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H. Robert Horvitz:

Well, what a day.  And yet another tough act to follow, Francis.  I want to start by thanking Patrick Kennedy, Steve Hyman and the other organizers and all who’ve been involved for putting together this spectacular and spectacularly important program.  I think all of us here agree that there is an urgent need for advances in the field of neuroscience and I think many of us believe that there is an unprecedented opportunity to make such advances.  In this afternoon’s symposium, we’re going to hear about one area with striking opportunities for neuroscience.  And that is, genetics.  Now Francis has just described some aspects of what this symposium is aptly titled, The Genetic Revolution.  And we will expand on Francis’ comments.  So, let me back up for a moment.  Genetics simply put, is the study of genes.  Genes provide the blueprint for how the brain develops and define the components the brain uses to function.  Remarkably, genes specify a brain that’s not fixed in its capacity, but rather displays enormous flexibility.  Plasticity, as we heard the word earlier today, are the capability of changing structurally and functionally in response to complex and varying environments and experiences.  Variations in genes confer differences amongst individuals and brain development and function as well as differences and susceptibilities to brain disorders.  So understanding the genetic bases of brain development, brain function and brain dysfunction is crucial for developing treatments for brain disorders.  Now, the field of genetics, as I’m sure everybody knows, began really with the discovery of genes by the Austrian monk, Gregor Mendel.  Many years later, fast forward, we have DNA as the genetic material, Watson and Crick with the double helix and in the 1960’s the elucidation of the genetic code and the central dogma of molecular genetics.  DNA makes RNA makes protein.  Now, with this knowledge, genetic studies that were primarily focused on simple laboratory organisms have led us today to an understanding of a vast array of basic biological processes.  The organisms studied include bacteria and their viruses, single cells yeasts such as are used for brewing beer or baking bread, microscopic worms, tiny fruit flies and others.  And one of the major findings of this research, I think, a conclusion that is striking, and to some, I think, was shocking, is something that I refer to as the principle of the universality of genes.  Genes and gene pathways are so similar among superficially distinct organisms that what is learned from studies of yeast, worms, flies, often leads to an understanding of human biology and human disease.  Now, a little bit earlier today, first Story Landis and then Ted Kennedy, tried to convince me to tell you a personal story, a story that’s basically my story of worms, genes, apoptosis, a word Francis used, and human disease.  I’m not giving a talk.  I’m giving an introduction, so I don’t think I have time to tell you that story, but what I will tell you is the conclusion that emerges from that story, my story, and also from the story of many of the scientists in this room and many other scientists around the country and around the world.  And that conclusion simply put is the following.  Basic research is the driver of biomedical knowledge and of medical progress.  Period, full stop. 

Now, back to the specifics of genetics.  Until recently, genetic studies involved single genes or small sets of interacting genes.  Today, however, genetics has, in many cases, evolved into genomics, by which is meant the parallel study of essentially all of the genes and in organisms’ genetic material – its genome.  And what’s made this revolution possible is knowledge obtained from single gene studies combined with new technologies.  Technologies that, in fact in many cases, had been developed using these very simple organisms that I was alluding to.  So today, vast quantities of high resolution genetic data can be generated and, as Francis also alluded to, thanks to advances in the world of computation, analyzed in new ways.  And these are the achievements that have opened the door to today’s genetic revolution.  New technologies are making possible striking advances in the understanding of how, when and where genes act and in how gene dysfunction can either cause a specific disease or cause a pre-disposition to a specific disease.  So in this symposium, we have four speakers who will discuss four aspects of this genetic revolution.  We’ll start with Eric Lander who will describe some of the genomic technologies of the genetic revolution, how these technologies have made possible novel analyses of human genes and their effects on human disease and how this knowledge had impacted therapy.  Mostly, Eric will be talking about disorders that are prominent primarily non-neuroscience, non-brain in nature.  We will then turn to how these technologies are being applied to brain disorders.  Christ Walsh will discuss some brain disorders that are associated with single gene defects and show basically how Mendel got it right for such disorders.  For example, microcephaly in which the brain is abnormally small and the patient has severe cognitive disabilities.  Pamela Sklar will then turn to schizophrenia, a disorder with a major genetic influence, but for which no single gene plays a predominant role and instead, there are complex interactions involving a multiplicity of genes.  And then finally, Catherine Dulac will discuss a mechanism of inheritance that does not involve DNA sequence per se.  and this so-called epigenetic inheritance, she will explain, is important both in normal learning and in mental retardation.  Each speaker will emphasize the opportunities for and an urgency of a major increase in support for neuroscience and each will present, I think, a brief moonshot vision for how investment today in the genetics of the brain might revolutionize our understanding of the brain and our ability to treat brain disorders.  I want to emphasize that there is an enormous amount we do not know echoing again what Francis said earlier.   And in my view, for us to effectively attack the horrible brain disorders that afflict humanity, we need to support first and foremost that basic and collaborative research that will lead us to the next stages of the genetic revolution in brain science.  So with that, let me introduce our first speaker, Dr. Eric Lander.  Eric is the founding director of the Broad Institute at MIT and Harvard, co-chair of President Obama’s Council of Advisors in Science and Technology and on a less significant note, was briefly a  post doc in my laboratory many years ago.  Eric.

[laughter and applause]

Eric Lander:

All right, I’m told we’re supposed to speak from here, but I’ve got to stand up because I’m too excited.  As Bob as said, I am the director of the Broad Institute.  And the Broad Institute is a very unusual sort of organization.  It is a collaborative entity that stretches across all of Harvard, all of MIT and all of the Harvard affiliated hospitals.  It is an example of the sorts of collaborations that people are realizing are now necessary to take on the really important problems in biomedicine.  And as Bob has also said, I co-chair President Obama’s Council of Advisors on Science and Technology and in working for a man who reminded us that “Yes We Can,” I think that is an extremely important lesson for today.  .And so the two themes I want to take are collaboration and Yes We Can when we put our minds to it.  So let me start by stating what should be, but is not usually considered obvious, understanding the basis of a disease is a critical foundation for diagnosis and treatment.  That was actually not the working assumption through most of the 20th Century.  Through most of the 20th Century, we worked by guess work.  Guess work occasionally succeeds, but it’s no way to do business.  To really systematically attack disease, we need to know what is fundamentally at its root.  

Now, we know in, for example, cancer that this is leading to dramatic expansions in therapeutic possibilities.  There are more than $500 new chemical entities being tested in cancer and the vast majority of them, certainly those that anybody has any hope in, are based on molecular understanding of specific defects in specific types of cancer.  Tests that go on with respect to breast cancer and lung cancer drive patient care and drive therapeutic development.  We know outside of cancer the same is true.  Genetic discoveries of the genes that lie at the heart of particular diseases are the driving force in therapeutics.  We know that this has not yet penetrated psychiatric disease, for example.  This is a graph that shows the number of mechanistically distinct drugs available for major depression, for schizophrenia, and for heart disease in 1950 and in the present.  The green bar that shoots all the way up there is heart disease.  The two little puny bars that stay the same for sixty years are depression and schizophrenia.  It shoots up, the green bar because a tremendous amount was learned about mechanism.  

In psychiatric disease, there are great examples of failures where people had hope and drugs failed and it should be said, they had no business to hope because they had no mechanistic basis for the hope.  How do we do better?  How do we understand the basis of disease.  Obama’s already said the universality of genetics.  This universality of genetics takes us back to 1911 when an undergraduate student working at Columbia worked out a way to map the genes that underlie particular traits.  Alfred Sturtevant showed you didn’t have to know what the gene was to find out where it was.  He mapped fruit fly genes in 1911 and it became the tool of geneticists all through the 20th Century.  But, you couldn’t do it in humans until, until about 1980 or so.  The basic notion was kind of straightforward, just like any other Mendelian trait, going back to Gregor Mendel, you could trace the inheritance of a trait in a family, see who was affected or wasn’t affected.  But in order to map what that gene was, you need to have a genetic marker that you could correlate to the inheritance of the trait.  In 1980, David Botstein proposed a very simple but powerful idea.  That, instead of – as in fruit flies – curly wings and funny bristles and things like that that would be used as the markers, simple spelling differences up and down the chromosomes could serve as our genetic markers.  And here in this picture, you could trace the inheritance of, let’s say it’s Huntington’s disease, along with the inheritance of a particular letter at one spot in the human genome.  The C that’s being inherited along with the disease.  And if you saw for enough families that the disease tracked along with the letter C, not just for this family but enough families, you would know that the disease gene and that spelling difference have to be nearby on the 

Eric Lander:

chromosome.  That idea led to the mapping of Huntington’s disease.  That idea led to the mapping of the gene for cystic fibrosis, the chromosome number 7.  It led to the mapping of many other diseases.  Now, of course, nearby is only so good.  In 1985, I remember the day that David Botstein took me into his office, closed the door and whispered, “The gene for cystic fibrosis is on chromosome 7!”  It was really exciting and within a couple of months, there was a genetic marker that was 99% correlated.  Only 1% of the time did it recombine, but 1% meant a million letters.  A million letters took forever in those days.  And folks signed up, including Francis, and they signed up to traverse those million letters and it was a long journey.  It took four or five years.  It took tens of millions of dollars.  It took more than a hundred people working on this, but eventually they got there and it looked like this.  A lot of letters.  But this is not a trivial bit of letters because that little red rectangle there contains a CTT, and those three letters are deleted in the vast majority of patients who have cystic fibrosis.  That’s a cause.  What does this gene do?  Well, you could do diagnostics on those three letters, but you can do even more.  You can toss it into the computer and they did toss it into the computer on their very first paper.  And the computer came back and said, “Oh, that gene you’ve just found looks a lot like other genes that encode proteins that sit in the surface of the cell and transport things.  Congratulations, you’ve probably found the transporter.”  Fantastic.  This notion that we could map things in a systematic fashion and get to the heart of a particular disease was exciting.  And at the same time, it was a little scary because it took five years and tens of millions of dollars and a hundred people working on simply one disease.  This was not workable.  That was the point of the Human Genome Project.  The point of the Human Genome Project was to say if we collaborated together, if we did something bigger than our own individual lab, yes we could make this possible not to need a whole army, but for individual students to be able to carry out projects like this.  It required revising the way we think about how to do science together.  Setting some goals.  That we would build these genetic maps of spelling differences up and down the chromosomes and these pieces of DNA so we could walk along the chromosome in a sequence and have it all available on your iPod, iPad and your gene lists annotated so you know it was there and that all of this would be freely and immediately available to everybody.  It was a different way of doing business.  And it changed the way we did our labs.  We needed to bring in engineers and computer scientists and chemists along with the biologists and the clinical scientists and create things that look like Henry Ford factories because that’s what it took at the time.  And we needed to engage in international collaborations.      

The Human Genome Project was six countries working together, twenty centers around the world.  Large, small, all devoted to one common mission, of getting all those data freely and immediately available.  It produced a rough draft sequence in 2001 and a finished sequence in 2003 and now any biologist who wants to can navigate the human genome and know what nucleotides are there and roughly, pretty good right now, what genes are there.  That’s an example of what we can do by working together.  Now, around the time of the finishing of the human  genome, there was a meeting we had out in California.  Francis remembers it well.  Where we said, yeah, one human genome, that’s great.  But that’s never going to be enough.  

Eric Lander:

We’ve got to do this for thousands and tens of thousands and hundreds of thousands of human genomes.  And we can’t afford to do this.  And at that meeting, there was a discussion of a thousand dollar genome.  Having just finished the four hundred million dollar genome, there was a modicum of chutzpah involved in the discussion of a thousand dollar genome, but it’s happening.  All sorts of new technologies have come along.  Technologies, all different kinds of things that use optics and massively parallel sequencing and all that, and Francis has shown you the version he’s cribbed from our slide at the Broad Institute here.  

[laughter]
We all crib these from each other.  That one I happened to recognize the curb because it exactly is the cost curve for the Broad Institute.  And, in fact, it’s now down to a hundred thousandfold cheaper.  Nothing has dropped this fast in the course of a decade.  What is the impact of a hundred thousandfold cheaper?  Let’s talk about where this is going and where it needs to go.  For understanding the basis of disease, for those simple one gene Mendelian disorders like cystic fibrosis, we’re doing okay.  Back at the beginning of the Human Genome Project, only about 70 had been identified molecularly.  By the time of the finishing of the Human Genome Project, about 1,300, by today about 2,800 or so simple one gene Mendelian disorders.  In our catalogues, there’s only another 1,800 or so that we know of.  So we’re already on the back nine, so to speak.  We’re reaching the point where we’ll have most of those known.  But of course, that’s not enough.  We really need the common disorders.  The heart disease, the diabetes, the stroke, the asthma, the autoimmune diseases and major depression and bipolar disease and schizophrenia and other brain disorders.  These are not single gene disorders.  They’re multi-gene disorders. Well, the time the Human Genome Project started, we kind of only knew one gene that was involved in these multi-gene disorders, the HLA complex.  The time the Human Genome Project was nearing its end, we only knew about two dozen or so.  It was clear we needed other techniques for his.  And so here an idea began floating in the mid 90’s.  Hey look, there’s only a certain amount of common genetic variation in the population.  Only about ten million or twenty million common genetic variations in the whole human population, depending on exactly how you keep score of what’s common.  Why don’t we just find them all, all ten or twenty million of them?  And then let’s correlate which ones are at higher frequency in individuals with schizophrenia or with early heart disease.  The only problem with this of course is, we only knew a couple thousand.  We wanted to get ten or twenty million.  We needed to test them in thousands of people.  Testing tens of millions of things in thousands of people is tens of billions of genotypes, which at the time were done one at a time by graduate students who, on the whole, objected to doing ten billion things.  

[laughter]

And yet, you put one foot in front of the other and, yes we can move ahead in collaboration.  Here’s what happened.  We went from having only a couple thousand variations to within a few years having a million variations to, on this slide, last year, twenty million variations and currently, this is now 2011, about thirty-eight million genetic variations are in the catalog right now.  

Eric Lander:

We went from thinking we had to test them all individually to recognizing that they were locally correlated with each other so you could test the subset and they would proxy for the rest of them.  We went from doing them one at a time, to ten at a time, to a hundred at a time, to a thousand at a time, to a million at a time on DNA chips, to soon, five million at a time.  And what it meant was as those tools became available around 2006, we went from about one measly discovery of a gene involved in common disease each year to 2005, a few, 2006, 2007, today, more than – it’s actually twelve hundred different genetic variants that have been associated with common genetic diseases.  What is it doing for diseases?  For diseases like Crohn’s disease and ulcerative colitis, we know a hundred genes involved in these two diseases and have rewritten the textbooks about them.  They fall into about ten pathways.  Pathways involved in autophagy, how a cell digests itself.  Pathways like innate immunity.  Pathways involving the signaling of the IL23 receptor, whatever that means for those of you who aren’t scientists.  The point is, these things fall into pathways.  They make – people have begun to make mice that have these mutations.  They show the phenotypes and one can begin to do drug development because one has been able to lift the hood and look what’s wrong under the hood.  It isn’t just Crohn’s disease.  Age-related macular degeneration we now know is a disease of the alternative compliment pathway.  Sickle cell.  People knew for decades that with sickle cell anemia, if you could only turn back on the fetal hemoglobin, it would help ameliorate the disease.  But no one knew the control of the fetal hemoglobin system.  But this is revealed in a particular gene.  Cholesterol, early heart attack, new genes have been found that affect that pathway.  Cancer.  The same sort of things are going on.  Not the inherited genes that cause cancer, but the mutations that occur in your own cells during your lifetime that cause cancer.  We went from 12 genes, to 80 genes to 240 genes involving all sorts of discoveries that have led to new drug targets.  The EGFR in lung cancer, the ALK gene in lung cancer, a new gene will come on the market soon directed against the gene called BRAF in skin cancer.  But not only that, we recognized around 2003, 2004 that we were going to need a more systematic attack.  So several of us who served on the advisory board for the National Cancer Institute put together a plan to create a systematic attack.  A cancer genome atlas program.  That was launched about three or four years ago as a pilot project.  It’s now successfully launched as a full scale project.  The world has chimed in behind it.  As an international cancer genome consortium.  And we now see a plan ahead of us where for every important type of cancer, thousands and thousands of cases will be sequenced and analyzed.  I believe we will have, in a five to seven year time frame, a textbook of what is wrong is most types of cancer.  That we’ll provide a road map for how to proceed with therapeutics.  It’s still a long path, but imagine doing the path without it.    

What about the genetics of psychiatric disease?  That’s what we’re here on this panel to discuss.  What about it?  Well, some people say it’s hard.  It might take a lot of patience.  It might, might be a lot of work.  And it’s easy to get discouraged.  If you want to be discouraged, let me show you the early results from the genetics of height.  The first ten thousand patients that were looked at, the number of genes convincingly shown associated with it was zero.  

Eric Lander:

For Crohn’s disease, two.  And yet, as people increase the sample size from 1x to 2x to 3x to 9x to 18x, the number of genes has begun to increase and increase and increase.  More than 180 genes related to height.  Fifty-one here for Crohn’s.  That’s actually out of date.  I know it to be about 71 for Crohn’s here.  Where are we with schizophrenia?  Well, 1, 2, I happen to know that Pam will tell you unpublished results about 6.  Do we have the energy?  Do we have the commitment?  Do we have the funding?  Do we have the collaborative will to go up this curve and lay out the road map for schizophrenia and for bipolar disease?  I certainly hope so.  I certainly hope so.  We’ve seen again and again and again, that when the intellectual ideas are there, the technology is there and the commitment is there, it is time to make comprehensive attacks.  It worked for the Genome Project.  It worked for finding all the common genetic variation.  It’s working in cancer.  It’s worked through the technologies to sequence.  It will work, it can work, it must work for psychiatric disease.  I give you to the panel who really works on psychiatric disease.  I’m merely the setup man for them.  But, it is a remarkable time we are at right now and if we fail, it will not be because the science is not ready.  It will be because we will not have been able to marshall the will, the political will, the financial support to do it.  And I don’t think any of us in the room are prepared to see that happen.  Thanks.

[applause]
H. Robert Horvitz:  

Dr. Christopher Walsh will follow those remarks.  Chris is a professor at the Harvard Medical School.  And investigator at the Howard Hughes Medical Institute and chief of the division of genetics at Children’s Hospital in Boston and he’ll talk to us about the topic, Learning from Mendelian Disorders, Genes and Cognition.  Chris?

Christopher A. Walsh:  

Well thanks very much Bob, and I’d like to thank Patrick Kennedy and the organizers for giving me a chance to speak here today.  And I’d like to thank them not quite as much for having me speak right after Eric, brilliant and breathtaking tour de force about where we’ve been and where we’re going in human genetics.  But I’d like to take the opportunity to extend his comments and tell you a little bit about how these advances in genetics can and have affected families and children with developmental disorders that affect the brain.  So, genetics is all about the story of, is all about the study of families.  And, I guess, my own interest in genetics started by looking at my own Irish Catholic family and seeing how dyslexia segregates in our family and how my brother has it and how he always grew up reversing his letters and we could see the same trait in my uncle and, then later, we saw it in some of my brother’s kids.  And as I went through school, I kept wondering how, how do genes relate then, to these cognitive functions?  How can there be a gene that causes you to write your letters backwards?  And so, that’s one of the biggest challenges, really, in neuroscience, is how do we map genes onto cognition?  We think of our cognitive traits, things like language, things like musical talents, things like scientific ability, how you write your letters and yet, in some sense, as Bob pointed out, the brain is put together as a set of genes that are expressed during embryonic development and those genes then are somehow essential for putting together our brain, the way it is and we know that our brain has tremendous plasticity.  But how come my brother still writes his letters backwards?  And so why are some things plastic and other things not plastic?  

Christopher A. Walsh:  

And, then also, we know that genes are the stuff of evolution.  That basically, over time, genes change in little ways to make our brain different than the brain of other animals.  So, how do changes in genes, then, create differences in cognition and talents and behavior?  And I think that understanding these questions are really at the essence of any sort of moonshot of neuroscience.  It’s really trying to look back at us as humans and ask where did we come from and where are going.  

And finally, a major question that has such important clinical importance is what are the genetic mechanisms of memory?  Why do some kids learn better than others?  And then why does memory fade as we get older?  So, we’ve learned already about Gregor Mendel and the definition of Mendelian disorders and as Eric pointed out, Mendelian disorders typically result from the complete loss of a single gene.  So, as you know we have 46 chromosomes and so for most genes, we have two copies.  We have the regular copy of the gene and a back up copy.  And Mendelian disorders, then, obey these laws of genetics that were worked out more than a century ago by Gregor Mendel.  There are dominant mutations where a mutation in one of the two copies of the gene gives you a disease.  There are recessive mutations where you have to have both of those copies of the gene knocked out in order to get a gene.  And then there are x linked genes that, where the genes are found on the sex chromosomes.  

Now we know that each one dealing in diseases as I point out is typically rare.  Rare is defined, in fact, by the NIH as affecting 200,000 Americans or less.  But that means that, in fact, best calculations suggest that more twenty million American suffer from a rare disease.  And I’m sure that everyone in the room either has someone in their family or someone among their circle of friends who’s touched by a rare disease and so it’s commonly said that a rare disease is only rare until someone in your family has it.  And, so, a lot of research from many different labs has shown that neurodevelopmental disorders are frequently due to these rare mutations, these Mendelian or quasi-Mendelian disorders.  And these Mendelian disorders have been and continue to be tremendously important to tell us, as Eric was talking about, the mechanisms of disease and how can we learn from those mechanisms of developmental disease in order to develop better treatments?  Examples of neurodevelopmental diseases include things like malformations of the brain where the brain is the wrong shape or the wrong size.  For example, microcephaly, where the brain is too small.  And I won’t talk about that other than to say those genes have told us, not only what controls the size of the brain, but they’ve also given us unexpected insight into how our human brain evolves because some of those genes that make your brain too small, if it’s mutated in kids, actually were acted on in subtle ways by evolution to make our brain bigger than the brains of other animals.  

Epilepsy is another important developmental disorder frequently caused by mutations in genes that encode channels that regulate the excitability of neurons.  Intellectual disability, formerly known as mental retardation, is again, a serious developmental disorder.  Autism spectrum disorders, attention deficit/hyperactivity disorder is thought to be a neurodevelopmental disorder, although at this point we know so little about its pathogenesis and mechanism that that’s just a best guess, and other neuropsychiatric 

Christopher A. Walsh:  

disorders as well.  We anticipate we will have a better sense of how they relate to development as we understand more about their mechanism and Pam will tell us more about that.

So many of these neurodevelopmental disorders have a substantial contribution from Mendelian mutations, although they undoubtedly have complex contributions from other genes or complex allele are scattered throughout the genome as Eric eluded to.  So, I’ll just talk – I’ll make a few comments then about intellectual disability and about autism spectrum disorders.  So, intellectual disability is defined by poor cognition, IQ of less than 70.  It affects as many as 2% of all Americans.  It’s very frequently, although not exclusively, genetic.  It is caused by many of these Mendelian conditions.  And there are at least three hundred disorders already identified and there are likely thousands of genes ultimately involved.  Many of these Mendelian disorders are not yet in the catalogs of Mendelian disorders because, in fact, we don’t really grasp their Mendelian nature until we’ve already laid out their genetics.  But what the genes underlying intellectual disability have already told us is that they’ve given us fundamental insights into the mechanisms of memory formation and in some cases have already suggested new unexpected therapies.  Just before I go, I’ll introduce autism.  Autism is a difficult condition to study scientifically because it’s not an x-ray diagnosis or a blood test.  It’s defined by a trio of social defects, including poor social interactions, impaired language and repetitive or stereotyped behaviors and interests.  It’s typically diagnosed at the age 3 or 4 because, of course, kids can’t have delayed language until they’re 3 or 4 years old.  And its epidemiology suggests that it’s become substantially more common in the last few years with a recent study from Korea suggesting it’s prevalence may be as high as more than 1%.  Autism is a frequent fellow traveler with intellectual disability since about half of kids, perhaps more, that have autism spectrum disorders also show intellectual disability and then some kids with autism additionally show regression or seizures.  So both of these conditions seem to share a very similar pathogenesis and the key to both of these disorders appears to lie in the synapse.  And as you’ve already been introduced to the synapses or the point of contact of one neuron with another neuron, they’re the source of communication between neurons and it’s remarkable the extent to which the identification of genes for intellectual disability and to a lesser extent, autism, have pieced out many of the critical players that regulate this process of synaptic plasticity.  This is just a schematic, close up of what a synapse looks like.  And for those who aren’t familiar with this, this is a sort of a schematic movie about how the synaptic plasticity works.  You have activity in one neuron giving rise to activity in a second neuron.  That leads then to electrical activity that transmits the nucleus with the synthesis of a new messenger RNA, in this case shown coming out of the nucleus.  That messenger RNA is translated into the synthesis of new proteins, which is what this little star looking thing looks like.  And then those new proteins are specifically targeted to the active synapses.  And so it strengthens just those synapses that were active when the two neurons were activated in concert.  And then it actually also weakens those synapses in which the – which are less correlated in activity between the pre-synaptic and the post-synaptic neuron.  

Christopher A. Walsh:  

And if this pattern of gene activation in response to neural depolarization does not occur properly, then the connections between these two neurons are not strengthened and become consequently weaker.  And so, we can see then, from the genes that cause intellectual disability and autism, we can see almost every step in this process laid out with a gene that regulates each step of the way.  So this is the use it or lose it theory of synaptic strengthening, that if synapses are not strengthened, they are lost.  And in the intellectual disability and autism spectrum disorders usually disrupt this pathway of synaptic regulation.  For example, you can see in green as the pre-synaptic neuron, in brown you can see the post-synaptic neuron with its dendritic spine.  And mutations in genes that encode many, many steps of this process are associated with intellectual disability or with autism.  There’s one called contactin associated protein, CNTNAP2 and neurexin and neuroligin.  They’re actually encoding proteins that bind the two neurons to one another.  

There are also mutations in channels that regulate the activity of the neurons with respect to one another.  There are then mutations in genes that control the translation of proteins in the post synaptic neuron.  There are mutations in genes like MECPT2 that causes Rett syndrome that actually affect in the nucleus, the pattern of gene transcription and then the synthesis of the proteins that are necessary then to strengthen or weaken specific synapses.  

So, it’s known from many studies that autism is highly genetic, but few children with autism actually receive a specific genetic diagnosis.  We know that it’s highly genetic from twin studies.  If one twin has a diagnosis on the autism spectrum, an identical twin has anywhere from a 60% to a 90% risk of also receiving a diagnosis on the autism spectrum.  And since identical twins are genetically essentially identical, that suggests a very high genetic role.  In contrast, dizygotic or fraternal twins have only – if one is affected, the other twin has only a 10% to 30% risk of being similarly affected.  And so this is very strong prima facie evidence that there is a large genetic component.  And yet, our existing testing, even when systematically applied, only provides a specific genetic diagnosis for about 15% of kids on the autism spectrum.  

Why is that?  For one reason, it’s a poorly kept secret that existing genetic testing is almost never fully explored.  Because there’s a lack of consensus in the medical community on what tests should or should not be sent.  There’s also a lack of insurance coverage for much of specific genetic testing, and so many children who may have a disorder that we’re already familiar with, in fact, are frequently not diagnosed with that disorder because the appropriate tests are not sent.  

The other reason why many kids don’t get a specific genetic diagnosis is because we’re at a relatively early stage in our identification of the genes that cause autism and there are many reasons for this.  But the most important one seems to be a phenomenon called genetic heterogeneity.  And genetic heterogeneity means that many different genes can cause a disease that looks indistinguishable to a doctor.  

Christopher A. Walsh:  

So that many different genes, in the case of intellectual disability, perhaps hundreds, can cause what looks like the same medical illness, but reflects a similar presentation of different genes.  Autism has the additional problem that there are variable clinical phenotypes and so we now tend to think of autism not as a unitary condition, but instead as a large family of conditions, perhaps more properly referred to as the autisms, where there are hundreds potentially of syndromes.  Many of them, in fact, Mendelian in some ways, but that now cannot be distinguished with our existing testing.  

And so this is a big problem and several years ago, many of us here in Boston got together with the help of a local philanthropist who had the vision to try to develop a large collaborative effort analogous to the Broad Institute in genetics, to try to tackle some of the major problems in autism and this is a group called the Autism Consortium and we assemble people from all of the major pediatric hospitals in Boston as well, as you can see, many of the major scientific centers.  Sat down and tried to figure out what are the most important issues we can address.  And one was to try to develop a systematic genetic screen for kids on the autism spectrum.  And the first thing we wanted to look at were phenomenon called copy number variance, which are small deletions of little parts of the genome that we knew from recently published work from Jonathan Sebat and others were an important cause of autism.  And this just shows what a copy number variant looks like schematically.  These are the 21 chromosomes.  And there’s a little segment missing in part of chromosome 14 surrounded by that red circle.  And those sorts of deletions of one or two copies of a set of genes often cause autism.  

And so we started a collaborative effort from all of the pediatric hospitals to screen every single kid that came to any of our hospitals on the autism spectrum with systematic use of chromosome microarray that can identify these copy number variants as well as fragile X testing.  And we tested over eight hundred kids.  We provided careful genetic guidance and more than 20% of the reports were abnormal.  At least 7% of them were kids who were diagnosed with a new genetic condition that had not previously been suspected either by the clinician or by the family.  And this led to the characterization of several new genetic disorders.  In fact, in collaboration with Mark Daly and others at the Broad, there are new disorders described and then there are also disorders that had previously been described that were further characterized.  And this then established a standard of care for diagnosis and this is something we’re now taking to the state and to insurance companies to try to make sure that kids get a standard genetic evaluation.  And to make insurance companies pay for it.  And this important because the other tremendous advance that you may hear about from other people at this forum as well as from me, is that gene specific treatments for Mendelian disease are the future and the future is here.     

For many years, there has been a small number of genetic disorders that were not an irreversible death sentence, but that in fact, are highly treatable with special diets and the best known one is PKU or phenylketonuria.  And we’ve had a metabolism program at Children’s Hospital for almost fifty years treating kids with PKU who would die within a year, if not put on a special diet.  And it’s been so successful, we now have a maternal PKU program because now the patients that are now of child bearing ages want to have healthy children.  And some of our graduates in the PKU program are now lawyers and policemen.  We also have a neurofibromatosis program.  We’ve had that again for forty years and there are now trials in many sites, not just ours, of lovastatin and other drugs, because of specific biochemical studies that have suggested that they’ll be effective in neurofibromatosis.  Tuberous sclerosis, again, there are trials of M2 inhibitors that again, in animal models, show remarkable rescue of the genetic defects.

In 2007, after a conversation with Mark Bear, we started a fragile X program specifically to do clinical trials because his science and other peoples’ science was so exciting about the possibility for new agents, glutamatergic and GABAergic and, in fact, many of these are now in phase two and phase three trials at many drug companies.  And then Rett syndrome, another clinic started in 2007 specifically based on new science from MIT from Mriganka Sur’s lab and now a trial of IGF2 in Retts syndrome is underway.  Now, we know also, though, that intellectual disability and autism, they affect genes are part of pathways.  And like the fact that Lipitor works for everybody with high cholesterol, not just those that have the mutations that led to its discovery, we suspect that some of these new medicines will not necessarily be limited in their utility for just one particular child with a specific genetic diagnosis, but may be generalizable.  

And then finally, the sequencing costs, as you’ve seen, you’ve seen this slide before, once or twice,[laughter]

So, the moonshot here, for neurodevelopmental disorders is simply to apply these new technologies, this whole exome sequence and the whole genome sequence because it’s a truly revolutionary disorder, particularly for Mendelian diseases where just one little letter change in the entire genome is the only thing you have to find to figure out what the major culprit is for that child.  And for the first time, we can systematically evaluate essentially all genetic variation in a patient.  So this goes way beyond the chromosome microarray and published work from other labs and unpublished work from our lab has already uncovered children using these technologies that can be treated with existing therapies.  These are not children that require a new diagnosis to be treated better.  But, in fact, we already have either special diets or existing drugs that could make their life better if we just can match the kids with the right medication.  And the reason they weren’t already diagnosed is because not all the tests were sent or because the presentation of that child is a little unusual for the disease.  Because as Francis’ work illustrates so beautifully with cystic fibrosis, once you identify a gene, you start to realize its tremendous breadth of presentation.  And so, that would be my moonshot.  To basically get this to the kids that need it.  To at least find all the kids that have known disorders and then to quicken the pace of discovery of those unknown disorders.  So I’ll just end there and thank you very much.  
[applause]

H. Robert Horvitz:  

Thank you, Chris.  We’ll hear next from Dr. Pamela Sklar.  Dr. Sklar is the founder of the division of psychiatric genomics at the Mount Sinai School of Medicine.  And she’ll be talking about the topic, Confronting Complexity:  the Genetics of Schizophrenia.  

Pamela Sklar:

Like all the rest of us, I’m very honored to be able to be here.  And certainly hope that in my talk and in future, I’ll be able to assist whatever effort to move forward on this moonshot.  I have to say, in keeping with the theme, that my husband wished me well before I left yesterday and said, “Oh, I noticed at least you’re not speaking right after Eric Lander.”  

[laughter]
So, we’ve heard – sorry my computer does not seem to be responding.  Well, that’s very strange.  Okay, let’s see if this looks better.  Yes, okay.  So, we’ve heard in studying bipolar disorder and schizophrenia and lots of psychiatric disorders, that we are really bedeviled by a series of challenges.  There are no Mendelian families.  Without Mendelian families, we don’t have causal genes that really give us a leg up right into the disease and disease mechanism.  We heard also from Steve Hyman that, you know, the skull and the brain are hard places to get tissues from.  They don’t take a joke particularly lightly.  We have trouble finding adequate animal models for very complicated human behaviors.  And so when this is the problem, genetics is a solution.  And I think that Eric has gone  through that very wonderfully in the beginning, so what I have to do is to just apply this and tell you what the scope is for bipolar disorder and schizophrenia and a little bit about where we are today.  Because we’re really just hopefully on the steep part of the slope.  If there’s anything I manage to do in the course of my talk, I’d like to convince you that schizophrenia and bipolar disorder are really extremely complex.  Very complex genetic disorders.  So, any very simplified explanation, it’s all this, it’s all that, any kind of framing about that is really useless in terms of moving forward.  So, bipolar disorder and schizophrenia are diagnoses that have always been completely based on clinical symptoms.  Like autism, there’s no blood test, there’s no radiological imaging finding, there’s no neuropathological abnormality.  Bipolar disorder is the quintessential mood disorder.  Both of the disorders together are the most common adult psychotic disorders.  Bipolar disorder, as a mood disorder, is characterized by mania and many of the really dangerous and devastating symptoms of both elevated mood and mood swings.  Schizophrenia, on the other hand, is a disorder that’s often characterized – or that’s always characterized by psychosis.  And is typically has – contains both delusions and hallucinations as well as a fair amount of cognitive impairment.  Over the last five or six years, a number of studies presenting data from very large clinical trials that were conducted by the NIMH in thousands of patients on depression, psychosis, bipolar disorder, had uniformly disappointing results.  And the results were in general, depending on, you know, sort of how you interpret them, of the type that most everybody relapses relatively soon.  The newer mechanism medicines are hard to show, have really any advanced efficacy over the older mechanisms.  And so it’s clear that we really need to move forward and begin to try to understand what the mechanisms are for these diseases.  

As it turns out, a happenstance is that at the end of the 1800’s, Emil Kraepelin was the person who first divided these two diseases up into dementia praecox, what we would now call schizophrenia and manic depressive insanity.  And that’s been codified in our diagnostic manuals.  However, we still don’t really know whether this is getting at the underlying basis and the extent to which these two disorders share or do not share genets.  Of course, as was shown earlier on, these are common, chronic and disabling disorders.  
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And I often am surprised when I talk to audiences at the extent to which people don’t realize how common they are.  So, schizophrenia is found on roughly about one million Americans.  Bipolar disorder, probably two or three times that, if you include all of the milder forms.  The economic costs are high.  These are diseases that are found worldwide.  What is also interesting is that there are a number of factors that for an individual, increase your risk, just a small amount, but because they’re relatively common, can be measured across large populations.  Things like being born in the late winter or early spring.  Things like obstetrical complications, lower socioeconomic status and living in an urban environment, as well as advanced paternal age.  But, of course, for any specific individual, the largest predictor of risk is having a close family relative.  And as you heard for autism, the twin studies are really quite analogous, so genetically identical twins are much more likely to both share the disorder than not genetically identical twins.  And, in fact, the risk if you have a relative like a parent or a sibling, a close first degree relative is about tenfold over that in the general population.  This leads us to high heritability estimates.  And a sense that we really ought to be able to use genetic studies to be able to find these diseases.  What’s been very interesting recently and what it says on the bio… side, this familial overlap, is that as we’ve been able as a field to do much larger epidemiological studies, we are being able to see that in schizophrenia families as well – schizophrenia families, that some amount of bipolar disorder is found and vice versa.  So, they don’t breed nearly as true as Emil Kraepelin would have initially had us think.  

So, you heard nicely from both Eric and from Chris about when you know a disease is Mendelian, there’s a very powerful traditional approach for being able to find the genes. And I can tell you unequivocally at this point that there is no single gene that accounts for why most people get schizophrenia.  And the reason I know this is because people have looked very, very hard.  So, and here is a result of a meta analysis of putting together thirty-two studies with over three thousand families.  And what you can see from this study, and it’s displayed in the graphic on the right, is that nothing that they found, and each of those dots represents a piece of the chromosome that they looked at, nothing is above the red line, which is what you would need to have gotten a signal – the signal size that you would have needed to really be able to be sure that there was a gene in that region.  And, in fact, this is such a large study that it had enough power to find the kinds of genes for other complex genetic diseases like Crohn’s disease.  So, what do we do next?  Well, what I did next was move to Boston and started working with Eric Lander and participated to some extent in all of the construction of the information and the technologies and some of the analytic strategies that went into providing the basis for the kinds of studies that, that we’ve applied more recently to schizophrenia and bipolar disorder.  So, just briefly to remind you, a genome wide association study tests variants that we already know about, that are common in population.  What I’ve shown you here are the two favorite forms.  There’s an alphametrics form and a liminal form.  And you now – you test hundreds of thousands of variants in thousands of peoples, or tens of thousands of people.  The first success for schizophrenia using GUS arrays came when they were able to uncover a strong relationship between the kinds of changes that Chris 

Pamela Sklar:

told you about, deletions and duplications in DNA, places where people had lost or gained a particular piece of their DNA.  And this was found in these initial large studies in about 2% or 3% of patients.  What we learned was that they were very large regions, often with many genes, but with very large effects.  Maybe increasing your risk on the order of ten to twentyfold.  We know that there’s a more subtle abnormality in patients and that they have, on average, a bit more DNA missing or duplicated than controls that they’re compared to and that these preferentially fall into series of neurodevelopmentally relevant genes.  And in fact, that these variants can arise de novo.  That is, not be inherited, in a modest proportion of people.  Probably connecting back to some of the earlier observations about advanced paternal age and probably also will be talked about later by Catherine.  

What came as a huge surprise was that the same very large DNA lesions could produce very different diseases. And so here, I’ve just shown you on the left of the slide some of the missing DNA deletions and the extra DNA duplications and, for example, if you look at 1Q21.1, it was identified as associated with an elevated risk of schizophrenia, but it also has been reported in autism and in epilepsy.  This means that we really need to understand the genetic relationship between these diseases because we need to be able to use the genetics to drive re-evaluation on how we think about the patients.  And just like with autism, or actually even more extreme than with the case of autism and early developmental disability, schizophrenia patients are never genetically tested.  And, in fact, these syndromes have implications for basic metabolic work up and neurological functioning that are, at the moment, being completely ignored.  

My group and the International Schizophrenia Consortium then went on to develop a really, a new principle.  Which was that in schizophrenia, it was a disease that also had as part of its makeup, that there were many, if not thousands of common human DNA variants that were involved and that each of them increased the risk in a very modest way.  The statistics behind this were complicated, but the theory is pretty straightforward.  We knew that there were millions, at that point we were talking about ten million common variants in the population, and we wondered if we considered them, many of them as a group in one group of schizophrenia patients, could we use those to predict the difference between schizophrenia and controls in another population?  And it turned out, and you can see from the height of the bars and the very small numbers of the statistical significance, that we could do that really very easily, very reliably and that those same sets of common variants also predicted the difference between bipolar disorder and controls, but not between a whole series of non-psychiatric diseases, like diabetes and heart disease.

The spirit of collaboration has been really critical in doing the kinds of large GUS studies that need to be done.  About four or five years ago, a group of 160 investigators came together kind of spontaneously generated themselves into the psychiatric GWAS Consortium that now contains over sixty-five institutions and is pushing roughly close to 100,000 samples.  
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Our aims were to gather all the world’s GWAS data together so that we would increase our power and do individual studies for the major psychiatric diseases, both individually and then across those diseases.  Those, the primary analyses for that study and the primary data generation, the primary data combination and data analysis has all been completed.  And in the final analysis for schizophrenia, in both their primary samples and the replication sample, there were over 17,000 cases and a larger number of controls.  A similar study of bipolar disorder was able to amass 12,000 cases and also a larger number of controls.  

And now you remember that I showed you the situation with the traditional linkage analysis and that, in fact, there are absolutely no signals that are above the red line.  We have a very different situation here now.  And what I’ve shown you is all the results from the genome wide association study of these over 17,000 patients.  The genome is splayed from left to right from one chrom – the start of chromosome 1 to the end of chromosome 22, each dot represents a marker or an individual place where people varied that was tested and how strong the result are on the Y axis.  And you can now see that there are eight regions that fall above this threshold for statistical significance.  And that, for bipolar disorder, there are now two regions.  The initial results of all of the studies have suggested that there are some very interesting genes.  There are micro RNA’s and micro RNA targets that seem to be evolved and for bipolar disorder, calcium channel signaling and some proteins and axon growth.  

Just to mention one example of how I think it’s critical that we adopt early, but quickly, strong replicated genetic findings comes from the observation that one of the calcium channels, the L type calcium channel, which is a site of calcium channel blockers most frequently used for hypertension is both a strong genetic risk factor for bipolar disorder as well as schizophrenia.  And there is some literature in the past that’s ambiguous about the extent to which these calcium channel blockers are good as an adjunctive treatment for bipolar disorder.  These findings have never been investigated in a genotype aware way and so my group at Mount Sinai as well as my old collaborators at MGH are in the process of starting a proof of concept clinical trial repurposing a more brain penetrant calcium channel blocker.  

The critical finding, though, from these GUS studies and Eric has alluded to it, but I will actually provide a teeny bit of additional information about why we think it’s absolutely relevant here to schizophrenia and bipolar disorder, is that we’re really only seeing the tip of the tip of the iceberg.  So, Eric provided the theoretical reasoning about why digging deeper should be a reasonable way to go for those diseases by showing you with height and Crohn’s disease that it was only when you got to a very large number of samples that you had enough power, we know from our initial replication results that even though we only took small sets into replication, of those, many of them, the vast majority, showed signs that they had signals in the same direction of effect of our original results.  That is something that is extremely unlikely to have happen by chance.  Suggesting that there is much more to be found as we look lower down.  Why is it important?  Eric said it perfectly also.  
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Which is, you need to get to a critical mass before you can understand what the biological pathways are, that are involved.  So, a big effort of my group and lots of other groups at the moment are to apply all of these next, second generation and third generation sequencing technologies to put the DNA of individuals under a microscope, a magnifying glass or a microscope.  Either way would work.  But what is really going to be critical again, is collaborating and coming together.  There are efforts going on in disparate labs around the world and it will take tens of thousands of samples to work this one out.  

What’s the next frontier?  Well, we’re really going to need to integrate data across many dimensions.  Here I’ve shown DNA in red, RNA in blue, protein in green, metabolites in yellow and it’s clear that there’s not a linear pathway between one to the next to the other.  But that there are really complex multi-modal pathways and networks that are formed and that it’s these networks that have interesting and important underlying biological effects.  Studying the interrelationship then, between these sub networks, whether their imprecisely or more precisely known, will be critical both – here you can see across the top of this ring, in a single tissue to know, understand the biological relationships between the various networks, but also, it’s important to look between tissues, and these will be shown shortly in between the rings of the anulus.  For the brain, I think this is especially critical because we do need to understand that the brain is not only the synapses. It also has metabolic activity and a number of pathways and we need to understand the full relationship between both the DNA, at the DNA level as well as functioning at the RNA protein and metabolite level.  

The last thing that I wanted to bring up is that we are really in a uniquely problematic situation in the case of bipolar disorder and schizophrenia.  We think that these may be early developmental abnormalities that occur in the brain and we have absolutely no way to study that until recently.  Now it is possible to take human fibroblast cells as well as other cells and reprogram them.  You’ve heard some about this already and I’m sure you’ll hear more.  But, it’s possible that we can now take cells from patients who have a full genetic complement, including whatever the disease abnormality is, reprogram them and then once they are pluripotent, begin the process of differentiating them.  Hoping to recapitulate what happened in normal neural development to begin to take a look at the way in which these early phases might go awry.  

So, again, I think when I talk moonshot, we should talk cure.  No one ever says this word, but I wanted to be able to be up here and actually say we don’t know that we can’t cure these diseases.  We need improved treatment, early identification and prevention.  What I told you about is that currently there’s a very small percentage of the overall genetic risk that’s identifiable, but we’re poised to move rapidly forward.  More genetic risk factors will equal more hope for understanding the biological mechanism of the disease which means more hope for doing better, more sensible chemical biology and screening technologies which means more hope for new and different therapeutics.  So I think it’s absolutely critical that we have continued aggressive investment in the GWAS and deep sequencing and the bioinformatic integration of these strategies.  
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I also think it’s going to be very critical to have aggressive bio banking or tool creation of tissues from patients who are fully consented, both for phenotypic study, genotypic study and cellular biomarker studies, so that we have adequate resources to actually understand what we’re finding.  And, again, we’ll need to have this kind of genetic and genomic data on tens of thousands of additional individuals.  


And then, just finally my acknowledgements of mostly these work can never be done without large groups of investigators and I want to especially thank the Psychiatric GWAS Consortium and all of its investigators that get short shrift in these kinds of talks, but the fact that hundreds of investigators were in fact able to come together, share their data, often with no funding going back to them for doing this, in the effort of having a whole that was more than the sum of its parts, I think is fabulous.  

[applause] 
H. Robert Horvitz:

Thank you.  And our final speaker of this symposium is Dr. Catherine Dulac.  She is the Higgins professor and chair of the department of molecular and cellular biology at Harvard University and an investigator of the Howard Hughes Medical Institute.  And Dr. Dulac will speak about the Epigenetic Frontier.  Epigenetic, just so we put it in context, refers to, in a sense, beyond, above genetics.  So, it is indeed a future in biology and I think many of us believe, a future in therapeutics for a broad variety of indications including those afflicting the brain.  Catherine?

Catherine Dulac:

Thank you.  Let me first thank the organizer, Pat Kennedy, Steve Hyman and the other large groups of organizer for this absolutely terrific event.  It is indeed extremely fitting that I’m speaking after my three colleague geneticists since the field of epigenetics is highly relying on genetic information and try really to be the integrator of both genetic information and environmental information.  This is a field that is absolutely exploding.  You cannot open any issue of one of the big journal Nature, Science without a number of articles that are devoted to epigenetics.  This is a field that has exploded and gone into very interesting directions in developmental biology in particular, and only more recently, into the study of the brain and the application for the understanding of diseases.  I think the field of epigenetics applied to the brain is absolutely fascinating.  It’s also extraordinarily complex in large part because we really don’t understand exactly how it works.  So, I’m going to try to tell you what is epigenetics, how we think it’s working and what are the applications for the understanding of brain function and the generation of disease.  

So, the definition of epigenetics is very simple.  It’s the alteration in gene expression that are self-perpetuating in the absence of the original signal that caused them and that do not involve changes in DNA sequence.  The change in DNA sequence, that’s genetics.  The other changes, long term change in gene expression are epigenetics.  So what that means is that when a cell has, receive a particular signal or particular activator, then most the signal generate an effect that is relatively transient.  
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And what epigenetic mechanism are trying to do is to build a cellular memory that will have long lasting effect on the cell.  And so, in the context of developmental biology, this cartoon has been proposed that shows how a cell can roll down in the valley, in different valleys and when, if this is a pre-protein precursor, this cell is going to adopt a particular fate, become a muscle cell or nervous cell or something else.  And what you have to imagine is that this mechanism could very well work for neurons and for the brain in general, such that this little ball here would be a brain that would go down this valley, adopt different fates and one of these fates might be a disease.  So why is epigenetics so important for the brain?  Why is this idea of cellular memory so important for the brain?  Well, this is very fitting for brain function because the brain is a learning machine.  It must sustain long term changes in neuronal activity and this is what we call memory.  And brain function is also known to be highly shaped by the early environment.  For example, the sensory experiments we’ve heard about, cortical plasticity and critical period of development, but as well as other environmental factors that could be detrimental.  For example, stress, diet, etc.  Moreover, when neuroscientists have been, started to study the molecular components of memory, they realize that several of these components were actually part of the epigenetic machinery.  And further, a number of mental disorders, and I’ll mention a few later, are associated with epigenetic processes.  

So what’s the difference between genetic and epigenetic inheritance?  We’ve heard about the study of human twins showing a high heritability, but a significant discordance into susceptibility to mental disorder.  So if you look here in green, a monozygotic twin and dizygotic twin, the risk for schizophrenia, as you can see, there’s a high genetic component, high heritability, however, the discordance or the concordance is only 50% which means that if you have an identical twin, identical genome, and your twin has schizophrenia, you only have 50% chance to develop schizophrenia yourself.  And this is thought to come from maybe stochastic event or the effect of the environment.  Again, imagine this brain rolling down those slopes and taking a path that will lead to a disease or not.  And a number of experiments in animals or observation in humans really support the component, epigenetic component in behavioral trait and disease.  

A ah-ha moment for me came from a study by Tom Insel published in 2003 that showed that mouse twins that are thought to have different sets of behavior, that were highly assumed to come from different genomes, actually can be transferred by embryo transfer and cross fostering from animal of one strain into the other.  Suggesting that the early environment has an enormous impact in the development of a whole set of behavioral traits that were entirely thought to be genetics.  Similarly, it has been recognized about a decade ago, that early stress, maternal separation in newborn animals generate high anxiety traits in the adult and Mike Meaney in particular, promoted the idea that the underlying mechanism of this could be epigenetic changes.  These are highly ? results yet, but a lot of people are trying to understand the mechanism of this epigenetic inheritance.  Similarly, early stress is a risk factor for anxiety disorder, depression, schizophrenia, eating disorder in humans, and as I mentioned, some mental retardation or mental disorder have mutation epigenetic machinery, for example, Rett syndrome, 
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Rubenstein-Taybi syndrome, Prader-Willi and Andermann syndrome.  Overall the idea is that epigenetic modification could potentially be therapeutic targets for mental disorders.  

So, what really – how does it work?  What are the mechanisms?  Well, the DNA or the source of genetic information is not left naked in the cell.  It is actually in high order structure, first by rolling around structure, protein structure called nucleosome or histones and then from higher structure called the chromatin and these histone, this chromatin are themselves being modified to translate signals from the environment.  This is a summary of the five different groups of chromatin modification that are thought to be a central component of the epigenetic machinery.  DNA methylation, so the DNA or some basis of the DNA cytosines are directly methylated.  Histone for translation modification.  Histones are the little tail, protein tail is modified by ?, acetylation, methylation. Remodeling complexes, these are a large group of proteins that insert into the chromatin and change the confirmation of the DNA.  This is an example that come from one of my colleague, Nicole Francis, that show how the chromatin here upon interaction with a remodeler called polycom is able to close itself and limit the access of transcriptional regulator.  And then there are histone variants and non-coding RNA, very interesting set of genes thought to be very involved for the epigenetic machinery.  

Now, let me give you two examples of some of these changes and how neuroscientists think that they might be a key part of building memory and may be associated with disease.  So chromatin modification allow gene expression patterns to reflect cellular history.  One this histone modification must be written by a set of enzymes, must be read by a set of transcription factor or readers, and then must be erased by eraser.  All these enzymes have been identified and still are being identified.  Some of them are part of very large complexes and the biology of these complexes is not full understood.  But the idea is that the environment provides signaling to the cell that in turn turns on post-translational modification and enzymatic machinery that then will build this modification along the chromatin and this histone protein really are integrators of all these environmental signal and in turn, will affect gene expression.  So, a key histone modification is thought to involve histone acetylation.  Histone acetylation is generated by an enzyme called histone acetyltransferase and are moved by an eraser called HDAC or histone deacetylasse. Here are a number of examples of these enzymes that have been identified in the brain.  Histone acetylation is typically associated with transcriptional activation.  It is increased by learning paradigm.  Mutation of this histone acetyltransferase activity impairs memory formation and LPT and vice versa, impair HDAC function to the eraser, enhanced memory formation.  It’s quite specific, Li-Huei Tsai beautifully show recently that particular isoform of HDAC, HDAC2 when over-expressed impairs memory, and when deleted, increases memory formation, particularly fear memory formation.  Moreover, Eric Nestler has made similar observation regarding drug abuse and addiction in the nucleus accumbens and so, one very interesting idea is that HDAC inhibitor could enhance memory formation and generate a potential new target to treat age associated cognitive decline, Alzheimer disease, drug addiction, post traumatic stress disorder, anxiety disorder, depression, etc.  But there are many, many issues to solve.  First, the mechanism is not well understood.  They have very broad spectrum of action.  They have many side effect.  Another chromatin change is DNA methylation. This is thought to be an even more stable change associated with transcriptional silencing and it might be involved in the perpetuation of long term memory traces.  In particular, it has been shown to be change in chronic stress, long term synaptic plasticity and depression.  A new marker has been found Hydroxymethylcytosine it’s a new mark that was the topic of four articles in the latest issue of Nature.  And that’s an embryonic stem cell when, in fact, this marker is even more abundently expressing the marker in the brain.  What does it do in the brain?  Nobody really understands.  
Now, there are a lot of issues to solve.  We don’t know how long lasting these marks are.  The drugs that are being used in the brain are not specific.  We, again, don’t really know how it works and the effect are relatively small and short lived.  So a lot of mechanisms has to be worked out.  But the idea is that the chronic and constantly is regulated and become compacted or accessible to transcriptional regulators.  These transcriptional regulator are extremely complex.  They are really a large assemble of molecules, some of them have this epigenetic activities.  One of them, CVP, is mutated in the mental retardation called Rubinstein-Taybi syndrome.  Another component call MECP2 is the gene mutated in Rett syndrome, another mental retardation.  As you can see, these complex actually bring together a lot of enzymes that have this epigenetic activities.  Some of them act directly with their enzyme, enzymatic activity, some of them act by 
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recruiting other molecules.  And the biology, the biochemistry of these complexes in neurons is very poorly understood.

Now, in my lab, we’ve come to an even earlier set of events.  I’ve talked about learning and memory.  What we got interested in are early inferences that start at the level of the gamete, the zygote, and then the embryo.  And that’s the influence of the parental genomic information in a very fascinating phenomenon called genomic imprinting.  So, genomic imprinting is easily defined as the differential expression of the maternal versus the paternal allele of certain genes.  In other words, every cell has two copies of each gene, one coming from mom, one coming from dad and for a number of genes, only the maternal or only the paternal allele is being expressed.  And this has been discovered by a simple experiment in the 80’s where using mouse embryo, scientists had generated zygotes that had a duplication of the maternal or the paternal genome, you see these two maternal or two paternal pronuclei and those are lethal.  So one needs to have a compliment of the maternal and the paternal information for the embryo to develop.  And this is because, indeed, already at the level of the gametes, some genes have specific marks on the maternal or the paternal chromosome that will make them express or not express in the zygote.  Now, there are up to recently about a hundred imprinted genes that were known and imprinted gene as we found, are highly expressed in the developing and the adult brain in very interesting area involving the control of motivation and social behavior.  Areas that are target of a number of mental disorders.  Now, some disease in human affect imprinted genes and they are really interesting to describe.  Two of these syndromes is the Prader-Willi syndrome and Angelman syndrome.  These two syndromes arise from the deletion of exactly the same cluster of genes, but Prader-Willi, the deletion 

is inherited from dad and Angelman the deletion is inherited from mom.  Why is that?  Because the cluster contains genes that are early maternally expressed and early paternally expressed.  So, in Prader-Willi in which the deletion is inherited from dad, none of the blue genes are being expressed, only this one.  And in Angelman syndrome, it’s the opposite.  The deletion is inherited from mom, so only the blue, genes for presenting blue are being expressed.  In Prader-Willi, the infant hyperphagic, show hypersensitivity to pain, frequent crying and tantrum and psychosis.  In Angelman, it’s a completely different phenotype with trusting  personality frequent laughing and autistic feature and more generally, there has been hypothesis on the involvement of imprinted loci in autism and schizophrenia.

Now, I don’t have a lot of time, but I couldn’t resist to show you a slide about the biology of genomic imprinting that has been identified in the mouse.  Because I think it’s just absolutely fascinating and really inspired our work.  So, I mentioned to you, if you try to generate embryos that have a duplication of the paternal or the maternal genome, these embryos do not develop.  But you can make chimers, which is, you can mix these ? nodes and ? nodes with normal Y type cells and these individual, this mouse embryo, chymeric mouse embryo will develop.  And interestingly, this chymeric brain showed different maternal and paternal contribution to brain structures.  And this is work done in the mid 
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90’s by the group in Cambridge, UK.  So this is a normal embryo, mouse embryo.  Now if you inject that with a duplication of the paternal genome, this embryo are a little bit different.  They have a large body and a small brain.  

[laughter]
If you inject first with a duplication of the maternal genome, these embryos have a small body and a large brain.  And if you now follow the fate of these cells in the mature brain, cells with a duplication of the paternal genome go exclusively to the hypothalamus and cells with a duplication of the maternal genome go exclusively to the cortex.  So, this is fascinating because it really demonstrates very clearly that the maternal and paternal genome have different roles in the formation of the brain in the formation of the hypothalamus and the formation of the cortex.  Someone at Harvard said that women could do math and this is a pure demonstration that this is not true.

[laughter & applause]
In any case, this really inspired our work and led us to try to investigate the contribution of the maternal and the paternal genome in the embryonic brain in the adult hypothalamus and the adult cortex.  And the results, I think, are quite fascinating.  We found as many as 553 new imprinted genes in the embryonic brain and relatively fewer in the prefrontal cortex and the preoptic area.  These genes are different that are imprinted in the embryonic brain, prefrontal cortex and in the preoptic area.  And the maternal to paternal contribution to a large extent obey the previous experiment I described to you which is there are twice as many maternal expressed genes in the embryonic brain than paternally expressed genes and in the prefrontal cortex from the otozone, there are many more, twice as many paternally expressed genes that maternally expressed genes in both the adult prefrontal cortex and preoptic area, but the maternal X chromosome in daughter provide an additional maternal contribution to the cortex of the daughters.  

So what this says is that genomic imprinting is a major form of epigenetic regulation in the brain.  It is a very dynamic phenomenon and it has major implications for disease susceptibility because remember, these genes are expressed only from one copy instead of the two parental copies.  Which means that if anything goes wrong with one of the two copies, then the neuron, the cell, the brain are in trouble.  Moreover, this phenomenon is set extremely early, already at the level of the gametes and in the embryo and therefore, could be the target of very early environmental influences.  And even, some people think, of some transgenerational epigenetic inheritance.  

Let me finish by mentioning what I think is the goal for the next decade.  First, a multi-disciplinary effort is absolutely necessary.  The epigenome is not the new genome.  The epigenome relies on the genomic information in the context of a cell history and its environment.  And therefore, it needs to be studied in a defined cell type in the context of a given genome of a given transcriptional profile, a given connectome and using a particular set of behavioral paradigm or disease models.  Moreover, very little of the mechanisms are actually known.  And in order to build potential therapy, potential drugs, one needs to really know how it works.  
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The basic mechanism even in the cells in which this has been identified, simple system, dividing cells, the heritability, the stability of this chromatin modification is not understood.  Moreover, all these epigenetic components are all working with each other.  Different modification enhance each other or oppose each other.  There are also discrepancies between the proposed mechanism in dividing cells and neurons.  So one needs to also address this.  Finally, the drugs that are being used so far have very broad specificity, many side effects and mechanism of action poorly understood and one must need, one needs to use genetic system to really understand the effect of one of these epigenetic modification in one particular gene or a set of genes.  And I thank you, I am particularly grateful to the funding agency has enabled us to do this work.  Thank you.

[applause]
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