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	GeneticUpdates for September, 1999
by Peter Follette


Getting a bird's eye view of eukaryotic gene expression

In case you didn't already know, we are currently right in the middle of a revolutionary period of genetics research. Within the next several years, the complete sequence of the genomes of many organisms, including humans, mice, Drosophila, and plasmodium (the cause of malaria) will be known. Already, the sequences of several very important research organisms, such as the yeast, Saccharomyces cerevisiae, and the nematode, Caenorhabditis elegans, have been determined. When completed, these genome projects will not only provide a great deal of new genetic information regarding these organisms, but will in fact change the way genetics research is performed altogether.

In the past, geneticists tended to focus on a relatively small number of genes at any one time. For example, if a genetic screen identified several mutations that affected a particular biological process, a geneticist would typically focus on each gene, in turn, in order to clearly understand its role in the process. Only after the role of each gene was determined could more holistic approaches be taken, for example by combining multiple mutations, or by determining the effect of one mutation on other genes involved in the process. In contrast, with a complete genome sequence in one hand, and tool such as a high-density oligonucleotide array (HAD; see, for example, the March 1999 GeneticsUpdate about DNA chips) in the other, scientists can now simultaneously monitor the expression of a large number of genes throughout the genome, even those for which researchers have no functional knowledge. This type of research is currently allowing, for the first time, a genome-wide view of gene expression.

A nice example of this type of research was recently published in the Journal Cell by a group of researchers from MIT, the University of Massachusetts, and Harvard. In their study, these geneticists wanted to investigate the relative importance of different components of the transcription machinery for the expression of various genes in yeast. Scientists have long known that transcription is carried out by a large, multi-protein complex (see, for example, chapter 3 of Fairbanks or chapter 9 of Cummings), and that individual components of this complex are of varying importance for the transcription of different genes. Until this study, however, no one had ever determined the number, or identity, of the genes that are actually dependent on each of the components. Now, with HDAs in combination with the complete sequence of the yeast genome, the researchers were able to investigate this question in a simple yet powerful way.

In their study, the researchers used HDAs that allowed them to monitor, in a single experiment, the expression of more than 6000 individual yeast genes-representing close to every gene in the entire yeast genome. Using the HDAs, they were able to determine both whether or not a gene is expressed as well as the precise level of expression for each expressed gene. Remarkably, this technology enabled the researchers to detect even a very low level of gene expression: for example, they determined that 80% of the expressed genes were present at a level of 0.1 to 2 molecules of mRNA per cell.

To determine the relative importance of different components of the transcription machinery, the researchers monitored the expression of each of the 6000 genes in wild type cells, or in cells that had a mutation that selectively removed any one out of six distinct components of the transcription machinery: (1) the RNA polymerase II enzyme itself; (2) the "core subunits," which interact closely with the RNA polymerase II enzyme; (3) the Srb10 CDK complex, which has been thought to negatively regulate transcription; (4) the Swi/Snf complex, which has been thought to regulate the binding of various transcriptional regulators to gene promoters; (5) the "General Transcription Factors," which have been thought to regulate the promoter-specificity of transcription; and (6) a component of what is called the "SAGA" complex, which has been thought to regulate chromatin structure.

The results the researchers obtained in their studies in some ways confirmed what had been expected based on earlier work, but also provided new insights into some of the transcriptional components. For example, as expected, mutations in the RNA polymerase II enzyme essentially eliminated the expression of nearly every gene in the cell. Similarly, mutations in the "core complex," which works closely with the polymerase enzyme itself, reduced the expression of 93% of the genes. In addition, mutations in the Srb10 CDK complex, which had been predicted to negatively regulate transcription, resulted in a 2-fold or greater increase in the expression level for 173 genes.

Their study also brought several surprises. For example, mutations in the Swi/Snf genes, which had previously been thought to play a positive role in transcriptional regulation, resulted in an increased expression level for 203 genes. In addition, a large proportion of the genes affected by the Srb10 mutation were discovered to be involved in pheromone signaling. This result suggests that the Srb10 gene, and perhaps the Srb complex in general, plays a previously unknown role in the response of cells to pheromones (hormone-like molecules sent from neighboring cells). 
This study demonstrates the immense power of this new technology. For example, this simple study provided previously unknown information regarding the number and identity of genes that are dependent on each of the factors examined in the study. It is easy to see how such information would be particularly useful to identify genes involved in a disease process. For example, the ability to identify the number and types of genes that are turned on or off when a cell becomes cancerous may provide the basis for entirely new diagnostic or therapeutic tools. Of course, however, as with any major new technological development, the ultimate impact of these new tools is at present impossible to foresee.



Sequencing the plasmodium genome

Despite the current focus in western countries on chronic diseases of genetic or environmental origin such as cancer, cardiovascular disease, or diabetes, infectious diseases, such as malaria, remain a major problem throughout much of the world. Public health workers estimate that there are about 300 to 500 million cases of malaria every year, and that more than one million children under 5 die from malaria every year in Africa. Malaria is caused by infection from a single-celled parasite called Plasmodium, in particular the species Plasmodium falciparum. Plasmodium is transmitted between people by infected Anopheles mosquitoes.

Despite the enormous medical significance of malaria, the tools available to combat the disease are quite limited. Most efforts are targeted towards preventing bites from Plasmodium-infected mosquitoes using insecticides, mosquito netting, and other products. In addition, while some drugs have been shown to be effective against malaria, in many cases these drugs are not administered properly, or at all, because infected individuals do not receive proper medical attention or cannot afford the drugs. For these reasons, a cheap, readily available vaccine would perhaps offer the best hopes of protecting large numbers of people from the disease. Unfortunately, no such vaccine is currently available.

In an attempt to better understand the biology of Plasmodium, and to thereby allow the rational development of drugs and, ideally, vaccines, three research institutions (The Institute for Genome Research in Rockville, MD, Stanford University, and the Sanger Center in the U.K.) have established the Malaria Genome Sequencing Consortium. These three centers have divided up responsibility for sequencing the 14 chromosomes of Plasmodium. Last year, the group published the sequence of chromosome 2. Now, in a recent paper in the journal Nature, the group describes the completion of the chromosome 3 sequence. The group intends to be nearly finished with the entire genome sequence in less than a year.

Sequencing the Plasmodium falciparum chromosome 3 was no easy feat. The chromosome, which is more than a million base pairs long (1,060,106, to be exact), contains about 217 genes, encoding 215 proteins and 2 tRNAs. Many of the genes resemble previously characterized genes from other eukaryotes, such as those involved in metabolism, cell growth and division, DNA synthesis, transcription, protein synthesis, and other cellular functions. Significantly, close to 9% of the genes appear to be specific to Plasmodium or other parasites, and thus represent potential pathogenic genes that might serve as a target for therapeutic or preventative strategies. Additional details of the genes were also determined, such as that more than 50% of the genes are not spliced, that about 45% have one large exon with one or more short additional exons, and that only about 2.3% are comprised of multiple exons as is typical of many higher eukaryotic genes.

The sequencing of the Plasmodium genome has been especially difficult because 82% of the genome is made up of adenine (A) and thymine (T). A-T base pairs only have two hydrogen bonds between them (as opposed to 3 hydrogen bonds as with C-G base pairs; see Chapter 2 of Fairbanks or Chapter 8 of Cummings), and, consequently, AT-rich sequences tend to be less stable than sequences with a higher percentage of C-G base pairs. This skewed base composition of the Plasmodium genome prevented the researchers from using many of the techniques commonly used in modern genome research, such as maintaining large pieces of the chromosome in bacteria. Instead, the group had to rely on yeast (placing the chromosome fragments into "Yeast Artificial Chromosomes, or YACs), or more traditional bacterial tools, such as plasmid vectors, which can only hold small amounts of DNA.

Nevertheless, despite these difficulties, the Consortium has now managed to sequence two of the chromosomes of this organism, and is currently on the verge of finishing several more. Hopefully, this impressive progress in sequencing the genome of this organism will translate into the equally efficient development of a much-needed vaccine that would help protect billions of people currently at risk from this disease.



Creating cancer in the lab

Although an animal cannot develop without the growth and division of cells, cells actually spend most of their time neither growing nor dividing. In fact, almost all cells have several, distinct mechanisms to ensure complete control over their growth. When these controls are lost, cancer can result. Accordingly, just as a prisoner attempting an escape must evade numerous layers of security, cancer can only occur if multiple regulatory pathways, usually acting to limit the growth and division of cells, are lost. Indeed, much cancer research is aimed at identifying exactly which combinations of genes, and thus which regulatory pathways, are involved in various types of cancer. (see, for example, Cummings chapter 14, or Fairbanks, chapter 24).

Although scientists have by now identified many genes that are commonly mutated in cancerous cells, it is not yet clear which of these are essential for the development of cancer. Some of these mutations, for example, may simply affect the growth rate or another property of the cancer cells without actually affecting whether or not the cancer arises in the first place. One way to get around this problem is to identify the minimum number of mutations that is required for the development of cancer-that is, if 10 genes are known to be mutated in a particular cancer cell, determining, for example, if the cell would still become cancerous if only, say, 5 of the 10 mutations were present. Answering a question like this would not only shed light into the importance of each of the genes in the development of cancer, but, coupled with knowledge regarding the role of each of the genes in the various regulatory pathways mentioned above, would provide insight into the minimum number of such pathways that must be affected for cancer to occur.

One way to determine whether a particular set of mutations is sufficient for the development of cancer would be to specifically introduce the mutations into a non-cancerous cell and then seeing if the cell becomes cancerous. Because doing this in a human would, of course, be unethical, an experiment like this could only be done in a laboratory animal, or, even better, in a cell grown in vitro. Scientists can determine whether an in vitro cell is cancerous by looking for certain properties that are characteristic of cancer cells, such as rapid, uncontrolled growth and the ability to form tumors when injected into immuno-compromised mice. Until now, despite many attempts, no one had ever been able to turn a normal human cell into a cancer cell simply by introducing a specific set of mutations. Now, however, a group of researchers from MIT, Harvard, and Duke University has shown that by genetically altering three genes, involving four discrete pathways of cellular control, a normal human cell can be converted into a cancer cell.

The first level of control addressed by the researchers involves specialized structures at the end of each chromosome called telomeres. Because of certain quirky details of DNA replication, every time a cell replicates its chromosomes, the chromosomes become just a little bit shorter. After a while, if nothing is done to reverse this shortening, the decreased chromosome length becomes severe enough to prevent any further division of the cell. This shortening of the chromosomes has been offered as an explanation for the observed limit to the number of times a normal cell can divide. Cancer cells, however, can divide indefinitely, and have no such problems with their telomeres. Instead, cancer cells make high levels of an enzyme, called telomerase, that extends the telomeres and thereby prevents the normal shortening of the chromosomes. In this way, cancer cells are able to achieve "immortality," and thus get around a key mechanism that usually acts to limit cell proliferation. In view of this, in the present study the researchers expressed a telomerase gene in the cells to see if this would play an important part in the development of cancer.

The researchers also expressed a mutant form of a gene called "ras," which is mutated in many human cancers. ras mutations are thought to allow cells to grow in the absence of growth factors (e.g., hormones) whose presence is usually required for cellular growth.

Finally, the researchers expressed a protein called the "large-T antigen," which was originally found in a cancer-causing simian virus called SV40. Previous research had shown that large-T antigen was capable of inhibiting two important "tumor suppressor" genes called p53 and retinoblastoma. These genes are often mutated in cancer cells and appear to play a central-but distinct-role in the inhibition of cellular growth and division.

In their experiments, the researchers found that when each of these three genes was expressed-telomerase, the mutant form of ras, and large-T antigen-both human epithelial cells and human fibroblast cells became cancerous. The cells could grow indefinitely, they could grow without any anchorage to a solid surface (a property seen in cancerous cells), and, when injected into mice with a defective immune system, they formed tumors in the mice. Importantly, the cells acquired these properties only when all three genes were expressed. The researchers thus concluded that the minimum number of genetic alterations that is sufficient to cause cancer in a normal cell is 3, and that the minimum number of distinct pathways that must be altered is 4: telomere maintenance, the ras pathway, the p53 pathway, and the retinoblastoma pathway. Using this knowledge, scientists can now focus even more attention on developing therapies that would protect, or even restore, these important regulatory pathways in a cancerous or pre-cancerous cell.



Finding the time to understand cocaine addiction

The fruitfly Drosophila melanogaster responds to cocaine in much the same way as vertebrate animals: when exposed to volatilized free base cocaine, Drosophila tend to exhibit a set of reflexive behaviors that are strikingly reminiscent of those exhibited by vertebrates, such as grooming, proboscis extension, and unusual movements like "rapid twirling," or "erratic jumping." In addition, Drosophila become "sensitized" to cocaine after even a single exposure-if a second exposure is given from 4 to 24 hours after the first, the flies are much more likely to exhibit these behaviors than they are after the initial exposure. Sensitization, in particular, is strikingly reminiscent of addiction in humans, leading researchers to believe that insights gained into cocaine response in Drosophila might shed light into the mechanisms governing drug addiction in humans.

Drosophila are also similar to humans in that they have circadian rhythms. All animals show behavioral, physiological, and even molecular cycles that correspond to the 24 hour clock. In Drosophila, five "circadian" genes have been identified that control the timing of many behavioral and physiological aspects of circadian rhythms in flies. These genes, called period, clock, cycle, timeless, and doubletime, are themselves subject to circadian rhythms, as their expression-and thus their RNA and protein levels-occur with a 24 hour periodicity. The identification of these genes, and investigation into their function, has already allowed a great amount of insight into how circadian rhythms are controlled in flies, and thus in all animals. Now, in an unexpected and significant step forward, a group of researchers at the University of Virginia has found that these genes are involved in cocaine sensitization as well.

In the study, the researchers first examined the requirement for the period gene for cocaine sensitization in flies. To examine this, they exposed both wild type and period mutant flies to four, successive 75 microgram doses of cocaine over two days, and recorded the number of flies exhibiting strong forms of the behaviors discussed above. As expected, the wild type flies exhibited an increasingly strong response with each dose: after the first dose, about 15% of the flies exhibited a behavior score of 5 or above (out of a possible 7), yet by the fourth dose more than 50% received such a high score. In contrast, in period mutants no such increase was observed. This result indicated that the period gene is required for cocaine sensitization in flies.

To investigate the role of other circadian genes in cocaine sensitization in flies, the researchers performed similar experiments with flies mutant for each of the other known circadian genes. Interestingly, some, but not all, of the other genes were found to be required for sensitization. For example, mutations in clock, cycle, or doubletime completely blocked the sensitization response. In contrast, mutations in timeless had no effect on the sensitization response: timeless mutants responded to repeated cocaine exposures just like wild type flies do. These results, which suggest that the proteins encoded by the period, clock, cycle, and doubletime genes may be working together to effect cocaine sensitization, are consistent with previous biochemical findings that the Clock and Cycle proteins bind to each other, activating transcription of the period gene, and that the Doubletime protein is required for the phosphorylation of the Period protein.

The researchers also performed several experiments that further elucidated the precise role of the circadian genes in cocaine sensitization. For example, previous experiments had shown that dopamine receptors (receptor proteins, present on the surface of neurons, that respond to the neurotransmitter dopamine) are involved in cocaine sensitization. This is shown by adding molecules that activate dopamine receptors directly to the central nervous system of flies and monitoring the locomotive behaviors typical of cocaine exposure. Wild type flies that have been cocaine-sensitized respond much more strongly to the molecules than wild type flies that have not been exposed. In contrast, in period mutants, no such difference was observed in the response to the molecules between mutant flies that had been exposed to cocaine and those that had not.

In addition, the researchers found that the circadian genes play a role in the activity of an enzyme called tyrosine decarboxylase. An important role for this enzyme in sensitization has come from the observation that, in wild type flies, tyrosine decarboxylase activity is induced following exposure to cocaine, and with a time course similar to that seen for the sensitization process itself. In addition, tyrosine decarboxylase is involved in the production of a chemical called tyramine, which has itself been implicated in sensitization. In the recent paper, the researchers found that mutations in period, clock, or cycle abolished this induction of tyrosine decarboxylase. This result raises the possibility that, in flies, the circadian genes work at least in part through the regulation of tyrosine decarboxylase to effect cocaine sensitization.

Work such as this promises to yield a detailed picture into the molecular regulation of drug sensitization and addiction in all animals, from Drosophila to humans. This picture could, in turn, lead to the development of new therapies for the treatment of drug addiction and withdrawal.
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