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Speed Freaks

The race is on to sequence whole genomes for $1,000, but already

companies are talking about shattering that mark and making scans

no more expensive than routine procedures such as blood and

urine tests.

By Daniel S. Levine

n May 6, 1954, at a track meet in
O Oxford, U.K., Roger Bannister ran a

mile in 3 minutes, 59.4 seconds. At the
time, many had considered running a mile in
under four minutes an impossible feat. Some
viewed it as an insurmountable psychologi-
cal barrier, if not one of physics itself. In fact,
the breaking of the four-minute mile is still
considered among the greatest sports accom-
plishments.

If the sequencing of a whole human genome-
determing an individuals entire genetic code-
for $1,000 were the equivalent of running a
four-minute mile 55 years ago, think of Hugh
Martin as some kid in the early 1950s boasting
that he would soon run a 40-second mile—and
mean it.

The CEO of Menlo Park, California-based
Pacific Biosciences has that jocky kind of syag-
ger, typical of executives who have risen/to the
top in Silicon Valley. A veteran of the telecom
and computer gaming industry,Martin was
recruited by the venture capital firm Mohr
Davidow Ventures to head Pacifi¢’Bioscienc-
es in 2005. The pick wa§& recognition that
so-called third generatiensequencing, new
approaches to sequencing that promise to one
day reduce the time and cost of sequencing
to once unimaginable levels, was as much an
information technology challenge as a bio-
chemical one.

Built upon technology initially developed at
Cornell University, Pacific Biosciences expects
to go to market by the second half of 2010 with
a device that can leave previous sequencing
machines in the dust. The goal is to sequence
3 base pairs-the pairs of molecules that make
up the rungs of the twisted DNA ladder—per
second. With improvements to reagents, the
chemicals used to make possible the reading
of the DNA, the device will eventually be able

to complete 10 base pairs a second. That com-
pares to second-generation machines today
that sequence at the relatively ploddirg rate of
just a base pair per hour, Martin says:
Eventually—about three yearsafterjthe intro-
duction of the first machineSMartin expects
to produce a follow-up devieg that will be able
to sequence a genome 4t.a rate of 50 base pairs
a second and at a cgst of $100. “When you go
to the doctor and the doctor fills out the form
and checks offtbiood; urine, test this, test that,
there ism’t anything on that form that cost more

YVRen you go to the doctor and the doctor
fills out the form and checks off blood, urine,

test this, test that, there isnt anything on that
form that cost more than 150 bucks. If we're

going to have a box that says “sequence,” we
are going to have to get it to the point where

it's in that class of price.

—Hugh Martin, CEO, Pacific Biosciences

than 150 bucks,” says Martin. “If we’re going to
have a box that says ‘sequence, we are going
to have to get it to the point where it’s in that
class of price”

In the genome-sequencing field, it can be dif-
ficult to discern the true merit of a boast. Thank
goodness there may be one way to gauge the
technical and cost accomplishments of various
efforts. It is the Archon X Prize, a $10-million
bounty being offered to the first team to suc-
cessfully sequence 100 genomes (the full set
of genetic material consisting of paired chro-
mosomes, one from each parental set totaling

Pacific Biosciences
CEO Hugh Martin
(seated) with
company founder
and CTO Stephen
Turner surround a
prototype of their
sequencer. The
company expects
its technology in the
next several years to
sequence an entire
human genome for
$100.



It will turn out one of our major costs will be
electricity for running our data center. The{é%
reagents cost is on its way to zero and e

major cost will be electricity.

Clifford Reid, CEO of
Complete Genomics,
is taking a different
approach than his
competitors. Rather
than seeking to sell
instruments and
reagents, Complete
Genomics is pursuing a
service business model.

&

—Clifford Reid@omp/ete Genomics

.
6 billion base pairs days, for less than

$10,000 a gen So%?ar, the prize has gone

unclaimed. , at least seven teams have
registered r it. The prize sets a high bar.
The wi ust also demonstrate accuracy
of no than 1 error in 100,000 base pairs,

with sequences accurately covering at least 98
percent of the genome. The completed results
will need to include all insertions and dele-
tions, all rearrangements, and other technical
requirements aimed at measuring the accu-
racy and completeness of the sequencing. To
date, none of the teams has successfully com-
pleted the task, let alone declared they were
prepared to try.

The notion of the $1,000-genome began to
take shape before the completion of the map-
ping of the first human genome, according
to Jeff Schloss, program director, technolo-
gy development coordination at the National
Human Genome Research Institute. As best as

D

Schloss can tell running through documents at
the institute, the first discussion of the $1,000
genome took place in December 2001 dur-
ing a planning workshop held by the National
Human Genome Research Institute at the Arlie
House in Warrenton, Virginia. There are staff
notes that it had been proposed as a topic for
discussion, but the record is unclear by whom.
The institute, looking at the completion of
human-genome sequencing within reach, had
invited researchers, biopharmaceutical execu-
tives, and others with a stake in the emerging
field of genomics. On the plate was identifying
the problems the emerging science could solve
as well as the tools that would be needed to do
so. The institute at the time set goals for the
next five to eight years.

Schloss admits tgﬁeight years ago, a $1,000

genome was a “c ely audacious” goal. He

estimates th@ost of sequencing the first

human @ the genome itself exclud-
ing ot v§g7§ related to the Human Genome
Projéct—was about $500 million. It took a year.
‘“The idea that one could sequence genomes
uch, much less money than it cost was an
riguing one,” he says. “I'm not sure anyone

<7 believed it could be done. To the extent that

there was a discussion of the realities, people
thought it would take between 10 and 25 years
to get there”

But the goal of the $1,000-genome is not an
arbitrary one. It reflects a reality that the map-
ping of a single human genome wasn't by itself
going to provide the insight into human disease
contained in DNA. To do that requires sequenc-
ing hundreds of genomes from people with a
specific disease and comparing their genomes
to the genomes of healthy people. Sequencing
so many genomes at a cost of $500 million—or
even $100,000 as was the cost a few years ago—
would be economically prohibitive.

That’s why the ability to sequence genomes
for $1,000 a piece, in simple terms, is a game
changer. It promises to allow researchers to
ask questions about biology and medicine in a
completely different way. “Having one, you say
‘okay, this is what a human genome looks like;
says Schloss. “What you really want to be able
to do is look at the genomes of many individu-
als, particularly of people who have a particular
disease, and compare that to people who don’t
have that disease and see what’s different. That’s
what you really want to see. And then you want
to do that for all the major diseases.”

That’s precisely what Complete Genomics
hopes to do. Already, the Mountain View, Cali-



fornia-based company says it is offering whole
genome scans to customers seeking to scan
eight or more genomes at a price of $5,000 a
piece. Unlike its competitors, Complete Genom-
ics’ business model is not to market instruments
and reagents. Instead, it is pursuing a service
model where customers send samples to its
scanning facility and it returns the complet-
ed data. To date, the company has signed up
a dozen customers, but it eventually envisions
having scanning and data facilities throughout
the world. “The key distinguishing characteris-
tic between us and the other guys is scale,” says
Clifford Reid, the company’s CEO. “We’re built
for scaling up. Everything we do is for scale”

The company’s vision is to work with part-
ners, such as countries, research organizations,
or pharmaceutical companies to build sequenc-
ing centers over the next five years. Reid says
he expects to open about 10 of these facili-
ties around the world. Collectively, those 10
sequencing facilities over five years will have
the capacity to sequence about 1 million genom-
es. “The way to think about 1 million genomes
is that’s 1,000 people in each of 1,000 disease
studies,” he says. “That’s all of the important
disease right there. In the next five years, we
can understand the genetic basis of all of the
important human diseases and that’s going to
change medicine.”

Though the sequencing field is advancing
very rapidly, it’s difficult to pinpoint its exact

“amn

tion sequencing technology known as Sanger
sequencing, despite room for improvement,
would never be fast and cheap enough to make
sequencing affordable for broad use. The meth-
od, named for its developer Fred Sanger, uses
the molecular building blocks of DNA and the
enzyme DNA polymerase to clone fragments
of DNA. The cloning of the DNA fragments is
repeatedly halted so that fragments of varying
lengths are cloned. Flourescent markers iden-

This is a young industry. W@g&}?getting going. You are going to attract some
smaller, newer players in%%is is a field that is moving very fast indeed. It is ideally

suited to startups in
commercial infra

progress in part because of the dizzying pace of
change, and in part because people, quite sim-
ply, play fast and loose with the numbers. When
it comes to sequencing costs, some focus on the
cost of the reagents used while others include
labor and amortization of equipment in the cal-
culation. What is often left out of such calcula-
tions is the quality of the end result.

By the time the first human genome was
mapped, improvements to the technolo-
gy shrunk the cost of sequencing from to an
estimated $10 million from $500 million. But
there was wide belief that the first genera-

%’ways, although in the end you are going to need a big
re to cover the world.

—Mark Stevenson, president and COQ, Life Technologies

tify the location of the so-called nucleotides
consisting of adenine, cytosine, guanine, and
thymine. The fragments are sorted by length
and then powerful computers assemble the
data to stitch the information into a complete
genome.

The second-generation technology involves
the use of massively parallel sequencing carry-
ing out thousands or millions of DNA fragments
at once. It uses smaller fragments and has made
sequencing more of a computing challenge. It
has driven the cost down by most estimates to
below $100,000 a genome.

Mark Stevenson,
presidentand COO
of Life Technologies,

is betting the
companyss size and
reach will give it a big
advanage over a new
generation of start-
ups when it comes to
being commercially
successful.



Larry Kedes, senior
advisor to the Archon
X Prize, doesn't think
any current commercial
technology will be able
to grab the $10 million
bounty for sequencing
100 genomes in 10
days for $10,000 or
less per genome. In
fact, he hasn't seen

any technology in
development that he
thinks can yet meet the
stringent requirements
of the prize.

Costs are still falling—and fast. Life Technolo-
gies has said it expected researchers to be able
to scan a genome for less than $10,000 this year
with its current system and thinks its second
generation technology might eventually be able
to reach the $1,000 mark. But it is within the
so-called third-generation sequencing technol-
ogies that the most radical cost breakthroughs
are expected.

o
% n sequenc

~Rather, it’s a range of approaches

ed by various companies. What they
share in common is that they read DNA a sin-
gle molecule at a time. Some argue that Com-
plete Genomics technology in this regard is not
really third generation but instead a souped-up
version of second generation technology. They
argue the company is using a massively paral-
lel approach where cost efficiencies have come
about in part through the company’s ability to
densely pack DNA into arrays and minimize
the amount of reagents needed. But such dis-
tinctions will not be as meaningful as results.
Complete Genomics calls its technology third-
generation because of the efficiencies it says it
has been able to achieve. “It will turn out one of
our major costs will be electricity for running

our data center;” says Complete Genomics Reid.
“The reagents cost is on its way to zero and the
major cost will be electricity.”

Among the technologies being looked at now
is reading single DNA molecules in real-time
as the enzyme polymerase is used to assem-
ble a complimentary strand of DNA, mirror-
ing the natural process of DNA replication that
takes place within the cell. Fluorescent material
bound to the different molecules that make up
DNA, reveal the sequence. Pacific Bioscienc-
es, which calls its technology Single Molecule
Real Time or SMRT, describes its approach as
“eavesdropping” on a single DNA polymerase
molecule as it assembles.

Unlike the truckloads of reagent needed for
second-generation sequencing, this approach
uses one molecule of reagent for each base pair,
the same efficien inside the cell when DNA
is replicated%?g natural processes. Life
Technolo ugh its acquisition of Hous-
ton-ba isiGen at the end of 2008, is pursu-
ing S%’ echnology.

Anothet approach is the so-called “nanopore”

&%i@aology, which is being pursued by com-
i

es such as Oxford Nanopore Technolo-

<7 gies, an Oxford, U.K.-based company backed in

part with an $18-million investment from San
Diego-based Illumina made this January. That
technology also reads DNA a base pair at a time,
but by pushing DNA through a tiny hole formed
in protein. Other companies using the nanop-
ore approach use synthetic instead of protein
nanopores. An enzyme is used to cleave DNA
one base pair at a time and the cleaved base pair
is read as it passes through the nanopore.

But there are still other approaches being
pursued. Some of the teams that have regis-
tered to compete for the Archon X Prize seem
to have technologies that are unique. North
Reading, Massachusetts-based ZS Genetics is
using heavy elements to label DNA molecules
and make them visible to modified transmis-
sion electron microscopes. Reveo, an Elms-
ford, New York-based company, is creating an
electro-optic sequencer using what the com-
pany calls “nano-knife edge” probes to mea-
sure the frequency at which each base of DNA
vibrates when excited by an electrical charge.
It’s a potentially rapid and inexpensive means
of sequencing. Industry observers say it’s like-
ly that multiple technologies will emerge with
strengths and weakness that make them well
suited for one application but not another.

But it is not just a new generation of startups
that are chasing low-cost sequencing. The big



players in the field today are also in the game.
Companies such as Life Technologies, Illu-
mina, Roche’s 454 Life Sciences, and Helicos
have been driving down the cost of their cur-
rent technology and investing in next-genera-
tion technology.

The $1,000-genome will likely be available
sometime in 2011 or 2012, predicts Mark Ste-
venson, president and COO of Carlsbad, Cali-
fornia-based Life Technologies, the company
formed in 2008 through the merger of Invitro-
gen and Applied Biosystems. The first to reach
the goal will surely gain some recognition for
hitting a milestone, he says. But he argues it will
be more important to have a product that can
be integrated into the entire biomedical ecosys-
tem from research centers to electronic health
records used by doctors. Some of the startups in
the field may be successful at developing their
technology, he adds. But it will take much more
than that to be commercially successful.

“This is a young industry,” Stevenson says.
“We’re just getting going. You are going to
attract some smaller, newer players into it. This
is a field that is moving very fast indeed. It is ide-
ally suited to startups in some ways, although in
the end you are going to need a big commercial
infrastructure to cover the world. This is partly
why Invtirogen and AB came together”

Larry Kedes, a senior advisor to the Archon
X Prize for Genomics, the group offering a
$10 million-bounty to the first group that can
sequence 100 genomes in 10 days for $10,00
or less per genome is not surprised that no
has yet claimed the prize. In fact, he @c%
think any of the current commercial technol-
ogies are capable of winning. T,
emeritus of biochemistry and moleey
gy at the University of Southérn'California also
says he doesn’t think th ;%(y of the tech-
nologies in development he’s aware of will
be able to meet the prize requirements for cost,
speed, completeness, and accuracy.

The good news is, the marketplace initially
may not require third-generation technologies
to meet the X Prize goals. Some third-genera-
tion technologists and companies are going to
be satisfied delivering less than the capability
of the prize because they feel the market can
tolerate that depending on the application of
the sequencing and the improvements in cost
and efficiency new technologies may offer ini-
tially. But ultimately, Kedes says what the X
Prize is asking for is essentially what’s needed
for a medical payoff from sequencing. That,
he says, is because there are lots of diseases

\

and disease variants that are j o}zng to
get picked up in less sophisti ans unless
you have that more granﬁﬁ;(é speak, infor-
mation. The whole geriome) rust not only be
just sequenced—but:doneso with a high level
of accuracy an pleteness—to provide an
understandingiég etic variation and what it
means, h ese

“There Ot of very smart people out there
wit] ordinarily exciting technologies that

ave a thicoretical shot at being able to do this,”
edes. “I just don’t think anyone has pub-

éf ed anything yet or revealed anything yet

that says they are even close to accomplishing
the goals of the X Prize”

It is worth noting that when the runner Ban-
nister did break the four-minute mile and set a
new world record, it stood for a mere six weeks.
On June 21, 1954, Australian John Landy best-
ed Bannister’s time by setting a new record of
3:57.9 at an international competition in Fin-
land. Since then, it has become common for top
runners to break the mark.

Though we have yet to see a commercial
whole genome sequenced for $1,000, breaking
that mark may well become routine in a few
years. And while such a goal may have seemed
beyond reach when scientists sequenced the
first human genome, people are now talking
about sequencing genomes for less than $100.
It now seems likely that within a few years,
whole genome sequencing will be affordable to
most researchers who would want access to the
technology. The question will be how quickly
resulting discoveries gets translated into new

understandings of disease and new treatments |,

for patients. [H0Ls

When Roger
Bannister broke the
four-minute mile, his
astounding record
stood for just six
weeks and the mark
is now routinely
n by world class
runners.
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