1978, Ry Cooder recorded an album
ed Bop till you drop entirely in a new
format. It was the first popular music
to forego the conventional analog
t, and within a couple of years more
jans began to see the value of digital,
has now replaced analog altogether.
lecular biology’s equivalent of
er’s Bop till you drop just might be
| PCR. This technique’s aim is absolute
titation of molecules in a sample by
ing them directly, as opposed to infer-
he amount of starting material from
plified product, which conventional
does. The quantitation in digital PCR
ieved by diluting the starting sample
t there is at most only one molecule in
well, After amplification, the number
lls containing the product is counted
ermine the number of molecules in
arting sample.

h digital approaches, you can even
y add up sequence tags from a number
periments the lab does or another lab
nd you can directly compare results
though they are not part of the same
iment,” explains Bert Vogelstein of
 Hopkins University. But this technol-
still in its infancy, “just like ‘digital’
ecently in music, so there are some
ems that need to be worked out,” says
stein.

ecent years, both conventional and dig-
CR methods have found use in single-
d single-molecule genetic analysis. As
ists and companies refine conventional
time PCR methods to perform semi-
titative analysis of RNA transcripts from
e cells, digital methods are also plowing
ard, providing quantitative transcription
ing and serving as the basis for several
generation sequencing systems.

will PCR leave its analog roots and go
pletely digital? Or will digital be noth-
ore than a ‘fad’ in the genetics world?

full legal

R’s next frontier

_the workhorse of modern molecular biology—is charging forward using both conventional and
al methods to explore single cells and even single molecules. Nathan Blow reports.
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Box 1: The numbers game

Fluidigm offers several array-based solutions for conventional and digital PCR. (Image courtesy of

Fluidigm.)

The answers to these questions just might lie
in the experiences of developers advancing
conventional and digital PCR.

The single life

Real-time PCR uses either fluorescence-
based probes or dyes to detect amplified
products. Fluorescence-based probes—such
as molecular beacons, TagMan probes and
Scorpion probes—generally have a fluores-
cent reporter dye on one side and a quench-
er on the other. During amplification these
probes either decouple or change confor-
mation, emitting fluorescence that can be
directly measured.

Dyes such as SYBR Green bind double-
stranded DNA and emit Jight upon excita-
tion. During PCR fluorescence increases
as the amplification products accumulate.
With SYBR Green there is no probe that
has to be synthesized, but'the use of a dye
lacks the sequence-specificity of probe-

based methods as any generated product,
or primer-dimer, will fluoresce.

Invitrogen now supplies an improved
version of their SYBR Green dye, called
SYBR GreenER, which may eliminate some
background fluorescence problems asso-
ciated with the old formulation. Sandrine
Javorschi-Miller, program manager of gene
regulation at Invitrogen claims that the new
enzyme formulation in SYBR GreenER
helps reduce the risk of primer-dimer for-
mation at the beginning of the reaction
because at room temperature the enzyme
has no residual activity, and the new dye
causes less PCR inhibition. “People tend to
think it is the dye or the enzyme, but really
itis a combination of both,” says Javorschi-
Miller when discussing the effectiveness of
SYBR GreenER.

One of the most challenging problems

“real-time PCR has faced in recent years is

the difficulty of working with very small
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amounts of template or even DNA from
single cells. “If you are looking at a single-
copy gene in a single cell it gets very difficult
to detect it nicely,” says Javorschi-Miller.

Although amplification of DNA from sin-

gle cells using whole-genome amplification
approaches has proven helpful, this has not
solved the entire problem as these methods
can cause amplification bias (see Box 1).

LATE-PCR arrives in time
Larry Wangh of Brandeis University got
interested in single-cell PCR analysis through
his work in a genetic counseling program.
“During teaching I realized that pre-implan-
tation genetic diagnosis could be used as an
alternative to prenatal diagnosis, which some-
times causes couples quite a complicated deci-
sion-making process,” says Wangh.
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This interest in-genetic diagnosis
work with single cells from human e
led Wangh to develop linear-afte
exponential (LATE)-PCR!, wh;
describes as an improved form of 4
metric PCR. The problem with asy
ric PCR, which requires dilution
of the two primers to make it a |
primer, is that the decrease in the
ing temperature of that 1imithg pri
upon dilution makes it less emcmn
the reaction. To remedy this situatig
annealing temperature of the reactig
to be decreased, increasing the probj
ity of mispriming, says Wangh. By siy
increasing the melting temperature of
limiting primer, Wangh found that
problem could be overcome and spec
ity increased.




angh and his colleagues have since gone
demonstrate the usefulness of LATE-
{in amplifying DNA from single cells.
rinig the development of LATE-PCR, they
serentipitously identified a new class
olecules that increase PCR amplifica-
specificity from single cells. “We were
gamolecule and put it into the reac-
and suddenly the reaction got crisper,”

lls Wangh. Called PrimeSafe and now
keted by Smiths Detection, these small
olecules improve PCR specificity by
iting polymerases in a temperature-
pendent manner. At lower temperatures
molecules inhibit polymerase activity,
thigher temperatures the inhibition is

: the uncertainty principle
~amplification at the single-cell level
mg conventional methods is even more
plicated than DNA amplification
use amounts of mRNA transcripts vary
ly between cells. “Basically it is possible
antitate levels of mRNA in cells using
ntly available methods; however, there
roblem of uncertainty,” says Sanjay
i from Public Health Research Institute
er. “PCR is an amplification process
when you have very low numbers of
ou get stochastic fluctuations from
g so few molecules,” says Tyagi.

er factors, such as the use of reverse
scriptase to convert mRNA to ¢cDNA,
h Tyagi says can be as low as 30% effec-
exacerbate the problem. Companies
been trying to solve this reverse tran-
ion problem by using enzymes such as
rscriptlll from Invitrogen, which is a
nt enzyme with reduced the RNase H
ty to make reverse transcription more
ent,

addition to these fluctuations in the
ification process, there are fluctua-
gene expression, an area that Tyagi’s
a5 been studying in detail. He recently
nstrated that for some genes, the vari-
1 in mRNA production can be quite
L. “We found that there was massive
tion—most cells produced nothing
ome produced a lot of RNA—and that
NA was being transcribed in bursts,”
ns Tyagi. The question of the biologi-
Wportance of the variation and even
ount of variation is wide open. “We
ow the full scope of RNA variation
Is” says Tyagi, “but if the variation was
eve] that we have described, things
n’t function properly.”

AAQ78B01
AAV/E

A brave new digital world

Digital PCR, first described in 1997 by Olga
Kalinina and colleagues, requires diluting
samples of molecules over an entire multiwell
plate with the goal of having either a single
molecule or no molecules in each well. PCR
can then be performed and probes added to
each well, detecting if amplification occurred
or not—a very simple plus or minus result.

e  EEATIIDE |
TECHNOLOGY FEATURE |

Tyagibelieves that digital PCR actually has
dual benefits. He points to the fact that at
limiting dilutions not only do the target mol-
ecules end up in different wells, the unrelated
DNA molecules that generate false amplicons
are also segregated. In this way it is possible to
increase the number of cycles during digital
PCR, increasing the likelihood of amplifica-
tion of a molecule if it is in a well. -

In the late 1920s, a Ph.D. named Barbara McClintock wondered how
chromosomes in maize change during reproduction. That simple question
launched her groundbreaking work in cytogenetics, leading to discoveries that
helped redefine our understanding of how genes work.

Over a career spanning decades, Dr. McClintock produced breakthrough
science that revealed many fundamental genetic mechanisms—including how
chromosomes express or repress genetic information. In 1983, McClintock was
awarded the Nobel Prize for her discovery of genetic fransposition.

We salute the spirit of inquiry behind Dr. McClintock’s discoveries.

Meet more women in science a{
www.chroma.com/wis
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In February 2007 Fluidigm introduced
a new array capable of performing digital
PCR. “We have a chip that is the embodi-
ment of digital PCR,” claims Mike Lucero
executive vice president of sales and mar-

- keting at Fluidigm. Using the Fluidigm

digital array, up to 12 different reactions
with template, primers and probes can be
partitioned into 765 separate chambers,
and PCR can be performed for each. This
results in a signal for each well confirm-
ing whether amplification occurred in
that particular chamber or not. By simply
counting the number of ‘positive’ cham-
bers researchers can determine the start-
ing number of molecules in the sample.
Another benefit of the Fluidigm digital
array is that real-time curves can be gen-
erated for each chamber if necessary. This
allows users to determine whether mul-
tiple molecules were partitioned into any

particular chamber, thereby eliminating -

uncertainty if the number of starting mol-
ecules was greater than 765—the number
of separate chambers.

The generation of real-time curves for
large numbers of chambers has its origins
in another Fluidigm product, the dynam-
ic array, which is used for conventional
real-time PCR. The dynamic array can
generate real-time curves for 48 differ-
ent transcripts from 48 different single
cell samples. “EBach run produces 2,304
real-time curves,” says Mike Lucero, “so
it really comes in handy for applications
like single-cell analysis where you have a
limiting sample.” Lucero is quick to point
out that with the digital array researchers
are getting the best of both worlds.

BEAM me up!

Digital PCR methods initially allowed
researchers to look at a couple hundred
molecules on a microtiter plate. “This
was useful but what you really want to
be able to do is look at millions of mol-
ecules to get statistically significant data,”
says Vogelstein, who developed a method
called BEAMing, “And what BEAMing
does is basically provide millions of wells
in a single test tube.”

BEAMing stands for beads, emulsion,
amplification and magnetics. In the
assay, a population of DNA fragments
is pre-amplified; then individual beads
bound with primers are confined with
pre-amplified templates into individual
compartments of a water-in-oil emul-
sion. The single molecules are amplified
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. says Church. Statements like this are f

The Qiagen Repli-G system allows whole-
genome amplification by first annealing prime|
to template DNA and then using the Phiz9
polymerase for linear amplification. (Image .
courtesy of Qiagen.)

on the bead by PCR. Finally the emuls
is broken, transforming a population
molecules to a population of beads
roughly 1:1 manner.

According to Vogelstein, BEAMing
robust technology: anything you can
with a single molecule, any enzyma
hybridization reaction, you can do w
the beads once you have converted th
through BEAMing. Vogelstein’s gr
which is interested in developing di
nostic tests for cancer, has applied
technology to search for rare mutatio
that are present in the blood of can
patients?,

The heart of personal genomics
George Church of Harvard Medical Sch
is on a crusade to bring personal genon!
to the masses. “For $1,000 you shou
able to get 1% of your genome this ye:

ing the fires of what is-sure to be a
revolution in medicine and biology: ¥
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The SOLiD system from Applied Biosystems is an example of next-generation sequencing technology;

(Image courtesy of Applied Biosystems.)

era of personal genomics (for additional
discussion of technology behind personal
genomics see the Technology Feature on
personal genomics in the October 4, 2007
issue of Nature). Church notes that this
1% of the genome might yield 98% of
the information regarding positions that
cause changes in traits.

For personal genomics to succeed, a very
large number of single molecules needs to
be analyzed and examined. Church’s lab
has developed an emulsion-based method
known as ‘polony’ sequencing to do just
this. In the polony—which is just short for
polymerase colony—method, DNA mol-
ecules are initially attached to either beads
or glass in a 1:1 ratio, similar to BEAMing.
If amplification is desired, a polymerase
is used to amplify the attached DNA mol-
ecules, in a PCR-style reaction, providing

.more template and allowing for a greater

signal-to-noise ratio.

The polony technology is now show-
ing its versatility. “The polony concept
includes most of the working methods
right now for next-generation sequenc-
ing,” says Church. And now polonies
are also being applied to transcriptional
analysis in single cells with very dramatic
results.

Recently, Church and colleagues report-

ed a new method called polony multiplex .

analysis of gene expression (PMAGE)%,
PMAGE isolates short sequence tags from
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transcripts, in a process similar to ser
analysis of gene expression (SAGE), usi
specialized endonucleases. These tagsa
then amplified by emulsion PCR and t
polony beads are immobilized cn a sy
port for sequencing. The observed nui
ber of tags provides a direct measure of
transcript abundance. Using this methed
with cardiac tissues of normal mice a
mice with hypertrophic cardiacmyopath
the group analyzed almost 18,000 ge
transcripts and identified several diffe
entially regulated genes*.
PCR is now capable of single-cella
single-molecule exploration. The road
the single-molecule analysis has result
in giant leaps in area of digital gene
analysis. The question of whether the sc
will tip in favor of digital is only going
be answered over the next couple yea
But one thing is for certain: whichev
way it tips, scientists around the globe
going to be the beneficiaries.
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