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Abstract

The objective of the Human Genome Project (HGP) was to sequence the DNA contained in all 23 human chromosomes. This project started about 15 years ago and it was completed in 2001. What was completed was the DNA sequencing only, the difficult job of identifying all human genes still lies ahead. With the HGP completion came the expectations that scientists will better understand the human organism and that the HGP results will be used for improved disease diagnosis and treatment and for tailoring drugs to specific individuals. Trials have been undertaken in disease diagnosis, treatment and drug development. As outlined in this paper, some genetic applications were successful; others were not, but there is still hope the HGP will revolutionize healthcare in the upcoming years. 
Introduction
The Human Genome Project started about 15 years ago and was completed ahead of schedule in 2001. With the project completion started a new era in human genetics research and development. Sequencing of the human genome is very important from a scientific perspective; this information can be used to unequivocally identify individuals through genetic testing, to screen for mutations known to cause or increase the chances of developing a disease, to alter gene expression, or to tailor drugs to each individual patient based on their genetic make up. All of the above scientific applications are made possible by genetic tools developed by research and development companies. Clearly, today is a time of intense research by research and development companies that aim to become leaders in designing effective genetic testing, gene therapy and pharmacogenomics tools that will revolutionize tomorrow’s healthcare. I have identified three main areas that research and development companies should focus on and in this paper; I will talk about the progress so far reached in those areas, the encountered obstacles, and the proposed route to reach better results. 

Genetic Testing
Genetic testing is the examination of an individual’s genetic make up by direct DNA examination, by examination of the genes’ end products such as enzymes or other proteins to confirm the presence of a specific gene or by chromosome examination to diagnose chromosomal aberrations such as nondisjunction, translocations or deletions. 
One of the methods used in genetic testing is DNA hybridization. A DNA or RNA fragment of known sequence, called a probe, is labeled with a radioactive atom so that it can be easily detected. This probe is then added to denatured, single stranded DNA of interest. If the probe base pairs with the DNA, we have confirmation that the DNA of interest has a sequence complementary to the probe; therefore the DNA sequence can be determined. The probe for example could have a sequence complementary to a disease causing DNA sequence, such as the Cystic Fibrosis gene. 
Another good example of genetic testing is the Preimplentation Genetic Diagnosis (PGD) test performed on DNA samples from embryos created through in vitro fertilization. The identification of embryos containing disease causing mutations permits the implantation of only viable embryos into the mother’s uterus. Before this technique was introduced, expecting mothers had to wait until the first or second trimester for Chorionic Villus or Amniocentesis to be performed. Since these two tests allow karyotype observation only, if any chromosomal defects were observed, the parents were faced with the difficult choice of continuing or terminating the pregnancy. 
Genetic testing is also used as an identification method during mass disasters, in carrier screening, in presymptomatic individuals for predicting or estimating the risk of developing adult-onset Huntington’s disease, cancer or Alzheimer disease. 
One of the serious limitations for adult-onset disorders such as Alzheimer’s or some cancers is the uncertainty in interpreting positive results. The tested individuals are presymptomatic individuals who have a family history of the disease; however, the presence of the mutated gene does not mean the disease will develop because the genetic test used is a “susceptibility” test. Scientists believe some genetic diseases are caused by a combination of different mutations occurring in known and unknown genes and environmental factors. In these cases, risks the test will cause anxiety (due to lack of effective treatment), discrimination or social stigmatization may outweigh the benefits of testing. 
Secondly, there are about 900 genetic tests available and though some pharmaceutical companies have started selling them directly to the public, the tests accuracy and reliability are not regulated by the Food and Drug Administration (FDA). So far, only a few states in the U.S. have established some regulatory guidelines. So we have some genetic tests, whose results interpretations are still unclear, being performed and interpreted by the general public. 

Gene Therapy

When a mutation occurs in a normal gene, the resulting gene may code for a defective or nonfunctional protein, rRNA (ribosomal RNA) or tRNA (transfer RNA). Gene therapy is a technique used to correct or to silence mutated, defective genes so that the normal protein or no protein at all is translated. Several techniques are used in gene therapy, but the most common is the insertion of the normal gene into a non specific location within the genome to replace the non functional gene. So far, there isn’t much control on the locus, the chromosome or the type of cell where the new gene incorporates itself. The most common type of gene insertion is the virus-mediated gene delivery method. In this method, a virus, called a vector, is genetically modified so that its “disease-causing” genes are removed and the gene of interest is inserted into the viral genome. Once the virus enters the target cell, it incorporates its DNA into the target cell genome and this cell starts producing normal protein. 

Various vectors such as retroviruses, adenoviruses and Herpes Simplex viruses are used. There are other types of gene insertion methods as well such as direct therapeutic DNA insertion, transport of liposome containing therapeutic DNA through the cell membrane and phagocytosis of therapeutic DNA linked to other molecules. Inserted DNA does not always get incorporated into the target cell genome; it may stay outside the host cell genome and still produce the desired protein. The insertion method varies depending on the target cell, the amount of therapeutic DNA to be inserted and other factors. 
Other gene therapy techniques include the replacement of the mutated gene by a normal gene through homologous chromosome recombination, the introduction of a selective reverse mutation in the mutated gene and the alteration of the mutated gene regulation. 

Gene therapy clinical trials suffered a major setback due to two incidents that happened back in 1999 and 2003. Since then, subjects’ enrollment and progress in gene therapy clinical trials have been slow. Researchers involved in these trials have to comply with two new initiatives introduced by the FDA specifically for gene therapy clinical trials: the Gene Therapy Clinical Trial Monitoring Plan and the Gene Transfer Safety Symposia. These two initiatives came to complement the existing FDA rules and regulations applicable to all clinical trials. 
In 1999, Jesse Gelsinger, a patient who suffered from Ornithine Transcarbamylase (OTC) deficiency participated in a gene therapy clinical trial. People suffering from OTC have toxic levels of ammonia in their blood. In this trial, the normal OTC gene was inserted into Jesse’s liver cells through an adenovirus carrier. Unfortunately, a massive immune response against the adenovirus carrier ensued and Jesse died of multiple organ failure 4 days after the beginning of the trial. 
In 2003, a baby boy started gene therapy clinical trial for the X-linked Severe Combined Immunodeficiency Disease (X-SCID). This condition, also known as the “bubble baby syndrome” is characterized by the inability to fight infections and leads to death if not treated. The baby started the trial when he was six months old and at two-and-a half, he contracted chicken pox and his immune system reacted, resulting into increased white blood cells, a reaction that was expected. However, his bone marrow started to uncontrollably produce white blood cells. It appeared the inserted therapeutic DNA landed in the vicinity of an oncogene called Lmo2 and while the therapeutic DNA was being transcribed during the chicken pox infection, it also caused the transcription of the oncogene Lmo2 located nearby. The expression of the oncogene resulted in the overproduction of white blood cells and caused leukemia. 
One of the major obstacles faced by gene therapy research is the immune response against the introduction of a foreign substance into the human cells. This immune response is undesirable and it might reduce the effectiveness of gene therapy. As discussed earlier, an immune response against the adenovirus carrier used in the OTC clinical trial was believed to be responsible of the final outcome of the trial. As well, the inability to control the locus or the chromosome where a gene will be inserted is troublesome. In the X-SCID clinical trial, the expression of the therapeutic DNA caused the expression of the neighboring oncogene, which led to overproduction of white blood cells.
Another problem is the short-lived nature of gene therapy. The difficulty in incorporating the therapeutic DNA into the human genome coupled with the fact that many cells are rapidly dividing make it hard for gene therapy to have long term effects. Several gene therapy rounds may be required to have long term effects, however, because a secondary immune response is faster and more aggressive than the primary immune response, several gene therapy rounds may not always be good. 
Genetic diseases caused by different mutations in different cells are not good candidates for gene therapy since many different gene therapies in different target cells would be required to treat these diseases.
As well, gene therapy has been tried in somatic cells only, meaning that future generations won’t inherit the inserted gene; only the treated individuals benefit from the therapeutic gene. It’s worth mentioning that with the use of viral carriers, there still is a possibility that the genetically modified virus carrier may mutate once inside the target cell and regain its virulence. 
Pharmacogenomics
The last and most profitable area of genetic applications for pharmaceutical research and development companies is the area of pharmacogenomics. Pharmacogenomics is the study of how an individual’s genetic make up affects the body’s response to drugs. Using results from the Human Genome Project, the idea is to identify genes that are involved in drugs’ response so that specific genetic population groups are paired with specific drugs. However, not all human genes are known yet and there might be more than one gene involved in the body’s drug response. Additionally, other factors such as the environment, age, lifestyle, diet and general health can all affect drug response. Nonetheless, understanding an individual’s genetic make up is believed to be the key to developing personalized drugs with improved efficacy and safety. 
The Cytochrome P450 (CYP) family of liver enzymes are involved in metabolizing more than 30 drugs. Some alleles of the CYP gene code for less effective enzymes or for enzymes that purely can not break down drugs. Current researchers use genetic testing to determine a patient’s CYP allele and this information is used to decide whether or not a specific drug is suitable for the patient and the appropriate dosage. As well, some research companies screen their drugs to find out how they are broken down by different forms of CYP enzymes. 
There are compounds called Thiopurines that are used as chemotherapy drugs to treat a form of childhood leukemia. Thiopurines are broken down by an enzyme called Thiopurine MethylTransferase (TPMT) and some Caucasians possess a defective allele that prevents them from producing an active form of the enzyme. Once this defective allele is detected through genetic testing, doctors closely monitor TPMT activity to decide on an appropriate, non toxic thiopurine dosage. 
Pharmacogenomics saved Herceptin from being discarded since it proved to work only in a small number of patients. This drug is used in breast cancer treatment, and without the progress reached in pharmacogenomics, it would not have been approved by FDA. There is a gene called HER2 that codes for a human epidermal growth factor receptor. In certain women with breast cancer, this gene is over expressed, leading to an aggressive form of cancer that does not respond to most standard chemotherapy drugs. Luckily, Herceptin works by binding to the receptors, hence blocking the receptor function by inhibiting binding of the growth factor. Women suffering from breast cancer are tested for the HER2 gene and about 30% of them have it, making them best candidates for Herceptin. 

There are many more anticipated advantages of pharmacogenomics. Creating drugs based on proteins, enzymes and RNA molecules that are associated with genes targets specific diseases, thus maximizes therapy and lowers chances of side effects. Pharmacogenomics speeds up recovery time and it’s expected to reduce the 100,000 deaths and 2 million hospitalizations that occur every year in the U.S. due to adverse drug reactions. As well, genetic diagnosis will allow people to change other factors, such as their environment or lifestyle that may speed up the occurrence and/or worsen the severity of a genetic disease. Genetic testing of some diseases will permit close monitoring of presympatomatic patients and the treatment of symptomatic patients at the most appropriate stage to maximize therapy. DNA/RNA based vaccines stimulate the immune system without the risk of causing the disease that’s associated with some other vaccines. Healthcare costs are expected to decrease thanks to decreased numbers of failed drug trials, adverse drug reactions, the time it takes for a drug to get approved and the length of time patients are on medication. 
Although it’s clear that pharmacogenomics offers promising results, there are many serious obstacles that have to have to be overcome in order for pharmacogenomics to keep advancing. Not all of the 25,000 human genes are known and there may be more than one gene involved in drug response. To complicate the matter even more, each gene has what we call SNP (Single Nucleotide Polymorphism). SNPs are DNA sequences that differ by one nucleotide only. For example, a SNP of sequence ACTGUU could be ACUGUU. SNPs give rise to different versions of the same gene and are sometimes at the origin of differences observed in drug response among different individuals. So the more genes are involved in drug response, the more SNPs are involved as well. It requires extensive research and tremendous amount of time to gather necessary and relevant genetic information to be used in pharmacogenomics. 
From a financial point of view, some pharmaceutical companies may not be willing to spend millions of dollars in order to develop a drug that will only be used by a small portion of the population. Most research and development companies are far more comfortable with the “one size fits all” approach where a drug is used in all populations regardless of genetics. In cases where only one or two pharmacogenomic drugs are available for the treatment of a specific condition, some genetic population groups whose genetic variations make them unsuitable for either drug may be left with no alternative treatment. Finally, for doctors to be able to properly diagnose and treat patients with pharmacogenomic drugs, they must have a solid grasp of genetics, regardless of their specialty. Further education for healthcare providers may be necessary. 
Conclusion
I would say the main obstacles faced in genetic testing are the uncertainty in interpreting positive results and the fact that the tests are not regulated by the FDA or some of its affiliated agencies. For now, researchers should put less focus on genetic “susceptibility” tests and concentrate more on designing genetic tests for diseases that are unequivocally linked to the presence of a specific mutation. For this kind of tests, there are no ambiguities in result interpretation. Finally, if the genetic tests results are to be used in diagnosis and treatment decisions, they need to be regulated by some kind of government agency to insure their accuracy and reliability. 

We have to recognize that the problems encountered in the Gelsinger and the X-SCID gene therapy trials do not mean that gene therapy is a dead end. In Jesse Gelsinger case, the clinical trial itself had many flaws and its failure was expected. Researchers knew from the beginning that the benefits of the trial in adults with mild OTC were minimal to nonexistent and the Informed Consent Form (ICF) did not fully inform clinical trial participants of the risks involved. The original thought was to carry the trial in infants since babies born with this condition are expected to die within a month. However, because of ethical issues associated with the fact that the babies’ legal representatives, i.e. parents, would have to sign the ICF, it was decided to work with adults who can make an informed decision. Nevertheless, the decision made by Jesse was not informed since the ICF was incomplete. Hopefully, researchers have learnt to comply with ICH GCP and the Declaration of Helsinki that stipulates that human subjects’ well being and benefit should be put first and that the benefits and risks of a trial have to be weighed against each other. 
The results of the X-SCID trial offer scientist a new challenge: how to insert a therapeutic gene in the desired cell, within the desired chromosome and at the desired locus. This should be a new area of research because if it wasn’t for the inability to incorporate a therapeutic gene at the desired location, the results observed in the other trial subjects were good. 

In conclusion, pharmacogenomics is a very exciting field with promising results. However, we need to recognize that we’re still very far and that it will take a lot of time, money and extensive research to get to an era where pharmacogenomic drugs will prevail. All of the 25,000 human genes still have to be discovered, keeping in mind that one gene codes for more than one protein and that genetics is not the only factor influencing an individual drug response. This having been said, I do believe that in time, the “blockbuster” drug will be replaced by pharmacogenomic drugs. After all, even though these drugs are used by a portion of the population, it is estimated that their approval process will cost less and that their usage by this population will be guaranteed, at least for some time. We have to keep in mind that setbacks are expected with any new invention and that with the current “one size fits all” approach, we haven’t been seeing many new drugs on the market. This may be a sign that pharmaceutical research reorientation is necessary!
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