Cells and Genes Transcript
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Hello and welcome to this learning session on Cells and Genes, with me, Dr. Nick Hopcroft, Academic Lead for the Cell and Tissue Biomedicine theme. If you haven't already done so, I'd recommend that you work through the worksheet on cellular organelles, available as pre-reading before working through this session. 
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So in this session, we're going to look at the cell and particularly the cell cycle and cell division and also at genetics and really at the link between the cell cycle and what's going on with the genes. So we'll described briefly the phases of the cell cycle. We'll then focus in more detail on cell division by mitosis, including the events of the different phases within mitosis and the structures involved. We'll then look at some cellular adaptations, including hyperplasia, hypertrophy, atrophy and metaplasia.
In the latter half, we'll move on to what's going on with the genes more, so we'll define the term gene and also allele and look at how alleles can be dominant, co-dominant or recessive in relation to each other. We'll describe a normal karyotype and the genetic basis of biological sex and then we'll look briefly at autosomal inheritance using ABO blood groups as an example. 
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So I want to convey this idea of cells having a kind of life cycle between one cellular division and the next cellular division. So all cells are born from the division of a parental cell and we call the two new cells daughter cells and then those daughter cells can each grow in size and then eventually divide themselves to create two new daughters of that cell. So there's this kind of cycle of growth and then division to form new cells. Now, some cells will stop moving through this cycle and enter what we call G0, which is a resting, non-dividing or sometimes called quiescent state. If we look at the cycle itself, we can define four phases that happen in a very controlled order. So we have the G1 phase or gap one phase, which is really about growth of the cell. So cells can enter this either directly from mitosis, that is the last division, or from this quiescent state, G0.
After a certain amount of growth, the parental cell will enter S phase, which is when the DNA is replicated or there is new DNA synthesis, hence S phase, in anticipation of the next cellular division. So it's important that prior to cell division there are two copies of all the genetic information in the cell, so that both daughter cells can inherit a complete set of that genetic information. So this happens in S phase, it happens well before the cell actually physically divides. Once the DNA has been replicated, there's then second growth phase where the cell continues to grow and we call that gap two phase and then ultimately the cell will enter mitosis or M phase and this is where the nucleus of the cell physically divides into two new nuclei and then the cytoplasm surrounding the nuclei will also divide to create two new cells. And obviously, it's very important as the nucleus divides, each of the two new nuclei receives a complete set of genetic information. We can call G1, S phase and G2 collectively interphase, so the only thing that wouldn't be included in interphase is mitosis and the subdivisions within mitosis that we'll look at in a moment. 
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But before we look at mitosis, it's important to look to some extent at what that genetic information is, how it's stored, what are the physical structures involved? 
So you may be familiar with this kind of cross-shaped depiction of a chromosome and it's important to recognise that this is how chromosomes appear under a microscope during mitosis, that is during cell division. During interphase, the rest of the cell's life cycle, the genetic material is actually much more diffuse. 
So you can see in this diagram on the left here, this kind of folded back, winding structure of the DNA to make this chromosome. So this is a very condensed form of the genetic material. In interphase it doesn't look like this, it's much less condensed. But chromosomes are the molecular structures that contain the genetic information and they're made of what we call chromatin. 
And chromatin is the DNA itself that contains the actual genetic code plus protein molecules called histones, that package the DNA. So particularly in this condensed form, but even in interphase, the genetic material, the DNA, is associated with many proteins, particularly histones and we call that overall structure chromatin. During mitosis they condense into this cross-shaped structure and the reason there is this cross-shaped structure is that here we already have two copies of the entire chromosome.
So S phase has already occurred, we've already done the DNA replication and we call the two arms of this cross-shaped structure sister chromatids, sister in the sense that they are duplicates of one another essentially. So when cell division occurs, each daughter cell will get one copy. So we can see in the diagram there some other structures labelled, so we have the centromere, which is the point in the middle of the chromosome where the two sister chromatids are currently held together prior to cell division. And we have a protein structure associated with that called the kinetochore. And then at the ends of the chromosomes, shown in blue here, we have the telomeres. So these are particular structures that kind of cap the ends of the chromosomes. 
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So if we just look briefly at chromatin structure and here you can see what I was describing as a less condensed form during interphase here. 
So we have folding at multiple levels and it's not really important to understand all the details of the different levels of folding, but at the bottom there you can see the iconic DNA double helical structure that I think everyone is familiar with and then at the bottom right, you can see these structures called nucleosomes and the orange part in the middle there is a group of those histone proteins that are kind of wrapping the DNA double helix around them. 
And then you can see this so-called 'beads on a string' structure where those histones are kind of lining up along the DNA double helix, with each histone having a couple of terms of the helix around it and then you can see these 30 nanometre fibres that are kind of condensing those histones together even more and then they loop back on themselves and so on and so forth until you get this highly convoluted structure that particularly in cell division, will then condense down, very much so. 
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So if we look at cell division now and there are two kinds of cell division, a specific kind for forming sperm and eggs, but then the normal kind for normal growing and dividing cells in the adult is called mitosis. We'll look at meiosis, which is the kind for making sperm and eggs in Block 5, but for now let's concentrate on mitosis. 
So mitosis starts with the end of interphase, that G2 phase of the cell cycle and you can see at the end of interphase, we've got a nucleus there shown in blue, we've got cytoplasm around that and we've got a couple of important organelles in the cytoplasm called centrosomes. 
So these centrosomes are at the kind of centre of the cytoskeletal network within the cell and then in the first kind of subdivision of mitosis, called prophase, what happens is that those two centrosomes migrate to two opposite poles, two opposite ends of the cell if you like, which we call the spindle poles and they form these cytoskeletal structures, as shown in purple there that are kind of reaching towards the middle part of the cell between the two poles. We can also see that the membrane of the nucleus is breaking down and that the chromosomes that were within the nucleus are condensing into those cross-shaped structures. 
Now, prometaphase is a kind of in-between state, between that and metaphase. And in prometaphase, what we're starting to do is get those kinetochores at the centre of the chromosomes, they actually start to join to the spindle fibres that are coming from the [centrosomes]. But at this stage, not all chromosomes will be attached and there's a process here, a kind of quality control process of checking that they're all attached appropriately. Now by metaphase, which is really the key middle step, what should have happened is that all the chromosomes will be attached along the middle part of the cell, the equator of the cell, if you like, between those two poles that the centrosomes have created and each chromosome should be attached to a fibre that goes to one end, to one centrosome, plus a fibre that goes to the other end, to the other centrosome. 
And these two centrosomes are kind of doing a tug of war here, they're each trying to sort of pull the chromosome towards their end of the dividing cell.
In anaphase, what happens is that the sister chromatids of each chromosome actually separate. So in that tug of war, it essentially becomes a draw and each of the centrosomes pulls half of the chromosome to its end, so it gets one sister chromatid. 
So you can see in the diagram here, each end of the dividing cell is getting one sister chromatid from the purple chromosome and one sister chromatid from the blue chromosome. So they should be getting a full complement of identical genetic information each. 
In telophase, you can see that the nuclear membrane is starting to reform, but now you have two nuclei, one for each end of the dividing cell and then you have this process called cytokinesis, which is forming a cleavage furrow in the middle there, which is where the actual cytoplasm and the outer cell membrane, the plasma membrane, surrounding that cytoplasm starts to kind of invaginate to separate out the cytoplasm, as well as the genetic information. And then finally, we enter interphase, the G1 part of interphase and here we have essentially cells that look identical to any other part of interphase except now we have two of them, so we've reformed the two nuclei, we've now got the chromosomes not really visible as cross- shaped structures anymore, you can see that each cell has got one centrosome and the denser part in the nuclei there, that's the nucleolus. 
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So if we look that under a light microscope with normal staining that tends to make things pink or purple, we can see here the arrow in the middle there depicts a cell in a late stage of mitosis, the dark staining material being the chromosomes that here are clearly in two groups that are kind of migrating to the opposite ends of the cell prior to cell division.
In the bottom right there, we've got a slightly less clear situation where the dark staining chromosomes are maybe at an early stage of cell division, maybe prometaphase, where they're just starting to line up or maybe slightly later, where they're just starting to divide after metaphase or possibly something's even going wrong there because it's not quite so clear what's happening, but you can still see the genetic material stain darkly in the middle there. 
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These are some images from researchers here at Warwick that show things in perhaps a prettier format, so here we've used fluorescent staining, so you can see the fibres are stained in green and you can see the chromosomes themselves stained in blue. And in Slide A, you can see a clear kind of circular nucleus there with the fibres around it and then as we move through the different images, you can see different steps and see - you can clearly see – chromosomes in the middle and two poles of fibres, but you can also see some chromosomes that maybe aren't where they should be, so this process does go wrong sometimes and then if you look at E and F, for example, you can see some really nicely dividing sort of late stages - metaphase and beyond - of mitosis. 
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So let's move on to cellular adaptations. So cellular adaptations are changes in cells in response to changes in the environment and the adaptations can be either physiological, that is, quite healthy adaptations, or they can be pathological, that is, associated with some disease condition. 
So have a quick think, what can change about a cell? If you want, you could pause the recording while you have a think about that, but I'll now go through what I think can change about a cell or about cells in general, I suppose I should say, because one thing that can change is the number of cells. 
We've been looking at division there, so you could have more or less cell division. That cycle doesn't work on a strictly fixed time scale. You can proliferate cells more rapidly or less so. So you can change the number of cells. You could also change the size of a particular cell or a group of neighbouring cells that form a tissue. So that might in some ways be a trade-off with number, that actually if cell division occurs too quickly, then you might get daughter cells, but they might be very small because the cell hasn't grown sufficiently or you might have a deliberate increased growth of cells without dividing. And you can also change the cell type, which is a more complicated thing, not so much related to cell division, but more related to what's happening with what we call expression of the genetic material, that is, how is the genetic material being used to influence the characteristics of the cell without dividing?
So cells must respond to a variety of stimuli and as I said these can be physiological or pathological and the ways that cells adapt depends in part on their ability to divide. 
So I mentioned that some cells in certain parts of the body will enter that G0 quiescent state where they won't divide, so there you're placing limitations on the ability to increase the number of the cells, but you could still increase the size of the cells. 
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So let's look at some of the more fundamental cellular adaptations. We'll look at this in more detail during Block 1, but for now, the core cellular adaptations are these. 
So hyperplasia is an increase in the number of cells in a tissue and the cells must be able to divide for that to occur. Hypertrophy, on the other hand, is an increase in the size of the cells - apologies for the typographical error there - and it can occur in normal cells and involves an increase in the cellular contents, not just swelling through increased intake of water. So those organelles in the cytoplasm, mitochondria, things like that, they will be increased as well with hypertrophy, not just kind of more fluid within the cytoplasm. 
Atrophy is the opposite, in a sense, it's a reduction in cell size involving internal digestion of cellular contents and we call that digestion autophagy, kind of eating itself. And then finally, metaplasia, this is where the type of cell changes. So metaplasia is a reversible change from one cell type to another cell type and it usually occurs in tissues called epithelia, that is linings in the body, so layers of cells and it can later develop into cancer, but not necessarily so. And if it did develop into cancer, we would call that neoplasia, so there are other steps here that we'll look at later in the course, but leave for now. 
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OK, so let's move on to the genetics aspect. So we've looked at the kind of physical nature of genetic material, but why is it important? 
So humans have approximately 20,000 genes encoding RNA and protein molecules. So the genes are on the DNA in the chromosomes, but those DNA sequences can encode what we call RNA and then also protein molecules. So they contain the information to produce these other molecules and these have diverse biochemical functions and many of these gene products actually regulate other genes and so the complexity of a living organism is built up largely by the regulatory networks, between genes and proteins encoded by those genes, not so much necessarily by the sheer number of genes. 
So genes contribute to every biological feature in both the healthy and diseased states and many have profound effects during embryonic development. So some genes are really controlling the actual production of a proper human body and so they really have their effects pre-birth. 
And if we look at post-birth and particularly at younger individuals, 1 in 20 people under age 25 will develop a disease with a significant genetic component. And so there are a lot of diseases of older life that are maybe not so much genetic, but one of the things about genetic diseases is that they can have an impact on very young people who would otherwise be healthy at that stage of their lives, so a lot of genetic diseases are detected in childhood. 
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So let's look at the human genome. The human genome or indeed any genome in any species is the complete set of genetic material in that organism and I've put in brackets there the word haploid because as we'll see in the moment, you actually have your chromosomes paired up with one another and the haploid set of genetic material is kind of one half of each pair. The diploid set is the full amount. 
So in humans, this is about 3 billion, three times ten to the power of nine, DNA base pairs in humans and we'll look in the next learning session about the actual chemical nature of the DNA base pair. So genetically normal humans will have 23 pairs of chromosomes, so 46 chromosomes in total, in what we call a karytype. 
So we can visualise those chromosomes in a karyotype, as I'll show you in a moment. Just briefly on that 23 pairs part, don't confuse that with the idea of sister chromatids. So the chromosomes themselves are in pairs, but then during cell division each chromosome will have both sister chromatids within one chromosome. So the karyotype of these 23 pairs consists of 22 pairs of what we call autosomes and then one pair of sex chromosomes. So autosomes are just all the other chromosomes apart from those that determine sex. And those that determine sex, there is a difference, obviously, between females and males, so females contain two X chromosomes and males contain an X and a Y chromosome. And the notation there, X and Y, is a kind of approximation to the physical shape of the chromosomes. 
So we saw that all chromosomes tend to be X-shaped during cell division and the females have two X-shaped sex chromosomes. Males, because that second chromosome is very small, it looks like a Y, so kind of one half of the X kind of almost doesn't exist. So this is why we call them X and Y. The X in a male is basically the same as either of the Xs in the female, but that Y chromosome is smaller and determines maleness at the biological level at least. 
So then what are genes? Genes are segments of DNA within the genome, on a particular chromosome pair, that encode an RNA molecule and we'll look more at what that means in the next learning session and usually that RNA molecule will go on to encode a protein molecule and they really determine a lot of the biochemistry of the human body. And these genes make up our genotype, so the genotype is, in a sense, looking at particular genes and seeing what versions of those genes we might have. 
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So if we want to look at genetic inheritance, that is the genes a child will get from its mother and father, we can use something called a Punnett square and a Punnett square is a simple grid used to kind of draw all possible combinations of a mating between two individuals, two parents. 
They can be used to predict the probability that the child, the new individual, will have a particular genotype, a particular set of genes. So how do we use Punnett squares? Well, the genotype of one parent is written along the top of the square. So suppose we wanted to look at the probability that two parents, a male and a female, will have a boy or indeed the probability that they will have a girl as a child. You may know the answer here already, but let's work out using this technique, how we get to that answer. 
So we could draw the genotype at the level of whole chromosomes here of the mother along the top there. She has in her sex chromosome pair she has an X and then another X. So we put them in the two boxes there. We can then draw the genotype of the other parent, the father, down the side here and we can say that for his sex chromosomes he has an X and a Y, so we put those in the two boxes there. And then we kind of work down and across from each of those and we can draw the four possible combinations. So top-left we have X and X, top-right X and X and then on the bottom row we have two X and Ys because those possible combinations would have the Y chromosome from the father. 
So we can see four possibilities there and it always is four possibilities in theory, but then we can look at those possibilities and say that actually the top two are both the same and the bottom two are both the same. So actually, although there were supposedly four possible combinations, actually what we find is there's only two possible outcomes here: a 50% chance of the offspring being XX, those two possibilities on the top row and then a 50% chance of the child being XY and that's the two possibilities on the bottom row and therefore, we can say that there's a 50/50 chance of the child being either female or male, depending on which of those outcomes actually occurs. 
And this is all random, essentially, at conception you don't know which of these combinations you're going to get in the child and so obviously parents - I mean, ultrasound and things can can tell them at a certain stage of a pregnancy - but initially they have no idea whether the child will be male or female. Notice also, that it's not influenced by anything previous, so just because it was a boy last time doesn't mean a second child is more likely to be a girl or anything like that. 
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OK, so let's look briefly at a karyotype. 
Here is a karyotype. This is an image of what I hope is 46 chromosomes. This is a normal individual. You might want to count them. And you can see that they're all paired up and within each chromosome pair, you can see that the two chromosomes are the same length, essentially. Can you tell me anything about this individual from the karyotype here? I'll give you a moment to think about that. 
Well, hopefully you can tell me that this individual is a male, because if we look at the last chromosome pair, which is in the bottom right hand corner, you can see that what I said about the two chromosomes in the pair being the same length is not true for that pair and that's because we have a male here where, as I mentioned earlier, the Y chromosome is shorter than the X chromosome. 
Neither of them look like an X and none of the autosomes look like Xs in this image, because this is prior to replication of the DNA, so prior to S phase of the cell cycle, so we've only got one chromatid for each. But you can clearly see how in that sex chromosome pair, one of the chromosomes is shorter than the other, so even if you did have sister chromatids, that wouldn't look much like an X. 
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So while we're thinking about genetics, it's important to emphasise that there is an interplay between genetics and environmental factors and when I say environmental factors, that includes things like diet, nutrition, levels of exercise and so on, so what you might call lifestyle factors as well. 
So I've mentioned this term genotype, the kind of genetic nature of the individual, but there is also this term phenotype, which is the actual observable characteristics of the individual, so that can include anatomy, physiology and indeed elements at least of psychology, so what they look like and how they behave biologically and also a degree of their behaviour psychologically. And it's important to note that phenotype, crudely speaking, is the sum of genotype and environmental effects and there are huge debates about the relative influence of each, nature versus nurture, how much is inherited and how much is to do with upbringing, which is another form of environmental influence. Studies on twins, identical twins, that have had separate upbringings, seem to suggest a very roughly 50/50 kind of effect of the two halves of this, this addition between genotype environment, but it does really vary depending on the particular characteristic you're looking at and indeed how you even define the characteristics. 
So there are significant effects from genetics and indeed from the environment as well and also phenotype tends to change over time due to the environmental effect. You can have changes in your genotype during your life, if there are mutations, things change about the genetic sequence of an individual, but it tends to be the environmental effect, the kind of wear and tear on the body, if you like, that causes this change in phenotype over time, so ageing, essentially. And it's also important to note that a genetic susceptibility to a disease does not necessarily mean that a person will develop a disease, but it can just increase the risk. So a lot of this is about probabilities and risk of disease. 
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So now let's look at the concept of genetic polymorphism and this is where there are different versions of a gene existing within a population. If that is the case, then the gene is said to be polymorphic and the different versions of the gene are called alleles. 
So if you think about the kind of characteristics people think genes determine, so things to do with appearance, so eye colour, height, hair colour, that kind of thing, you could, in essence, have an allele for blue eyes or an allele for green eyes, that kind of thing. It's interesting, people tend to focus on sometimes quite superficial effects of genes and more kind of physically observable ones. 
It's important to note that a lot of genes are determining really much more important things to do with the internal biochemistry of the body, things that if you didn't have the right version of the gene, you'd be very ill or possibly even wouldn't have survived till birth, but people tend to think of these these kind of more observable things and this is where you can have this variation as well that is kind of more obvious. 
So the allele that is most common in a population, if there is a common one, which is usually not associated with disease because we'd all be ill if it was, is known as the wild type. So wild type is a bit of a strange notation for human beings, but it comes from the fact that a lot of early genetic work was done on plants, so this idea of the normal kind of wild growing plant having the normal version of a gene. 
And as chromosomes are arranged in pairs, there are two copies of each gene in an individual, so one on each pair. And those two copies can either be the same, so two identical alleles on the two copies, in which case we say that individual is homozygous or is a homozygote, or there can be two different alleles, in which case the individual is heterozygous or a heterozygote. 
And these alleles, relative to one another, can be dominant, co-dominant or recessive. So we're talking about at a particular gene here, so the two alleles within that pair, one could be dominant over the other one. If that were the case, then the other one would be said to be recessive or indeed they can be co-dominant, that is they both have equal effect. So dominant alleles determine the phenotype or determine the genetic element of phenotype over recessive alleles, i.e. if you have a heterozygote with two different alleles and one is dominant and the other is recessive, the dominant one entirely determines the kind of effect on the phenotype. The recessive one has no effect at all. And co-dominant ones, again, if we think about a heterozygous individual, they both have equal effect and they jointly determine the phenotype. So obviously in homozygous individuals or individuals who are homozygous with regard to a particular gene, i.e. both copies of the gene are identical, then this idea of dominance or recessive doesn't matter, because both copies are saying the same thing, as it were, but when we have heterozygous individuals, this idea of if one allele is dominant over the other is quite important in determining phenotype. 
That idea of co-dominance, if I just give you an example from plants that might make that a bit clearer, if you, for example, had an allele for a red flower on a plant and then you had another allele for a white flower on the plant, then if the two alleles are co-dominant you end up with a pink flower, that is it's kind of half red, half white, but the two blend together to give a pink. If the red were dominant, if that allele were dominant, then even in a plant that had a red allele and a white allele, the flower would be entirely red and vice versa, if the white allele were dominant then the flower would be entirely white. So maybe that illustrates the idea of dominant and recessive and particularly that idea of co-dominance being a kind of halfway house between the two. 
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So an important example in human beings is ABO blood grouping, so this is the main way we blood group - there are other ways of grouping individuals with regard to their blood, but the ABO system is by far the most important. 
And here there are three alleles possible for the genetic element or the genetic site for blood group with regards to this system. So the A and B alleles are co-dominant relative to each other, the A and B alleles are both dominant over the O allele and therefore the O allele is recessive with respect to both A and B. So in other words, you only end up as blood group O if you are OO genotype. If there is a single A there or a single B there, then that will override the O allele. 
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So let's have a look at an example where the A and B alleles are involved. So let's say we have an individual of blood type AB and they have a child with another individual who is blood type AB, then the Punnett square would look something like this and we could fill in all the different combinations and we could see the reason I've picked this example is because actually we get quite a diverse set of combinations here. In the top-left we can see that the child would be AA genotype and then we've got AB at the top-right, we've got another AB at the bottom-left and then we've got BB at the bottom-right. So with this particular mating of these two parents, who were both genetically, we could say, AB heterozygotes and in terms of phenotype, that would mean that they would both be blood type AB, it gives possible offspring that could have blood type A, so in the top-left, 25% chance of being blood type A if they get two A alleles, 50% chance of being AB, because there were two possibilities out of four of being AB, so 50% chance of AB, just like mum and dad both were and then in the bottom-right a 25% chance of being blood type B if they got two B allleles. And here we can see that there's zero chance of being blood type O because there were no O alleles at all among their parents. So that illustrates how you can have these A and B blood types, but then you can also have this co-dominance between the A and B alleles where the individual ends up as blood type AB. 
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So that's all I want to say about genetic inheritance for now, we will look at that in more detail in Block 5 when we look at reproduction, but I thought it was important to mention the basics, as it were, at this stage and particularly that kind of clinically relevant example of blood type. 
What I want to finish on is just a bit about the interplay between different disciplines within Cell and Tissue Biomedicine. So some of the disciplines that we cover are shown here and I've spoken a bit about genetics today and about how genes determine phenotype and in this diagram here, function is - a kind of physiological function is - part of phenotype, which is also covered within the Cell and Tissue Biomedicine theme. 
But I just wanted to illustrate that, in a way, we're taking a bit of a shortcut there when we talk about the gene or the allele for a particular blood type or the two alleles that make up a particular blood type, you'll have noticed that I didn't really explain what the kind of molecular or cellular basis of that blood type is, we'll come to that later in the course. So in a way, we're just kind of simplistically going straight from the gene to the phenotype and that's kind of what geneticists do. 
What I think is better, time allowing, is to take what I like to call the scenic route, which is to really think about the mechanisms of how these things are occurring. So the discipline of molecular biology is really looking at how genes, that is DNA sequences, encode RNA and then encode proteins and indeed, that's the title of the next learning session. 
So if you're thinking, well, you know, what does all this mean? Genes encoding proteins? We'll look at the mechanics of that in the next learning session and that is really central to molecular biology. And then biochemistry is a discipline that's largely focussed on the functions of proteins and how they then chemically and physically determine function and phenotype. 
So the gene really controls function and phenotype via production of proteins and then the actions of those proteins, broadly speaking. So I would encourage you to, throughout the course, think about those mechanisms, what are the intermediate steps and what's actually happening to make these things occur as part of the phenotype? OK. I will leave it there for this session. My email address was on the title slide, so if you have any questions, please do get in touch. Thank you.
