Q&A WITH GREG LUCIER &
JONATHAN ROTHBERG

erhaps the most exciting frontier in medicine today
is the emerging field of personal genomics: the use
of detailed knowledge about a patient’s individual
genetics as a guide to better prevention and treat-
ment. Much of what makes it possible are the rapid
improvements in the sequencing technologies that
determine the precise arrangement of paired nucle-
otide bases in someone’s DNA that defines his or her genome.
Between 1990 and 2003, the U.S. federal government spent
roughly $3 billion to produce a final draft of the first human ge-
nome (and to amass a wealth of research findings vital to mak-
ing sense of it).

This year, the price for sequencing a genome will fall to just
$1,000 with Life Technologies’ new Ion Proton technology.
Medical policy planners have long considered the $1,000
price tag to be a crucial threshold because it puts the cost of se-
quencing a genome roughly on a par with that of an MRI
scan—which greatly improves the chances that insurers might
reimburse for it.

To get their perspectives on personal genomics, we spoke
with Greg Lucier, the CEO and chairman of Life Technologies,
and Jonathan Rothberg, the CEO of the company'’s sequencing
division, Ion Torrent Systems. This conversation is edited from
several interviews and discussions that took place in the days
surrounding the Digital Health Summit atthe 2012 Consumer
Elecironics Show (CES), where Life Technologies debuted its
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Jonathan Rothberg is the CEO of the
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2 It's interesting that Life Technologies
has chosen to make this momentous an-
nouncement about reaching the $1,000
genome here at the beginning of the CES,
where people would traditionally expect
to find out about new TVs, computers or
appliances —not about cutting-edge bio-
medical technology. What's the signifi-
cance of doing it here and now?

revolutions happened when a tool was
created to make them happen. I think
that’s what this announcement about the
$1,000 genome is today in terms of put-
ting us on the path to genomic medicine.
It allows this to happen in a very fast,
economical way and will bring about a

whole new level of information that
doctors can use to make decisions with
their patients.

The ability to read the molecules in
our body as digital information certainly
falls into this interesting, more general
arena of monitoring the body digitally.
Genomics just takes that to the nth degree,
the next level. Were becoming more and
more engaged in our own wellness, and
electronies is enabling that. We saw many
other applications here at CES today for
physiclogical monitoring, EKGs, and
things of that nature. So it’s a very excit-
ing vector for this CES, and I think you're
going to see it grow quite demonstrably
in the future.

In the past seven years we've learned
more about the origins of disease at a ge-
netic level than we did in the previous 30.
But for genetics to really have an impact
on health, we're going to have to enter
into an era of collaborative medicine in
which patients get sequenced and it be-
comes part of their electronic medical re-
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new Ion Proton sequencer.

~ cord. We'll be tracking patients and look-

ing for correlations between their genes
and their illnesses and how well they re-
sponded to treatments. Other patients
and their doctors will be able to see ano-
nymized forms of that data and benefit
from what it helps to explain. So in this
digital era, I'm very encouraged that col-
laborative medicine driven by genetic in-
formation will lead us even faster to ways
to improve patients’ outcomes.

ROTHBERG: First, I agree with Greg that
this digital genetic information will be
part of your medical record that also con-
tains the digital information from your
CAT scans, your MRIs, pathology re-
ports, and so on. So partly we're here be-
cause your genome sequence is going to
be part of your electronic medical record.

Second, in our sequencing technology.
we leveraged the same CMOS technolo-
gy that enables essentially all the devices
thatyou see on the show floor. You have a
chip in your cell phone that sees light,
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and it’s what allows you to have a camera
in there. We made a chip that saw chem-
istry instead of light! That was the key
“aha!” moment.

We're leveraging that trillion dollar
investment over the past 40 years in
those chips, and the same supply chain,
and of course, the same Moores Law.
That's why it was inevitable that we'd
get the cost for sequencing a whole hu-
man genome in a couple of hours down
to $1,000. And that’s why we selected

Gordon Moore himself [co-founder of

Intel, for whom Moore's Law is named]
to be the first person to be completely se-
quenced with the technology, which we
published in Nature last year.

So, as with Moore's Law in computing,
should we expect to see the cost of sequenc-
ing continue to drop?

- Absolutely. It's something I
h ave to fight constantly, but people keep
saying that DNA sequencing is going
faster than Moore’s Law. That's an illu-
sion. With the switch to new, CMOS-
based methods, weTe just catching up to
what 40 years of accumulated Moore’s
Law has done for progress in electronics.
We estimate that we'll probably be fully

caught up somewhere around 2014, and
then the progress and cost of sequencing,
will progress along with all other costs
that are driven by Moore’s Law.

As you know, one of the concerns of-
ten voiced is that sequencing technology
may start pumping out genomic informa-
tion faster than we know what to do with it.
That we'll be wallowing in sequence data
that we can't interpret intelligently, and
that this will prove counterproductive to
people's health or well being. You seem to
be mare optimistic.

I'm optimistic for two reasons.
One, Life Technologies in particular is
putting a huge amount of work into it.
We have anew effort with Carnegie-Mellon

University to develop better artificial in-
tellicence agents, like Siri [on Apple’s
iPhone] or Watson [IBM’s Jeopardy!
game-playing computer], that would

help a doctor to access and interpret ge-
netic information with more expertise.
The other reason is because the more se-
quencing we do of individuals and the
more we correlate gene sequences with
their medical records, the more we
know. If I sequence one person, 1 don’t
know anything. But if [ sequence
100,000 people with cancer—or with
cardiovascular disease or with autism—
and I have their medical records and I
understand how they respond, I could
know all about complex diseases.
Recently, I raised that same problem
you did to a group of 16 computer scien-
tists at Carnegie-Mellon who contributed
three of the modules to Watson's memory,
and they told me that I shouldn’t worry
about it. They felt reasonably confident

there was enough progress going on in
using unstructured data to apply it to
genomic information and to mine for
relevant answers in pathology reports,
radiology reports, and so on. The tools
could interact with physicians to help
them along the way.

. You've mentioned that in applying our
newfound genomic information to specific
problems, cancer is low-hanging fruit.
What makes cancer so well-suited to be a
target?

Cancer is a disease of the DNA. It
is a bit ironic that we haven’t been read-
ing the DNA until now. But hereue have
a. tool that will help us to se(/ ‘the VET o,
thing that’s causing the diseasgrand in
the future the physician can mateh Wy ..
the specific defects in the DNA with the
right therapeutic to help an individual
patient with a particular malignancy.
One in five cancer drugs is effective
today. That is just not an acceptable rate.
And cancer progresses; time matters.
Having an accurate ability to read the
DINA and to select the right therapeutic
in a timely fashion could make a world of
difference. -
You can't believe the groundswell of
referrals T get, people calling me constant-
Iy: “T have a brother” o

-“T have a cousin,



can you please make the introduction to
this doctor?” It shows you that people are
getting activated. They are becoming
aware. They don’t want just to place their
care in the hands of the doctors and wait
for the doctors to reach an understanding
that may or may not help them. Thats
what has to happen now, quite frankly. I
think were on this irreversible course.
People are starting to understand genet-
ics to a certain degree, and they will learn
more. They will start talking to their doc-
tors and they will expect their doctors to

understand, too, and do something about
their conditions.

=i This kind of personalized genomic
medicine isn't an abstract topic for either
of you, is it?
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ROTHBERG: When my newborn son devel-

oped breathing problems and the doctors
weren't sure whether it was something
genetic, that was the moment-when Tun- -

derstood what personal medicine meant.
[See “The Inside Story of a Sequencing
Chip,” on the facing page.]

LUCIER: Two years ago, T had my own:ge-
nome sequenced and spent-time with
some of Life Technologies’ researchers

going over the results. It turns out-that I

carty a mutation that raises my-risk for an
unusual type of Parkinsons disease.
That's a good thing for me to know and
watch out for as I get older.

‘What was also significant about that,
though, is that my mother happens to
have been suffering from a degeneraftive
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: néu:'o_lggiga.lﬂ'cpx_;dition that had been di-
-agnosed as.multiple:systems atrophy. My

results tipped us off to check her for the
same mutation, which led us to discover
that she has it too, and that her illness is
really Parkinson’s. That didn’t point us to
a cure for her, but it did suggest ways to
improve her treatment.

- My genome also showed that I carry
the BRCAL mutation that increases the
risk of breast.and-ovarian cancer. We don’t
knowyet whether my daughter has inher-
ited it from me, but until we do, I'm going
to urge her to get regular mammograms
as a precaution when she gets older. «

* Ion. Proton Sequencer is for research use only.
Not tntended for human diagnostics purposes
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nventors don't always recall exactly how or when they
had the “eurekal!” moments that led them to their
breakthroughs, Yet Jonathan Rothberg, who created
the system that will enable Life Technologies to
sequence a whole human genome in hours, remembers
precisely. He credits both of the inspirations to his son,
Noah: "The first because he was sick and the other
because he was cynicall” Rothberg says.

“Prior-to his birth, | thought | was on top of the world,"” he
says. Back then, he was the founder and CEO of the company
then called CuraGen, which was mining the -cumulative
information pouring out of the world's genome projects
1o develop new drug candidate compounds. But in 1995,
shortly after his birth, Noah turned blue because of breathing
difficulties and was rushed to intensive care. Doctors were not
sure whether his problem ‘might be genetic. Helpless in the
haspital's waiting room, Rothberg says, “I was not interested in
the human genome as a map for humanity. | really only cared
about my son's genome. That was really the moment when |
understood what personal medicine meant.”

Then Rothberg moticed a photograph of a Pentium
microprocessor on the cover of a magazine in the waiting
roorm. He suddenly made a mental connection to genome
sequencing and realized, he says, "everybody had been doing
it wrong" Big sequencing efforts had always involved scaling
up the number of sequencing machinas involved to increase
output, like hiring more people to work in a factory. But
Rothberg saw that semiconductor technology should make it
possible to execute and monitor many chemical sequencing
operations simultaneously on a chip. After Noah recovered—
his problem turned out not to be genetic—Rothberg developed
those ideas into the technology on which the company 454
Life Sciences was based.

The second pivotal moment was in 2007, when Rothberg
says he was bragging to his sen that he had just read the
genome of the legendary biologist James Watson. Noah's
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unimpressed response was, "Sure would be more lucrative to
read minds.”

The comment made Rothberg realize that an inefficiency in
his sequencing approach was that it relied on chemical processes
that emitted light detectable to a chip to signal the sequencing
results. “What we needed was a chip that could see chemistry
instead of photons” Rothberg says. The semiconductor
devices called ISFETs (ion-sensitive field effect transistors)
invented in 1970 by Piet Bergveld offered & way to do it.

Rothberg's lon Torrent Systems team created an ISFET-
based -sensor chip similar to the light-sensitive one in a
smartphone's camera, except that the surface is an array
of microscopic wells. (in the original chip, 400 wells were
packed into an area
like the cross-section
of a human hair; in
‘the new Proton chip,
the same area holds
up to 10,000 wells)
Each well ;acts like a
. finy beaker with a

pH meter in it. Single-
i strand bits of DNA

from the gename to be

sequenced sit in each

well as a template,
along with the enzymes and other requirements to grow
a complementary matching strand of DNA. During the
sequencing process, solutions containing one DNA base
sequentially wash through the wells. If that base matches
the next open position in the template strand, it attaches to
the growing complementary strand. That chemical process
releases a single hydrogen ion into the well. The ISFET at the
bottom of each well specifically registers that change in pH,
thus revealing the identity of one more base in that well's
template DNA sequence.

“What we neaded
was a chip

that could see
chemistry instead

[ r
of photons

B
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hree years ago, all the people whose DNA had
ever been fully sequenced—all seven of them—
could have fitinthe waiting room of the average
doctor’s office. Today, the best estimates suggest
the number of people with sequenced genomes
is well in excess of 30,000. Three years from
now, the total may be in the tens of millions. And
most of those people will eventually end up in their doctors’
offices, genomes at least figuratively in hand, asking about

what the details of their DNA might mean for their current or
future health.

Genomics, afield that has attained unparalleled prominence
in biclogy research over the past few decades, is fast on its way
now to becoming a routine part of medicine. Rapid advances in
DNA sequencing technology are catalyzing that change. In early
January, Life Technologies stole headlines with the announce-
ment of its new lon Proton Sequencer, a high-throughput device
that is designed to read an entire human genome in two hours
at a projected cost of $1,000—a goal that bictechnologists have
been chasing ever since the completion of the first human ge-
nome sequence a decade ago.

“Before this point, the machines were too big, far too expen-
sive, and took weeks if not months to get the results,” remarks
Greg Lucier, CEO and chairman of Life Technologies. “And
now, literally, this machine is the size of a printer that could be
on your desktop.”

Yet the new simplicity of sequencing is only part of the story.
(Genomics is converging with computing, wireless communica-
tions, sensors, imaging and new medical information technolo-
gies to create a framework for “digital health” that could trans-
form the practice of medicine.

“Each individual is unique: we have our own biology, our
own physiology, our own environment. And the way medicine
is practiced today couldn’t be further from that,” observed Eric
J. Topol, the director of the Scripps Translational Science Insti-
tute, during his opening remarks at the Digital Health Summit
atthe 2012 Consumer Flectronics Show in January. As a vesult,
he says, “We spend over $300 billion a year on drugs in this
country alone. Most of that, believe it or not, is wasted, because
we don’t match up the right drugs at the right dose with the
right patient.”

Topol argues in his new book, The Creative Destruction. of
Medicine: How the Digital Revolution Will Create Better Health
Care (Basic Books, 2012), that genomics and the rest of the new
digital health infrastructure will make it possible to understand
any individual’s health more profoundly and comprehensively
than ever before. Consumers empowered by the new technolo-
gies and unprecedented access to their own medical informa-
tion, he thinks, will transfigure healthcare, with colossal bene-
fits in better outcomes, reduced suffering, and saved costs.

His vision is one that growing numbers of people, inside the
genomics field and out, are coming to share. Jonathan Roth-
berg, the CEO of the lon Torrent division of Life Technologies
and the inventor of its high-throughput sequencing method,
emphasizes that personal genomics is a tool that only becomes
useful in the context of an individual’s full medical history, in-
cluding specialists’ reports, imaging records and other data.
“But here’s where I will be bold,” he says. “I think that this new

addition will be as important to human health as clean water,
antibiotics and imaging.”
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Genﬂtm tests f01 diseases have been around for a long time, so
one might wonder why it’s a big deal that the technology has
advanced enough to sequence all of someone’'s DNA inexpen-
sively in a couple of hours. After all, of the three billion base

“E think that this new addition will be as
mportant to human E*aaahh as clean water,

afp

am{:@n tics and imaging,” Rothberg

pairs in DNA, only about 1.5 percent code for proteins, which is
what most genetic defects seem to affect—so sequencing it all
might seem like overkill. In fact, for several reasons, it is hugely
important.

Most of what one might consider medical genetic tests,
however, do not really look directly at the genes at all. Instead,
they check body chemistry for the presence of proteins or other
metabolites that signal whether certain genes are active.
For example, the phenylketonuria (PKU) test performed on
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newborns looks for a compound in their blood that signals
whether they can make the enzyme that digests the amino
acid phenylalanine. The results of such tests show whether a
gene is working but don’t say much about what's gone wrong if
it ism’t. Genetic sequencing is potentially more accurate and
can reveal precisely what mutation has shut down a gene—
information that might be useful in de-
vising a treatment.

Advances that make whole genome
sequencing faster and affordable do the
same for more targeted sequencing, too.
Sequencing a panel of suspicious genes
can become so easy that physicians stop
needing to send DNA samples to expen-
sive labs: they can do it themselves in the
office with desktop equipment, maybe
even while patients wait. The cost and ease of targeted se-
quencing can therefore potentially plummet.

For example, Life Technologies currently markets a product
based on its $959-chip technology that looks at a targeted panel
of 46 genes involved in tumor growth. In development, the
company says, are ones that would look at a more comprehen-
give set of 400.cancer genes and at about 100 inherited diseas-
es. (These products are currently only for research purposes,
not medical diagnostics.)
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Useful as targeted genetic tests can be, when used for di-
agnostics, they are a bit like searching at night for your keys
nnder a lamppost only because the light is better there. The
tests can confirm a physician’s suspicions about what is wrong
but they don'’t flag unexpected sources of trouble, such as any
other mutations that might be disturbing a patient’s physiology
more subtly.

Whole genome sequencing, however, illuminates every cor-
ner of a patient’s physiology and can suggest new hypotheses if
the obvious causes for a medical condition don’t apply. It also
provides a single unified terminology for deseribing a patient—
a lingua franca of base pairs, if you will—that all medical
specialties can use to share detailed information.

As whole genome sequeneing gets less expensive, it may
eventually become a standard, preferable alternative to target-
ed sequencing or metabolic screening. People sequenced at
birth (or maybe even prenatally) could have all their genetic
information tucked into their medical records for reference
throughout their lives. The interpretation of the genome record
could constantly evolve along with medical science. Patients
and their doctors could use it to tailor prevention measures
that would head off potential medical problems,

And it is here that the genomic medicine movement merges
with Topol’s ideas of a broader digital health reyolution now
brewing—a revolution that intends to liberate all our medical

information from the Bastille and arm us with devices that can
make healthful use of it every day.

Several trends in concert are driving the rise of persenal
genomics and digital health. One is of course the increasingly
molecular focus of modern medicine, in which being able to
characterize a patient’s state of health in terms of genetic infor-
mation serves as a key to its managernent.

Digital health is also a fruit of Moore’s Law, which relent-
lessly makes computing, communications and all other chip-
related technologies faster, cheaper and more compact.
Computing has always been instrumental in genome sequencing
efforts but the development of chip-based
sequencing techniques has enabled personal
genomics to suddenly “leverage 40 years
worth of Moore’s Law,” in Rothberg’s
words—and puts it in a position to ride the ¥ 72,
curve upward hereafter.

The advent of mobile digital technologies
over the past two decades is playing a big
part, too. Mobile technology offers largely
unprecedented opportunities for collecting and distributing
information on the go, so measurements of people’s health
under all conditions can be more complete and continuous than
when medical instruments were anchored in one location.

Another factor might be the modern tendency to look for
health answers outside the traditional medical establishment.
For better or worse—or rather, for better and worse—unsatis-
fied consumers are questioning their physicians’ authority and
looking for help within circles of their peers with relevant
knowledge and experience. “Patients with rare conditions often
understand more about their conditions than their physicians
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do,” says Jesse Dylan, the founder of Lybba, a non-profit that
advocates for open source healthcare. Social media and the

Web are instrumental in establishing those peer-to-peer
connections easily.

If the cause of whole genome sequencing and personalized
medicine needed poster children, they might be the 15-year-old
fraternal twins Alexis and Noah, offspring of Retta and Joseph
Beery of Encinitas, Calif. Joe, who is the chief information offi-
cer of Life Technologies, joined the company in 2008 partly
because the twins’ difficult medical history made him appreci-
ate how much diagnostics needed to improve.

At age two, Alexis and Noah, who had been constantly
nauseated and colicky from birth, were diagnesed from an
MRI as having cerebral palsy. But Alexis’s condition started to
get worse, and she showed symptoms inconsistent with that
diagnosis. “At age five and a half, our daughter started losing
the ability to walk during the day,” Retta recalls,

Retta, who was studving everything she could find that
might contain a clue about what was plaguing her children.
eventually read a magazine article that mentjoned a rare
nervous disorder called a dystonia that mimicked cerebral
palsy and which could be treated with the Parkinson’s disease
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medication L-dopa. Doses of that neurotransmitter immedi-
ately allowed both children to function at a high level, she says.
Then in 2009, a chronic cough that had bothered Alexis for
vears suddenly blossomed into a severe breathing problem.
“We almost lost her on many occasions over a period of about
15 months. We had paramedics in our house. We had taken her
1o the ER. Every other week we were going through this,” Retta
says. “We never knew if she was going to make it through the
night” No one could figure out why Alexis couldn’t breathe,
Retta adds, but her neurclogists were convinced the respirato-
ry problem was unconnected to her motor problems.
Desperate, the Beerys reached cut through Life Technologies
to scientists at the Baylor College of Medicine as part of a research
study to do whole genome sequencing on Alexis and Noah to
see if it could find the root of their problems. The Baylor group
agreed, and eventually identified a single mutation responsible

for both sets of symptoms: one that lowered not only the
children’s L-dopa levels but also those of a second neurotrans-
mitter, serotonin.

Doctors put Alexis on a new medication that restored her
levels of both chemicals. Her breathing returned to normal and
within weeks she was back to participating in school track and
fleld events. (A smaller dose of the same drug also helped
Noah.) “It was all connected,” Retta says. “And the only way we
found that out was through whole genome sequencing.”

Rare inherited disorders are obvious targets for personalized
genomic medicine to go after because of the good that it could
do, as the Beery twins story attests. The condition that many of
the medical genomies innovators are making a prime focus of
their work, however, is far more common: cancer.
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disease—which biomedical researchers

Cancer, after all, is fundamentally a problem of genes gone
wrong, of cells acquiring mutations that make them divide uncon-
trollably and careen harmfully through the body. According to a
report by the President’s Cancer Panel of the National Cancer In-
stitute in 2010, 41 percent of Americans will develop cancer at
some point in their lives and about 21
percent will die of it. Progress againstthe

increasingly view as a highly diverse set of
conditions rather than a monolithic enti-
ty—has been frustratingly mixed and on
the whole disappointing, despite decades
of detailed biological study.

Much of the biomedical establishment
believes the problem with treatment is
that the effectiveness of chemotherapies
varies considerably with the genetic
make-ups of individual patients’ tumors.
Given that a course of chemotherapy can
easily cost tens of thousands if not hun-
dreds of thousands of dollars, even the
financial burden to society of prescribing
inappropriate drugs is heavy—let alone
the cost in needless suffering.

So developing targeted therapies
against cancer has become a high pri-
ority. A shining and-oft-cited proof of
the concept is Novartis's drug Gleevec
(imatinib) for chronic myeloid leukemia,
which very specifically attacks one en-
zyme found in those malignancies but
not in most dividing cells. When used by
patients whose leukemia is caught early on, the drug is nearly
100 percent effective. A number of other targeted therapies,
such as getfitinib for certain lung cancers and trastuzumab for
some breast cancers, have also been developed.

What holds true for Gleevec may apply to most cancer
drugs. Last summer at the annual meeting of the American
Society of Clinical Oncology, Apostolia-Maria Tsimberidou of
the University of Texas M.D.: Anderson Cancer Center presented
the results of the largest study to date on maiching specific
drug therapies to mutations in patients’ tumor cells. She and
her colleagues reported that in patients with unmatched treat-
ments for inoperable or metastatic cancers, the response rate
was only about 5 percent and median shrvival time was nine
months. In patients with matched therapies, the response rate \
soared to 27 percent and they survived on average 13.4 months,
about 50 percent longer.

It's widely suspected.that better genetic guidance would
similarly benefit cancer prevention by identifying people w

€ most at risk for particular malignancies. Mobile devices

‘might then offer timely reminders or other forms of support
that would help individuals keep on the healthy regimens
prescribed for them.

TURNING DATA INTD USEFUL ADVICE
The digital movement is poised to process unprecedented
amounts of health data about unprecedented numbers of
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people. But gathering and moving data around isn’t the goal—
achieving betier health outcomes is.

Anand Iyer, president and COO of the digital health solutions
company WellDoc, points out that many of the monitoring
capabilities. and potential interventions that could improve

$3 hillion

peoples health already exist. “The raw materials are there” he
says. “The problem is, the raw materials.aren’t available where
the patients are, when and how they need it The key challenge
for companies in the digital health space, he says, is to use peo-
ple’s personal information—not just their medical data but
seemingly unrelated facts like their social media preferences—
to create and deliver “bite-size chunks” of “actionable knowl-
edge” at exactly the right moment. “We need to take what we
have and we need to deliver it in new ways,” he says.

Christine Robbins, president and CEQ of Body Media,
agrees. “What action do I take to help change behavior? Because
that’s what we're all trying to do,” she says. Individual users
might want behavioral changes that would help them get fit;
meanwhile, insurance companies want the population to adopt
behaviors that would bring down healthcare premiums.

Smart design will also play a crucial role in making sure digital ..}

health offerings are actionable, says Robert McCray, CEOQ of
the Wireless HealthScience Alliance. Everything, from moni-
toring devices to messaging systems, will need to be inexpensive
and simple to install and use. “No IT degree required,” he jokes.

That kind of simplification or demystification will be especial-
ly important in systems that patients—and their physicians—
will need to make sense of the huge, sprawling complexities
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associated with genomic data and all the biomedical records
associated with it. “Human factors is the biggest issue that we
have, and where there is a big opportunity,” MeCray says. Good
design can inform people without overwhelming them. By
anzlogy, he cites the engine temperature indicator cn a BMW
“aatomobile, which is just a simple red light that doesn't say
what the temperature is. “As long as you trust that red light, or
the amber one that tells you you're getting closer to needing an
oil service, that's all you need,” he says. “As a consumer, you just
-need to trust the application and the source.”

When people act on the basis of highly personalized
data, they may not be doing it alone. People with shared
health problems are banding together more often in online

communities such as ]
PatientsLikeMe - and /
CureTogether to edu_—_\‘
cate themselves and
learn how to manage
their conditions: digi-
tal technology makes
it ever easier to find
fellow sufferers and to
share information.

“We've seen a wave
of people wanting to
take action,” says Rob-

The digital
movement is
poised o process .
unprecedented
amounts of

health data about

' bins, who pins her
unprecedented T o
nUum bers Of cess on its decision to

offer consumer solu-
tions, not just medical
or research products.
The social component
of being able to share
one’s medical data, she
says, brings “a whole new level of accountability” and engage-
ment that can help keep people on track with the health plans
they choose. ot

The rise of personal genomies will be highly significant in|
this evolving conversation, szys Jesse Dylan. “What it's going;
to make passible is for groups of patients to gather together and
actually start to understand the underlying reasons [for thei
illness] in their DINA

people.

DECIPHERING GENOMES
Consumers aren’t the only ones who need to trust and under-
stand the information emerging from genomic studies, howev-
er. The scientists need to understand it first, and the challenge
of interpreting genome data—of making meaningful associa-
tions between specific DNA sequences and particular healith
conditions, amidst all the other genetic and environmental in-
fluences potentially confounding them—has always been tech-
nically and financially daunting. Even if the cost of sequencing
a person’s genome has fallen to $1,000, making medical sense
of 1t still involves an analysis that can cost hundreds of thou-
sands of dollars.

Rothberg, for his part, thinks the interpretation problem
will prove manageable. First, he dismisses the objection “that
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the sky is falling" because the sheer volume of required data
storage will overwhelm data centers. He points out that, in
keeping with past methods, genome sequences have often been
stored as full photographic images of electrophoretic gels,
much as astronomers have saved compilations of images of the
sky. Geneticists, however, should not have to “find the sequence
in the images,” he argues: switching to digital sequencing tech-
nigues and saving the results as just an outputted string of bas-
es would hugely reduce the amount of storage needed.

He adds that it shouldn't be necessary to store a complete
genome for everyone. Any one person’s sequence will differ
from the canonical, reference version of the human genome at —
only about 24,000 sites, and it will probably hold only about /

/
400 differences that seem unique. “That’s not information |

(;Jerluad,” he says.

:Progress on computerized tools that can comb through
databases of genome information and make the important cor-
relations is also coming, he believes, thanks to big attacks on
the problem at Carnegie-Mellon University and other institu-
tions. Furthermore, Rothberg argues that genomic science will
benefit from synergies as the archive of sequenced genomeé
grows: the ability to check genes across an entire population
and to match them with people’s medical histories will make it
easier to discover the genetic roots of specific conditions. |

The catch, of course, is that much more still needs to:be
done to make medical records open and searchable, nat?jﬁst-
within and between institutions but also between different
medical specialties. Jesse Dylan of Lybba thinks that future
research may wantto extend beyond defined medical records—
not just to genome sequences, MRI scans and vaccination
records, but to Facebook status updates and Instagram photos
as well. “We're collecting all sorts of data in all kinds of ways
that have never been imagined before,” Dylan says. “And if they

can’t talk to one another, we won't get the best medicine that
we possibly could”

PAYING FOR PROGRESS

If any thorny issue might derail the movement toward digital
health, it might be the prospect of the expense. One way or the
other, new digital health devices and services need to be paid
for, either by insurers or by consumers directly. “We all want
quality healthcare. But at the end of the day, we have to be
able to afford it all” says Reed V. Tuckson, executive vice
president and chief of medical affairs for the UnitedHealth
Group. “And the cost escalation issues are very daunting and
very challenging.”

He notes that the highly regulated healthcare markets
haver't always reflected individual consumer demand. He ex-
pects considerable pressure to continue to be put on the gate-
keepers of health-related spending to make sure that their
decistons reflect good comparative value.

But Tuckson is encouraged that cost doesn’t have to put a
chokehold on digital health innovation because society can
meet the challenge in more than one way. Payers could be cau-
tious about making sure that new technologies truly have
worthwhile benefits and don't just inflate costs, he says, but
also “because the cost challenges are so great, it provides a fer-
tile medium for innovations to reduce those costs.”
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Many entrepreneurs in digital health are confident that,
whatever the upfront costs might be, their products will end
up sharply reducing medical costs
by improving prevention and better
matching drugs or other therapies to
the specific ills of individual patients.
Genomic information is clearly sup-
posed to play a crucial role in achiev-
ing that goal.

“Employers today in the U.S. can’t
afford double-digit health care cost
increases any longer,” Lucier says. For that reason, he believes
that aside from everyones desire for better treatment out-
comes, natural financial incentives flow from the potential of

“genomic information to cut billions of dollars out of healthcare

costs by better tailoring drug treatments to patients. “Innova-
tion actually leads to lower healthcare costs,” he says.

‘We spend so much money today on people getting thera-
pies for which they are not appropriate. But more importantly,
people are not getting the care that they need and are being
subjected to side effects that they should not have to experi-
ence” Tuckson says. The goal should be to “identify that patient
who is at risk really early and then use new digital, behavioral,
supportive technologies to send a message that, “You really are
at high risk. This is not determined because of a population
model or population-based assumptions. This is your genomics.
And we can tell you what your risks are.”

INVESTING IN THE REVOLUTION

Keeping healthcare affordable is only one of the complex eco-
nomic variables that will determine whether the dream of
genomically informed, personalized medicine materializes.
Another is that neither the science nor the technology of per-
sonal genomices is yet so settled that most businesses can easily
start offering services in the area. Much as U.S. federal invest-
ment into molecular biology research during the 1960s and

W
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investment... will be crucial for speeding
personalized medicine into reality.

"70s paved the way for the later biotech boom, further robust
government investment—by the U.S. and other nations—into
genomics, bioinformatics, and related areas will be crucial for
speeding personalized medicine into reality.

As Margaret A. Hamburg and Francis S. Collins noted in
their 2010 article “The Path to Personalized Medicine” in The
New England Journal of Medicine: “When the federal govern-
ment created the national highway system, it did not tell people
where to drive—it built the roads and set the standards for
safety. Those investments supported a revolution in transpor-
tation, commerce, and personal mobility. We are now building
a national highway system for personalized medicine, with
substantial investments in infrastructure and standards.”

Therapeutics emerging from personalized medicine also
may face severe obstacles. In theory, personal genomics could
someday make it possible to prescribe a course of treatment
perfectly optimized for a single patient. But as the target popu-
lation for a treatment shrinks, finding appropriate ways to test
its safety and efficacy gets harder and more expensive, too.
Therapies that might be extremely effective for relatively few
patients might risk getting caught in a regulatory limbo imped-
ing their use outside of research settings. Insurers, too, might *

balk at seemingly thin evidence that a personalized treatment
is worthwhile.

Further robust government

Meanwhile, the pharmaceutical industry has largely been
built on a model of developing drugs that work well for large
patient populations. If it costs roughly a billion dollars to bring
a new drug to market, companies may deem it impractical to
turn certain genomic discoveries into drugs. It’s entirely possi-
ble, of course, that genomics research may help to lower those
development costs, in part by identifying subgroups of patients
who would strongly benefit from drug compounds that failed
for the general population. Nevertheless, personal genomics
could conceivably suggést a vast new number of “orphan
drugs” that no one is prepared to develop for the sake of too
few patients. Government support might therefore become
important in helping to bring some of these potential treat-
ments o fruition.

Notwithstanding these hurdles, however, the confluence of
social, economic and technological factors favoring the emergence
of personal genomics as an important part of how people will
manage their health—with and without the directinvolvement
of traditional medical gatekeepers—seems all but irresistible.
As Topol summamzed the situation in The Creative Destruction
aof Medicine, “The foundation for genomic medicine has been
| laid. The revolution is ongoing: even though it has taken longer
than initially projected, we are moving irrevocably forward in
the second postsequence decade. Routine molecular biologic
digitization of humankind is just around the corner.” -
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