, biosynthesis, polarity, etc.



Cell growth refers to the increase in cell size (mass accumulation) while cell division describes the division of a mother cell into two daughter cells (1->2->4->8, etc.). Cell proliferation is the process of generating an increased number of cells through cell division. Both cell division and growth are tightly linked to the cell cycle and its regulation. For instance most of the cell growth in mammalian cells takes place during the G1 phase whereas in fission yeast it occurs mostly during the G2 phase (Mitchison, 2003; Navarro et al., 2012). Similarly, cell division has been studied extensively by investigating cell cycle regulation (Morgan, 2007). It requires prior duplication and separation of the complete genetic material of the mother cell (Gopinathan et al., 2011; Lim and Kaldis, 2013) and results in cytokinesis and the formation of two identical daughter cells. Given that cell growth and cell division are tightly connected and that half of the material of the mother cell is required each time to generate viable daughter cells, cell division cannot generally be achieved without proper cell growth. The existence of sensing mechanisms or a checkpoint of cell size was proposed quite some time ago. Despite this, the exact nature of the cell size checkpoint remains a subject of debate and its regulation elusive (Conlon and Raff, 1999). Nevertheless, there exist situations where cell division occurs in the absence of cell growth: for example amphibian eggs divide multiple times after fertilization to generate smaller cells with each division (Hörmanseder et al., 2013) and similar findings are also true for mammalian oocytes, where the initial divisions after fertilization are reductionist, which means that the size of the cells after division is approximately half of the mother cell due to lack of growth, which is also reflected by a short G1 phase (for a review see Palmer and Kaldis, 2016). Other examples include division of nuclei in the Drosophila embryonic syncytium, where 256 nuclei divide in the absence of growth of the oocyte (O'Farrell et al., 1989) and the final divisions of erythroid progenitors before the enucleate to become erythrocytes (Jayapal et al., 2010, 2015). In addition, under certain conditions stem cells can divide asymmetrically whereas the two daughter cells have different fates (Roubinet and Cabernard, 2014; Matsuzaki and Shitamukai, 2015; Chen et al., 2016).

CELL DIVISION OR THE MITOTIC CELL CYCLE

Cell cycle regulation has been studied extensively over the past decades and covered by many reviews and books (Morgan, 2007) but numerous aspects of the mitotic cell cycle remain elusive. Substantial gaps requiring further investigation exist to fully understand these mechanisms. These include for instance, how the origins of DNA replication are selected, how the spindle assembly checkpoint (SAC) is turned off once all chromosomes are bi-stably attached to microtubules, why the anaphase promoting complex/cyclosome (APC/C) is made up of numerous subunits and the functions of those subunits, how the timing of protein degradation is regulated during mitosis, and many more. The trend over the last 20 years has been to simplify scientific “stories” resulting in a whitewashing that can obscure details that make up the complexity of biological systems. One particular problem is the validity of generalizing in vitro mechanistic data from a particular cell line and extrapolating this to all cell types, tissues, and organisms. Therefore, as we progress, it is important to keep in mind the experimental context in which we study the processes of our interest.

In addition, our knowledge of the regulation of the meiotic cell cycle lags behind. There are obvious differences between mitosis and meiosis but meiosis also differs between females [ovary] and males [testis] (Clift and Schuh, 2013; Ohkura, 2015). These are major challenges to be uncovered in the future.

CELL GROWTH

Cell growth has been studied comprehensively in a variety of organisms and led to the identification of new regulatory pathways including mTOR, Myc, Hippo, and many others. The mTOR pathway senses multiple inputs and modulates the availability of energy and nutrients. The mTOR pathway is central for the regulation of cell growth (Laplante and Sabatini, 2012; Takahara and Maeda, 2013) as it regulates (and is also regulated) by growth factors, protein and lipid synthesis, autophagy, lysosome biogenesis, cell survival, cytoskeletal organization, and energy metabolism. The Hippo pathway is a kinase cascade that was originally identified in Drosophila and which regulates TEAD transcription factors that control cell proliferation, migration, and survival (Meng et al., 2016). The Hippo pathway receives its inputs from multiple cues including mechanobiology, stress signals, G-protein-coupled receptors, the cell cycle, and polarity (Meng et al., 2016). The transcription factor Myc regulates many genes involved in metabolism and cell growth (Stine et al., 2015). Cell growth is manifested itself in mass accumulation, which results in increased cell size. This has been intensively studied but the molecular determinants of cell size are still elusive (Ginzberg et al., 2015; Kiyomitsu, 2015; Schmoller and Skotheim, 2015; Amodeo and Skotheim, 2016). Since we have yet to completely understand the regulation of cell size (Lloyd, 2013), it is not surprising that the determinants of organ size are not known either (Hariharan, 2015; Penzo-Méndez and Stanger, 2015). Investigation of the molecular mechanisms controlling cell and organ size is definitely a grand challenge awaiting to be solved.

INTERPLAY OF CELL DIVISION WITH CELL GROWTH, BIOSYNTHESIS, METABOLISM, IMMUNE RESPONSE, EPIGENETICS, MECHANOSENSING, AND OTHERS

Although the regulation of the cell cycle and cell growth is fairly well documented in the literature, we still do not fully understand how these processes are connected and regulate each other (Figure 1). Several fundamental observations have however indicated that these connections do exist and are important. The best example is that cells deprived of specific nutrients (preventing cell growth) cannot further progress through the cell cycle and thus cell division is blocked. On the other hand, cells that are arrested in the G1 phase can continue to grow without restrictions. In this context, it is obvious that cells progressing through the cell cycle require large amounts of energy, nucleotides, metabolites, and newly synthesized proteins and lipids. Nevertheless, in many cases we do not know how the cell cycle machinery communicates with the metabolic pathways to ensure that metabolites are sufficient at a given point of the cell cycle. Therefore, one of the grand challenges will be to define the cross talk between the cell cycle machinery and the metabolic pathways.

During cell proliferation the nutrient demands affect metabolism, whose alterations enable cells to meet biosynthetic requirements associated with cell growth and division. Therefore, the cross talk between cell growth, cell division, biosynthesis, metabolism, and various additional processes is crucial to maintain cellular homeostasis. Several points of contact are already known for the cross talk between the cell cycle machinery and metabolism. Among the best-known discoveries are the regulation of lipid synthesis by Cdk1 (Kurat et al., 2009; Miettinen et al., 2014), regulation of ribonucleotide reductase (Elledge et al., 1992; D'Angiolella et al., 2012; Guarino et al., 2014), regulation of glycolysis and mitochondria function (Lopez-Mejia and Fajas, 2015; Denechaud et al., 2016), and Cdk1 phosphorylating complex I (CI) subunits in the respiratory chain (Wang et al., 2014). It will be interesting to see these contact points expanded in the future and to confirm the detailed cross talk between the cell cycle machinery and metabolism.

The link between the cell cycle machinery and metabolism is not an isolated case and it is likely that there is also cross talk with other pathways like epigenetic regulators, mechanosensing, the immune system, and especially transcription. From these, the best understood aspect of regulation is the interplay of transcription, the cell cycle related enzymes, and protein degradation (Morgan, 2007). The accurate coordination of these processes is of great importance and the progress we have made in this scientific area over the last years is enormous. On the other hand, we know very little about the question of whether the immune system is regulated by the cell cycle machinery and if so, how this occurs (Rossi et al., 2006; Schmitz and Kracht, 2016). In addition, there are first indications that epigenetic regulators are controlled by cell cycle proteins (for example Chen et al., 2010) and surely mechanobiology will be soon linked to cell cycle regulators. Therefore, we are at the beginning of a new area to investigate the cross talk of the cell cycle machinery with other pathways and it will be interesting to see the development unfold in front of us.

GOALS OF THE CELL GROWTH AND DIVISION SECTION

We aim to be an open forum for studies that deal with cell cycle regulation, cell growth, cell division, and any other biological processes that are regulated by them. Interplay of two or more different pathways is an aspect of biological complexity that has not been extensively studied and we encourage submission of manuscripts in this area. In addition, we fully support the diversity of model systems used for our studies, which includes human cells, mice, worms, flies, yeast, zebrafish, frogs, sea urchin, etc. We hope to steer away our scientific curiosity from impact factors toward advancing the field step-by-step and letting history decide about the impact of our discoveries. We seek open discussions about controversial facts and observations. Therefore, opinion pieces, reviews, and commentaries are welcome as long as they do not ignore the rich data that has been already published.
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