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Probing PSychoses
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by COURTNEY HUMPHRIES

NDREW LECLERC KNEW something was wrong when he
heard voices when no one else was around. Some were those
of people he knew, others were unfamiliar, but all had the
authentic mannerisms of real people, not his imagination.
He was in his early twenties, unsure of his direction in life,
and had been taking synthetic marijuana to ease stress
from past traumas. Disturbed by the voices, he sought
help in an emergency room and voluntarily admitted
himself to a psychiatric hospital, not realizing he would
be kept there for six days. He was diagnosed with psy-
chosis, but had little interaction with a therapist. “You
mostly sit around with coloring books,” he says. It
felt like a punishment, when all he wanted was help.
Afterward, he contacted therapists, but many
were booked. An online search led him to a research
study at Beth Israel Deaconess Medical Center in
Boston for people newly diagnosed with psychotic
disorders. In January 2014, he entered a two-year
study that compared two approaches to psychotherapy to help man-
age cognitive impairments and other symptoms. He was also pre-
scribed an antipsychotic medication.
Eventually he was diagnosed with schizophrenia. Now, about
four years later, at 26, LeClerc is learning to live with the condi-
tion. “It’s hard for a person who's diagnosed with schizophrenia
to be told something’s not real when they think it’s real,” he says.
He continues to take antipsychotic medications that help control
his hallucinations and lives in an apartment below his parents in
Middleton, Massachusetts. He’s hoping to start a small business,
putting his love of gardening to work as a landscaper.
But more importantly, he’s learned to make peace with his mind.
He likes to say: “I don't hear voices, I hear my own brain.” When
voices do appear, he recognizes them as a product of an aberrant
auditory cortex, and he thinks about engaging his prefrontal cor-
tex—the decision-making part of the brain—to help him distin-
guish fact from fiction. “I have tools to pull myself back to the mo-
ment,” he says.
Not everyone who struggles with schizophrenia is able to find
such stability. The illness takes many forms; symptoms may in-
clude hallucinations and delusions, lack of motivation, and cogni-
tive problems similar to dementia. It tends to strike in the late teens
and early twenties, robbing young people of their mental stability
just as they're entering adulthood, beginning careers, or pursuing a
college degree. Some improve, while others experience a long men-
tal decline.
“The treatments that we have are useful but not great,” says
I d d . Matcheri Keshavan, Cobb professor of psychiatry at Harvard Medi-
n u n e rSt a n I n g cal School (HMS) and the leader of the study that LeClerc partici-
. . pated in. The medications used to treat schizophrenia are decades
S C h I Z 0 p h re n I a g e n e S h a V e old, and only ameliorate symptoms. Like other psychiatric illnesses,
) schizophrenia has suffered from a lack of investment from pharma-
ceutical companies. Says Keshavan, “We need better medications

o a n a Wf u | | Ot tO S a y .” that really address the underlying cause of this illness.”

But those causes are still mysterious. What scientists do know
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is that schizophrenia tends to run in families. About 70 percent
to 8o percent of a person’s risk of developing the illness, Keshavan
says, can be explained by genetic factors. Recently, there’s been a
surge of effort to capitalize on that fact. Advances in genetics have
made it possible to search not only for clues about schizophrenia
and other psychiatric illnesses hidden within thousands of human
genomes—but also for potential new treatments.

As aresult, there’s been a renaissance in research on schizophre-
nia and other psychiatric disorders, and some cautious optimism.
“It's been possible to make real if still early progress in understand-
ing what genes and molecules influence these illnesses,” says Steven
McCarroll, Flier associate professor of biomedical science and ge-
netics. At Harvard, the leading force is the Stanley Center for Psy-
chiatric Disease Research at the Broad Institute, which is pouring
new funding and resources into amassing data on the genetics of
mental illness.

Filling in an Incomplete Picture

BRINGING the power of genomics to psychiatric disease fulfills a
long-held goal for the Stanley Center’s director, Steven Hyman,
professor of stem cell and regenerative biology. An HMS profes-
sor of psychiatry before becoming head of the National Institute
of Mental Health (NIMH) in 1996, Hyman was frustrated by the
sluggish progress on the science of psychiatric disorders, as re-

Steven Hyman,
director of the
tanley Center for
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search on illnesses like cancer, heart disease, and diabetes marched
ahead. Schizophrenia in particular is challenging to study because
it’s uniquely human. Scientists can study limited aspects of psychi-
atric illness in animals if they can measure an observable behavior,
such as avoiding social interactions or grooming excessively. But
psychosis is a problem of thinking; animals, as far as is known, don't
experience it in any way we can measure. It’s also challenging be-
cause brain tissue is so inaccessible. “We were really hampered,”
Hyman says, “and [, frankly, didn't know all that much more when
I was at NIMH in the late 199os than careful observers knew at the
turn of the twentieth century.”

When he left the position, Hyman was interested in researching
psychiatric disease but didr't see a rigorous path to do so; instead, he
accepted a position as Harvard’s provost—taking what he now refers
to as a “10-year timeout.” During that time, a revolution occurred.
Genetic technologies and vastly expanded computer power opened
new paths for studying the biological basis of complex diseases.

The Broad Institute launched the Stanley Center in 2007 under
inaugural director Edward Scolnick, thanks to an initial $100 mil-
lion in private funding from philanthropists Ted and Vada Stanley,
aiming to bring much-needed innovation to treatments for psychi-
atric disease by harnessing the power of genomics. (The Stanleys
provided another $650 million in 2014, an unprecedented gift for
psychiatric research.) Partly as a result, the center has gathered the
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world’s largest collection of DNA samples for studying not
only psychiatric diseases—including schizophrenia, autism,
ADHD, and bipolar disorder—but also healthy control sub-
jects. The resulting data are freely available to the public.

“The human genome has started to give us a really pow-
erful way into the problem,” Steven McCarroll explains,
“because the key source of scientific leverage that we have is
we know that schizophrenia and other psychiatric illnesses
are heritable—they aggregate in families. Their molecular
secrets are almost certainly hidden in the way our genomes
vary from person to person.”

Much of the research on genetics and disease has focused
on what McCarroll calls “‘genetic sledgehammers—genes
that when mutated would almost certainly make you sick.”
But schizophrenia, like most common diseases, is genetically
complex. The hereditary component of the disease may be a
product of tens to hundreds of “genetic nudges,” variations
that don't cause disease by themselves, but together make
people vulnerable to illness.

Studying genetic nudges requires amassing large num-
bers of DNA samples to achieve the statistical power to find
subtle variations that may contribute to disease, a project
that’s taken enormous collaborative effort by many scien-
tists and institutions around the world. The Psychiatric Ge-
nomics Consortium—the largest scientific collaboration involving
psychiatric disease—formed in 2007 and comprises hundreds of in-
vestigators in 38 countries and nearly a million genetic samples. The
Stanley Center has served as the hub for data sharing, aggregation,
and analysis to further the consortiunr’s discoveries.

One of the key tools for uncovering the genetic basis of disease is
the “genome-wide association study” (GWAS)—a way of quickly
sorting through the common variations in genomes to find those
that are more common in people with a given trait or disease than
in those without. Associate professor of medicine Mark Daly, who
leads the analytic hub of the consortium, says that scientists origi-
nally thought such studies might uncover a handful or two of DNA
variants that could be statistically correlated with schizophrenia.
But rather than identifying a few standouts, the consortium’s
Schizophrenia Working Group found a crowd of genetic associa-
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“We know that schizophrenia and other psychiatric
linesses are heritable-they aggregate in families.
Their molecular secrets are almost certainly hidden in
the way our genomes vary from person to person.”

tions, each contributing just a tiny amount of risk. A landmark paper
published in 2014 in the journal Nature, led by Michael O'Donovan of
Cardiff University, described 108 different locations in the genome
that harbored variants associated with schizophrenia.

GWAS studies can identify only stretches of DNA: like flags on
a zoomed-out map of a city, they provide a neighborhood, not the
exact address. “We know where the variants are, one of which is
likely to be the causal variant, but can’t say for sure which one,” says
assistant professor of medicine Ben Neale, who is developing meth-
ods to analyze genomic data. Another approach is to sift through

Researchers from Harvard and the Broad Institute have grown human
brain organoids, three-dimensional organ models cultured from stem
cells, to study the genetics of psychiatric iliness. This series shows growth
at I, 3, 6, and 9 months, with development of synapses indicated in green.

genomes in finer-grained detail by directly reading each letter of
the DNA sequence. Such work is time-consuming, but it can help
uncover rare genetic differences that are linked to disease, many
of which have a stronger effect than common variants. Work by
the consortium has also analyzed areas of DNA that are deleted or
duplicated, called “copy number variations.” People with schizo-
phrenia tend to have more such variations overall, and the genes
they affect can provide clues to the disease’s origins.

Meanwhile, the Stanley Center and other institutions are working
to collect thousands more DNA samples from people with schizo-
phrenia and other psychiatric disorders, hoping to identify even more
genetic associations of risk. Hyman doesn't see such data-gathering
as an endless project. “We should kill this problem,” he says, “mean-
ing in some reasonable number of years—seven to 10—we should
have proceeded so far in the genetics of schizophrenia, bipolar dis-
orders, autism, perhaps some other disorders, that we’ve reached
diminishing returns in terms of biological
information.”

But so far, the picture is still incomplete.
The vast majority of genetic samples, for in-
stance, come from people of European ances-
try. “From a purely scientific point of view,
it means we’re missing a large proportion of
the world’s genetic diversity,” says Karesten
Koenen, professor of psychiatric epidemiol-
ogy at the Harvard T.H. Chan School of Public Health. Most of that
diversity is in Africa: There is much more diversity in African genomes
than in those of people from other parts of the world.

Koenen is leading an effort through the Stanley Center to launch
genetic research on psychiatric disease in Ethiopia, Uganda, Kenya,
and South Africa. Their researchers are partnering with researchers
and academic and clinical institutions in those countries and will
be gathering DNA samples and clinical information from people
diagnosed with schizophrenia. “We really want to build local ca-
pacity,” she says, and develop sustainable research programs that
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can be led by local scientists and clinicians. The center also plans
to extend the effort to Latin America, beginning in Mexico.

This effort will help fill in the genetic picture of psychiatric ill-
ness, and will also help correct a vast imbalance. Geneticists are

GENETIC RESEARCH may someday bring new treatments and
understanding to psychiatric disease, but clinical researchers
are already using other kinds of information about their pa-
tients to guide their treatment. Cobb professor of psychiatry
Matcheri Keshavan, who is based at Beth Israel Deaconess Medi-
cal Center, says that the variability of schizophrenia is a major
challenge. “No one patient is like any other in terms of how the
disease behaves over time,” he says. Some people have a single
psychotic episode and then recover. Some are able to manage
the condition with medications, and go on to find jobs and start
families. Others experience cognitive decline and are unable to
function in society. What clinicians call schizophrenia, he says,
is “probably a collection of multiple different syndromes, each
of which might have a slightly different causation.”

One challenge to defining the illness s the lack of a “biomark-
er” that can be identified with a blood-draw or an MRI scan.
Keshavan and other researchers are investigating strategies to
use a combination of brain imaging, clinical tests, histories, and
other techniques to stratify patients. Eventually, he hopes, this
clinical effort will begin to connect with the emerging science
of schizophrenia genetics, so that “down the road, we will able
to identify a specific biological [schizophrenia| subtype which
may have a specific causal factor.”

Schizophrenia runs in families, but is not solely a genetic dis-
case. An identical twin of a person with schizophrenia, for in-
stance, has a 50 percent risk of getting the disease, in spite of
sharing all of their risk genes (a fraternal twin, in contrast, has
only about a15 percent risk). Environmental factors that have been
associated with the disease include a history of abuse or neglect,
cannabis use, having an older father, and growing up in a city.

Keshavan has been leading long-term studies on people with
schizophrenia as well as young people at risk for the disease
because of family history and other factors. The goal is to de-
termine whether it’s possible to better predict who might de-
velop schizophrenia, and if so, to intervene early to help with
treatments, including cognitive therapy.

A family history of schizophrenia can be a heavy weight
for individuals like David, a 22-year-old participant in one of
Keshavan's studies. His older sister began to have delusions
about people being in contact with her, and was diagnosed
with schizophrenia several years ago. Knowing his higher risk,
David is careful to manage stress, eat well, and exercise. “I my-
self have had a lot of anxiety issues in the past, and have in turn
put a huge premium on my health and wellness,” he says. His
sister, meanwhile, has been able to hold a job and live a stable
life thanks to medication. But the illness has been difficult for
the family to speak about, he says: “The pain of the experience
and the stigma surrounding mental health are so palpable.”

beginning to use data to classify patients based on their risk of
developing complex diseases, including schizophrenia. But these
risk profiles, Koenen says, lose accuracy when applied to people of
African descent. As this kind of profiling makes its way into medi-
cine, she says, “There’s a risk that if we don't extend this research
to Africa, the health disparity and treatment gap will widen.”

Nibbling at Synapses

WHAT wiLL all this data amount to? There’s a misconception,
McCarroll says, that the goal of this research is to conjure up a
“crystal ball genetic test” that will give people personalized treat-
ments based on their unique portfolio of genes. That’s not the aim.
“Our goal,” he says, “is to understand the core biological processes
in the illnesses, so that innovative treatments can be developed
that can treat anyone.” Scientists hope that the dizzying array of
schizophrenia-related genes will converge onto a few basic pro-
cesses in the brain, once the function of those genes is understood.

But even as scientists have made dramatic leaps in discovering
genetic risk factors of complex diseases, the task of understanding
how those genes work is a different, and slower, task.

McCarroll was lead author of a study making one of the strongest
links between a specific genetic variant and its role in schizophre-
nia. Working with Aswin Sekar (then a graduate student, now a
research fellow), he focused on the most powerful signal of risk in
GWAS studies to date, a stretch of DNA in chromosome 6 that was
known to harbor many genes involved in the immune system. They
focused on one called C4, which has a high degree of variability in
humans: each of its different forms may be present in multiple cop-
ies in one individual. By using both genetic data and postmortem
brain tissue, they found that people with schizophrenia are more
likely to have variants of the C4 gene that lead to higher levels of
one gene product, C44, in brain cells.

C4A is one of several proteins involved in a type of immunity called
the complement pathway, which helps clear damaged cells and harm-
ful microbes from the body. As part of their study, McCarroll and
Sekar collaborated with associate professor of neurology Beth Stevens,
whose previous research with mice clarified an ingenious connection
between the complement pathway and the brain. Scientists know
that as the brain develops, it churns out new cells, which form billions
of connections called synapses. In adolescence and early adulthood,
some of these connections are pared back, a process called synaptic
pruning. In mice, Stevens has found, this pruning is mediated by the
complement pathway, which triggers immune cells called microglia
to attack neural connections: “literally nibbling at synapses.”

Sekar, McCarroll, and Stevens also worked with professor of pedi-
atrics Michael Carroll, who had developed mice with varying copies
of the C4 gene, and showed that too much C4 activity in the animals
can lead to excess pruning. “It’s too much of a good thing,” Stevens
says. Their finding suggests that schizophrenia, in some cases, may be
caused by loss of synapses in adolescence—an especially promising
result because it supports clinical observations: synaptic pruning
coincides with the age when schizophrenia typically emerges, and
brain imaging shows that many people with schizophrenia experi-
ence a thinning of the prefrontal cortex in the early stages of disease.

McCarroll emphasizes that the C4A variation contributes only a
small amount of risk of disease, but may collude with other variants
to tip the brain past a threshold. “There are a lot of genetic findings
that map to synapses,” says Hyman, so some of those other variants
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omedical science
and genetics

may contribute to alarger disruption in how synapses are formed and
maintained. But other processes are likely at work in schizophrenia as
well. Some genetic risk variants relate to a chemical signal in the brain
called glutamate, and others to ion channels, proteins that determine
how electrical signals propagate in brain cells. “There are also oth-
ers,” Hyman adds, “that, frankly, just have us scratching our heads.”

There Is No Playbook

THE WoRrK ON C4 offers an example of how genetics is beginning
to help neuroscience move forward. “It’s opened up a ton of new
directions and strategies for our group,” says Stevens. Across Har-
vard and the Stanley Center, a growing community is launching

Environmental factors that have been associated with the
disease include a history of abuse or neglect, cannabis
use, having an older father, and growing up in a city.

collaborative projects with the goal of taking psychiatric disease
research into new territories.

One priority is developing new models for teasing out the role of
genes in the brain. Scientists have been able to study some behaviors
that relate to mental illness in animals, but there is no animal model
for schizophrenia. Michael Carroll is now working to extend the

C4 study by creating “humanized” mice that carry human C4 genes,
which may make it possible to study their function in a living brain.
Other researchers are trying to develop new ways to study psy-
chiatric disease in humans. Paola Arlotta, professor of stem cell and
regenerative biology, explains that when scientists are able to get
samples of human brain tissue—from patients undergoing surgery,
postmortem donations, or even tissue from fetuses—the cells die
quickly. They can't be propagated and studied in a laboratory, so
“there is no renewable source of the actual endogenous tissue.”

Stem cells have emerged as a way around that problem. Scientists
can now take cells from the skin or hair and transform them into
induced pluripotent stem (iPS) cells that are capable of becoming
other cell types, including brain cells. (At
the Stanley Center, Arlotta and other sci-
entists are exploring how to transform iPS
cells into specific types of brain cells.) The
iPS cells allow scientists to study how cells
derived from a person of one genetic back-
ground differ from those of another person.
Scientists can also use the genome-editing tool CRISPR-Casg to
introduce specific genetic changes and study their effects.

But there’s very little that can be learned about psychiatric dis-
ease from isolated cells: brain activity depends on the constant chat-
ter of many cells that are intricately connected. Arlotta has been
investigating whether neural stem cells can be spun into something
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that behaves more like human brain tissue. So-called organoids—
clusters of millions of cells up to a few millimeters in diameter—
can be formed from growing stem cells in a nutrient-rich solution.
Organoids have already been used to study events that happen in
early development: last year, a team of researchers used them to
study the effects of the Zika virus on developing brains.

But since psychiatric diseases like schizophrenia emerge later in
life, Arlotta wants to make organoids grow larger and live longer,
and to understand whether they can mimic some of the properties
of an older brain. “This is a new tissue we’re making,” she says, “and
so the questions that we want to answer are: can we develop them
for a very long time, can we understand the cellular composition,
can we see if these organoids make actual networks and commu-
nicate with each other?”

To better characterize these cell-based models, Arlotta and her
colleague Kevin Eggan, a fellow professor of stem cell and regen-
erative biology, are collaborating with Mc-
Carroll to apply a technology his lab devel-
oped—DropSeq—that makes it possible
to analyze gene activity in individual cells.
The technology will provide a detailed,
cell-by-cell understanding of what these
models may reveal. In a Nature paper pub-
lished in April, Arlotta’s team demonstrated that it’s possible to
cultivate human brain organoids for nine months or more. Analysis
revealed that the organoids are filled with a diverse mix of brain-cell
types, and that these cells actually form interconnected networks,
suggesting they may begin to function in ways that brains do.

But how much meaningful information about psychiatric disor-
ders can be gleaned by studying individual cells or clusters of ar-
tificial tissue remains unclear. And an even bigger question is how
to use these models to study the effects of genetic nudges. Disease
genetics, typically, has been studied by altering or removing genes,
one at a time, in an animal. Studying a whole suite of subtle genetic
variations in a model system is a completely new idea.

“There is no playbook,” says Hyman. He acknowledges that the
work is risky; many of these projects are possible only because the
Stanley Center’s open-ended funding makes it easier for labs to work
together to pursue new ideas. “We spend many tens of millions of
dollars a year, and we're accountable only at the end of the year to
our scientific advisory board, and we tell them our strategy,” he says.
“It gives us enormous flexibility, but it’s an enormous responsibility.”

A Little Risk in All of Us

SOME SCIENTISTS AND CLINICIANS believe that gathering genetic
data and studying cells is a misguided strategy for alleviating psy-
chiatric illness. They see it as reductionist, and argue that it em-
phasizes the inborn biological origins of illnesses rather than other
factors—like abuse, trauma, drug use, and emotional stress—that
are known to play a role in their development. Hyman answers,
“Genes are not fate, but genes have an awful lot to say.” Genetics
and the environment both undoubtedly contribute to disease, but
both ultimately must act on the brain—and genetics happens to
be a more tractable way to study what’s happening in the brain.
Genetics is already providing insights that could help alter the
way psychiatric disorders are defined. “People have studied dis-
orders with a box around them,” says Elise Robinson, assistant
professor of epidemiology, who has analyzed genetic differences

within and between disorders such as schizophrenia, bipolar dis-
order, depression, and autism, which are usually defined by clini-
cal categories outlined in the Diagnostic and Statistical Manual of Mental
Disorders. But Robinson says the idea of distinct boundaries sepa-
rating these disorders is not necessarily consistent with biology.
Genetically, psychiatric disorders look more like Venn diagrams
with large overlaps. People with schizophrenia share 6o percent to
70 percent of genome-wide variation with those who suffer bipolar
disorder, and about 25 percent with autism.

Similarly, there is no simple dividing line between people who
have a psychiatric illness and those who dor't. “Genetic risk for
schizophrenia is not something you either have or dor't have,” she
says. “There’s a little bit of risk in all of us.” Natural variations in
many different genes, she explains, have been shown to relate to
the way people perform on tests of cognitive or emotional skills.
Schizophrenia may emerge from some combination of factors that

“Genetic risk for schizophrenia is not something you either
have or don’t have.’” The disease may emerge from some
combination of factors that are part of normal variation.

are part of normal variation in the development and functioning of
the human brain. This is true for other complex diseases and many
normal traits, she adds: height, for instance, is largely determined by
genetics, but there’s no single gene—or even handful of genes—that
controls it. It’s a quality that emerges from many genetic inputs.

Robinson believes that scientists could learn more about these
disorders by cutting across diagnostic boxes and studying genetic
variants that are linked to multiple traits and disorders. Only by
understanding how these variants affect the brain can researchers
begin to understand how they contribute both to normal brain
function and to the risk of disease.

Such research could help demystify the experiences of people like
Andrew LeClerc. He haslearned to talk about his schizophrenia as
something he struggles with, not something that defines him. He
describes his condition as a “mental difference.”

LeClerc also appreciates that not all the voices in his head are nega-
tive: he sometimes hears words of encouragement or helpful warn-
ings. As he speaks, his thoughts dorn't always follow the linear paths
of normal conversation, but they can take him into deeper places; he
has a keen understanding of how humans’ brains create their own
realities. He sees an analogy to his condition in the once-expensive
glass pieces he has begun collecting from his local dump. Glass that
seems like trash, he says, can be reused or recycled, so it isn't really
broken. He describes himself the same way: “I'm fragile, not broken.”

It may take decades before genetic research on schizophrenia
yields new treatments for people like LeClerc, but clues about the
biological underpinnings of schizophrenia could help in other ways.
“Patients with psychiatric disorders get blamed for those disorders
in our culture in a way that people with diseases in other organs
dorrt,” says McCarroll. If this research can provide a firmer bio-
logical understanding of what’s happening in the brain, he says, “I
would hope that we could generate more empathy.” v/

Contributing editor Courtney Humphries is a freelance science writer in Boston
and a recent Knight Science Journalism fellow at MIT.
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