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The principle of dighal PCR e ustrated in

1 &2 This new experimental spproach

.
e involves two componsnis {1 First, the DNA
to be analyzed Is diluted into multi-well plates
with oo termplate molecule per two walls {on

and PCR & performed in optimal

conditions designed to amplify a single copy of
PCR template. The amplicons are hybridized
with fluorescence probes, such as minleculsr hea-
cons, that allow detection of seguence-specitfic
products using different fluorophores. Thus,
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satvples fromn tssue or body fhuld are difuded In
384-weit PCR plates so that theve will be, on
average, approdmately 0.5 femplate mole-
cutes {genaimic squivalent) per well, The opti-
mai ditution of DNA samples can be achieved
by DNA quaniification kits to determine the
ampunt of genomic equivalents in the original
samnples, As the PCR products from the amph-
fication of single tenplate molecules are homo-
geneous in sequence, a variety of conventional
technigues could be used o assess their presence.
Fluorescent probe-hased reagents, which can be
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' Table 1. Examples using digital PCR for molecular analysis in clinical samples.

C fluig

aland o

i of BATZE alterations in fecal DNA

: derection of APC gene expression

Application Firdings Raf.
of KRAS mutations in KRAS muta L
From colt
Uetecton of KRAS mutational starus carcinoms develep through 118}
Anatysis of KRAS and Al in AFC genes 0 appendiceal adenomas 12
i of Aband KRAS mutations erous carcinerna contain wikd type KRAS and 2 high 17
frequency of AL even in smalt prismary tumors
Uetection of LOH in APC locus artt of adenomatous polyps may progaeed th (374
top-down mechanism
Jt mes 1p, dp. 15g and Ty in early colorectsal tumors [
&
of chromosomes 8p and 18g (18
Uetection of Al i 131}
frequency of alielic loss in ovarian cancer samples from patients with cvari
mof Al using 1S in ovarian, orof Al can be a useful adjunct for the detection of cancer i 42§

sition 1o Tamilial [35]

£

Al Aliglic imbalance; APC Adenomatous polyposis coll; LOH: Loss of ¢

1eterozygosity, SNP: Single nucieotide polymon

usedd divertly on the POR products in the sme wells, are partiou-
iarly well suited for this purpose 2. Currently, molecudsr
beacons are extensively used to detect the PCR products in
digital PCR assays 131 For mutational anatysis, a padr of molecu-
lar beacons is designed with one hybridicing {0 the wild type
sequence that harbors the mutation and the other hybridizing to
the neighboring sequence FIGURE D, Therefore, the muutational
status of a speciflc allele in a2 well is determined by the ratio of
fluorescence intensity of the two beacons in that particular well.
As roubtiple wells are counted, digital POR can be used to detect
mutations presend 3t relatively low levels in the ssmplss o be
analyzed. The sensitivity of sutation detection depends on the
mumber of wells that are included for anadysis and the intrinsic
mutation rate of the polymerase used for amplification. For
assessing aflelle imbalance, single nucleotide polymorphismsg
{SNPs} are used to represert the paternal or maternal alleles, A
pair of PCR primers and a pair of molecular beacons are
designed for each SNP gicure n. Digiead PCR 8 pecformed
using & SINF marker for which the patient is heternzygous. The
resultant POR products are then aoslyzed using rooleculsr
beacon probes to determine allelic representation. The mechas-
nism of how molecular beacons discriminate between maternal
and paternal alleles is briefly summarized. Mplecular beacons are
single-siranded oligonuclentides which contain 3 Buorexcent dye
and 3 guencher on their 7 and 37 ends, respectively FIGURE 1),

Both beacons gre identicsl except for the nudeotide corm-
sponding to the SNP and the fluorescent Tabsl {green or ned),
dolecular beacons inctude 3 halrpin structure, which brings the
fluorephore closer £0 the quencher, and do not emit fhucrescence
when not hybridized to 8 POR product 10, Upen hybrigization
o thelr complirentary nucleotide sequences, the guencher is
distanced from the fluorophore, resulting in increased flunres-
cence, Thersfore, the ratio of fluorescence intensity of two allsle-
specific beacons with elther green or red fluorescence is calou-
lated {0 determine the allels type in one PCR reaction {well}.
With hundreds or thousands of wells eactions) counted, the
percentage of mutant alleles or the ratlo of maternal and paternal
atleles can be determined. For allelic status, a rigorous statistical
methad is then used o conclude whether allelle imbalance i
present in the background of normal DNA 5.4,

Applications of digital PCR

Mulational analysis

For a variety of basic yesearch and chinlcal apphcations, the identi-
fication of rare muiations 1s very iroportant, Analysis of the early
effects in tumorigenesis often depends on the ability 1o detect
small populations of routant oslls [78). Relishie technology to
demonstrate the presence of mutations in clinical specimens
holds great promise for cancer detection, 33 rmuiations represent
a rootecular genete hatlmark of neoplastic disesses.
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To address whether digital PCR is useful for mutation detec-
Hon in cancer, Yogelstein and Kireler have analyzed the DNA
from stool specimens in patients with colorectal cancer 1], Their
study forused on the AR4Y gene rmutation, which is 8 fregquent
moleculsr genetic event in colovectal cancer 19,101, As the siool
DNA & pool DNA released from . mixed-cell populats'::m
including both normal and tumor cells, approvimately 1-10%
of the AKAS genes puritied from stool contained mutant allshes

1. Therefore, diglta} PCR appears 3 well-suited techninue io
3ssess the presence of mutated AR4S gene in stool, A 384-welt
digitat PCR experiment was esiablished to include posiilve con-
irols (48 of the wells contained 25-gencme equivalenis of 2XNA
from noreal cells) and negative controls (48 wellks without
DMA tempiatel. The other 288 wells contained an appropriate
ditution of stood IMNA. In this study, molecular beacon red fuo-
rescence indicated thet 102 of these 288 experimental wells con-
tained PCR products, whereas the other 185 wells did not. The
rexi/green ratios of the 112 positive wells suggested that Rve con-
tained mutant XRAS alleles. To determine the nature of the
mutent ARAS genes from stood in the five positive wells, the
PCR products were sequenced divectly to revesl Gly128a muta-
tions {GGT o GOT ai endon 12} in four of them, whereas the
sequence of the other indicated a silent CoT transition at the
thivd posttion of codon 13, This transition presumably resulied
from a PCR error during the first productive evcle of amgphifica
Hon oom @ wild fype template, Thus, approxiroaiety 4%
{47102} of the KRAY shleles present in this stool sample con-
tained a Gyl 2Als muiation. The mutant alieles in the stool pre-
sumably arose from the colorectal cancer of the patient, as divect
sequencing of PUR products generated from DNA of the pancer
identifisd the identical Gly12Ala mutation {11,

AM PAULE

XA ] rax oervary

Digital PCR

I another study, digital PCR has been used to dentify ARAS
mutations in paraffin tssuss of appercdiceal mucinous adeno-
mas in identical twins 112). One of the twins suffered from 3 rare
disease calied pseudomyxoma peritonel (FMP), which produces
an overwhelndng amount of mucin in the intra-abdominal
cavity as a result of the ruphure of the appendiceal mucinous
tumor. As the mucinous adenoma is a single laver of neoplastic
colls embedded in sbundard stromal cells and ncdn, radi-
Honal methods, such as divect nucleotide sequencing, may not
be sensitive encugh to detect ARAT mutations, sven when lasey
capture microdissection is employed {o enrich the tumor cell
population, In this study, the tumer tesue on paraffin sections
was dissected under an inverted misroscops and genomic DNA
was purifled and subjected to digital PCR, The study demon-
sirated that identical AKAS mutations were detected in the
appendiceal adenoma and peritoneal tumor from the {win with
PMP, whereas the adenoma from the sther twin harbored a dif-
ferent matation, The ARAS mutational analysis supported the
view of the guthors that PMP s clonally detived from the assoe
clated appendiceal mucinous adenoma, The different types of
mutations in ARASin the turnoss from both siblings suggested
that mutation in AK4S ocours somatically in adenomas and is
independent of the identical genetie background of the twins,

Assessing alfefic imbalance in lissue

Genstic Nstaniity 5 3 MOleCular signature of MOst Duman
cancers [13) and at the moleculsr level is chavacterized by
allelic imbalance (AR, representing losses or gains of defined
chwomnsomal regions, Analysis of Al s important in shucidating
the molecular basls in the development of cancer. There are,

howsver, at least bwo ma*m pmbiems associated wﬂh thn CLED nnt

. o
AL Ousndher
C Wil tvpe KR4S : gg y?efy
F1 b s e B T IR t“r‘)
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conschude the presence of Al in tumor tssues (151 SPRT allows
two probabilistic hypotheses to be compared as data accumu-
tate and, on averags, guarantees a smaller amount of testing for
a given level of confidence tharn any other method, Hypuothesis
ong is that 2 sample has no loss of heterneygosity (LOH), that
is, the tumor cells have the ssme proportion of alleles 35 normsl
cells, This corresponds to p = 50%, where p is the proportion
of either allele in the overall sarmple. Hypothesis two is that the
sarne oue of the two slleles 15 shsent in every tumor cell, This
does not corespond (o an allslic proportion of 100% in the

Fa e TR O B B S B B 4w S

&AM Faun SAUUS rax oerver

tested sample because isolaiinn of pure tumor cell populations
from human tumors 15 almost inipossible for rouiine samples.
{iven the conservalive assurnption that at least D09 of the
DNA fom the microdissected samples originaied from neo-
plastic rather than non-neoplastic cells, the hypothesis of LOH
corresponds to the probabilistic hypothesis that the observed
proporton would be at least 86.7%. A SPRT is therefore
sonstructed to choose between the hypotheses p = 50% and
p = 56,796, with 8 threshinld ltkelthood ratio of 8, Generally, for
each case, the nurnber of alleles studied in sach sarople is plotted

on the abscissa and the ratlo of wells con-

I/’
TR U

faining the aliele with the higher counts to
fotad nunber of wells contalning elther

¥ Digital PCR

e allele iz plotied on the ordinate. Saraples

e il

represented by poinis above curve one are

Hybridization with molecular beacon
Noncomplermnentary or na lemplate
SN

o S
f’ 3

Mormal lissue

Complemeanlary target

interpreied to have allslic loss, meaning
that the Hielthood ratic for p = 86.7%
versus p = 90% excesds 8. The samples
below the boltom curve are categorized as
having no LOM, Indeed, 1 has been
ghown that Al can be demonsirated in a
rauch higher percentage of colorectst car-
cinomas using digital SNP analysis than
the iraditional method using microsatellite
mackers [5,16].

Digital PCR has been wused to chavac-
terize Al in small colorectal adenomas (8],
The investigators analyzed the allelic status
n 2 total of 32 adenomas with an average
sive of 2 mum rangs | to 3 mm). Al of
chromosome 5gq  markers occurred in
55% of tumors analyzed, consistent with

3 =
T(’THTT\’WTTH

a gatekeeping role of the adenomatous
polyposis eoll {470 tumor suppressor
gene located at clworoosomal position
8g21. Al was also detected in each of the

15 . 2
4 T I

other four chromosomes tested, The frac-
tion of adenoross with Al of chromosenmes
Ip, 8p,. 15q and 18g was 10, 19, 28 and

FAN R
LR
LA

He imbalance.

1

imentary

b allelic ihalance
graaenred = 82114

Tion o

nofeeular beacons ina singic step [17].

28%, respectively, Over 890% of the
tumiors exhibited Al of at least one chyo-
mosorne and §79% had Al of a2 chromo-
some other than 3q. These findings dem-
onstrate that Al is 2 common event, even
in very small tumors, and led the authors
to conwlude that chromosomsl insta-
billty occurs very early during colorectal
neoplasia 6]

{n ancther study, Singer and coworkers
applied digital PCR to assess the patiern
of Al during tumor progression in ovar-
ian cancer {17, This study demonstrated
that a progressive increase in the degree of
Al of chwormosomes 1p, 5q, 8p, 18q, 224

protocol has boen

and Xp was observed comparing serous

44 Page 1069 of 1237
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borderline tumpors to noninvesive and invssive micropapillary
serous carcinomas {low-prade serous cercinomas), In contrast,
high-prade {conventional serous carcinoma) turnors had 2 high
frequency of AL sven in small {early} primary tumors, similer o
that found in advanced-siage tumors. Based ou these findings,
together with muiational analysis of BRAF and ARAS genes
17,181, Singer and coworkers proposed a duslistic model for
ovarlan serous carcinogenesis. One pathway involves a stepwise
progression from sevous hordedine tumor o noninvasive and
then invasive micropapillary fow-grade) serous carcinoma, The
other pathway is characterized by rapid progression from the
gvarian surface epitheliums or inclusion cysts to a conventions!
{high-grade] serous carcinoma,

Zhou and coworkers have applied digital PCR o count
alleles and use the presence of Al-spesific chromosomal
regions to predict recurrence of early-stage colorectal cancer
[19]. They studled 130 colorectal cancer patiends with no evi-
dence of Iymph node metastases or distant metastases at the
time of surgery, and looked for the presence of Al on chvomo-
some 8p and 18y in these tissue samples. They divided tumaors
into three groups: L tumors (n = 83) had Al of chromosomes
& and 18q, L/R tumors {n = 80} had Als of either chromo-
some Bp or 18q but not both, and R tumors {n = 27) retained
allelic balance for both chromosomes., Flve-year disease-free
survival was 100% for patients with B tumaes, 7450 ke
patients with L/R tumors and 58% for those with L turnors,
These differences were significant andd independent of other
varlables, The suthors concluded that in patients without
metastasis, Al was Found o e a better predicior of prognosis
than histopathologic staging.

Cancer detection in body fuid OMA

it & well recognized that furoors velease a sigaificant amount
of genomic DNA into the systemic circulation, probably
tlwough cellilar necrosls and apoptosis f26-221, This turnoe-
derived DNA can be deiected as 2 result of specific genetic
sl epigenetic alterations In the tumors, such as microsatellite
alterations, iranslocations, mutations and aberrant methy-
Iation. As previcusly described, genetic instabitity is a defining
molecular signature of most human cancers (13,23 and at the
molecular level, i is chavacterized by Al representing losses
nir gaine nf dsfined chenmnenmal raginne Thue analyas of AT
may glso provide 2 molecular basis for cancer detection. Using
microsateltite markers, Al has been demonsirated in the
serurn or plasma oblained from patiends with lung 24, breasst
f25,281, renal [27] and ovarian cancers 2% and melanomsa [29).
Some of these were small, sarly-stage neoplasms at the time of
diagnosis, suggesting that detection of Al inr plasma is a pro-
roising method for population-based screening (301, Although
these studies provide encouraging resulis, as with assessing Al
in tissuss, there are the two major problems of plasma DNA
being 3 mixture of neoplastic and non-neoplastic DNA [so Al
may be masked as it is difficult o quantify the allelic ratio
using microsatellite rarkers) and DNA s degraded to a variable
extent {producing artifactual eovichment of smaller alleles

GiosaVig AW L0800 L% AR
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Digital PCR

when microsatellite markess are used For analysis [14]}, There-
fore, detection of Al using digital PCR analysis may overcome
these technical diffieutiies,

Chang and coworkers have performed digitat PCR analysis
o detevraine allelic stetus 1o plasma DNA and to evaluate the
potential of this new technology for cancer detection using
plasmia samnples (311, This study fivst anatyzed DNA concentra-
tlon in plasrma samples from 330 patients, iochuding 122
patienis with various cancers, 184 control patienis with non-
neoplastic disease and 44 individusls without apparent dis-
eases. The area under ihe receiver-operating chavacteristic
ROC) curve for plasma DNA concentration was (.80 for
neoplasitc versus healthy patients and (.74 for neoplasitc vetsus
nor-neoplastic patients. Given 10086 specificity, the highest
sensitivity achieved was 57%, OF the 330 patients, dightal PCR
analysls was performed on 54 ovarlan cancer patients and 31
non-neoplastic disease condrols. Al of at least one SNP in
plasrna TINA was found in 8796 {85% confidence interval
{CI}: 60-989 of Stage VI and 8595 (85% CI: 83-08%) of
Stage HI/IV patients and none of 31 patients without neoplas-
e disease {specificity 100%, CL 89-100%). For the 63
patisnts with serum CA125 data, DNA plasra concentration
added information to serum CAI2E levels by inwessing the
area under the BOC curve from .78 1o 0.84. CALZ5 & the
maost commmonly used fumor marker in ovarian cancer patients.
Thus, measurernent of plasma DNA levels may not be sensi-
ive or specific enough for use as a cancer sereening or diagoostic
tool, even in conjunction with CA125. However, detection of
Al in plagma DINA wing the dightal SNP analysis bolds great
promuse for the detection of cancer,

Besides plasma DNA, Chang and coworkers also applied
dightal PCK analysis to Al in sscites fluis 1o assess the feastbility
of this new technology in detecting malignant ascites 121, Cyto-
logical examinagtion of ascific fluid is oritical for clinical man-
agement in patients with peritoreal or pelvic diseases. Such
morphologic examination can only achieve a sensitivity less
thar 62% and thus a molecular test that i5 able to distinguish
benign versus malignant ascites could be clindcally useful 331
With diglial PCR analysts, Al in at least one SNP marker was
found in 18 of 20 (85%;) ascitic fuid DINA samples obtained
from patienis with cytologically proven carcinomas in ascltie
fhd To enntrast. AT was detected in anly ane of 201 patiends
with negative cytology, This latter patient with Al in her ascltes
had knowrn Stage {1 ovarian carcinoma at the Ume of cylology
sampding. The ascitic specimen of this patlent demonstrated
presence of carcinoma cells in culture with an identical Al
pattern found in the ascitic superngtant and surgical specimen.
These findings suggest that detection of Al using digital SNP
analysis ean be a usefuld adjunct for the detection of ovarlan and
ather types of cancer in ascitie fuid.

Cangcer detection in stoof DA

In addition to ARAS mutations, Traverso and coworkers have
applied digital PCR to examine the alteration of 2 micvosatellite
marker, 84726 in stool DNA from patients with proximal

wRagesle-aied7
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cancers Hocated at the right colon) to determine the feasibility,
sersitivity ard specifictty of this new approach 341, Their study
focused on patiends with proximal cancers, reasoning that such
canpers gre diffioult to detect since they ave lonsied most dis-
tally from the anus when colonoscopy is performed, Stont
{INA was purifed and subjected to digiial PCR, The PCR
produets were sequenced o determine the stabus of BATZS
{alterstions/mutations vs. wild type}. They found that 18 of 48
cancers had microsatellite shterations in 84778 and that identi-
cal nusations could be identified in the fecal DNA of 17 of
these 18 cases. Among the cancer patients with proximal
lesions, the clinical sensitiviiy of the SATZ6 fecal DINA test was
379%. In contrast, there were no positives among 63 individuals
with normal colonoscopy fndings o among 19 patients with
adenornas, 1he spectiicity was thersfore 100%. This study
provides 3 promising new roolecular diagnostic technigue for
colorectal cancer screening.

Guantification of gene expression of specific afisies

Yan and coworkers have recently applied digital FCR analysis
io guantitatively measure gene expression of gpecific alleleg
{based on SNP} using ¢IDNA as templates 1351, The principle is
similar to that for genomie DNA. The study showed that con-
stitutional B0% decreases in expression of one APL gene allsle
can Jead to the developrnent of familial adenomatous polyposis.
Strailarly, Pohl and coworkers have used the digital PCR assay
o quardlly the ratic of wild type and mutent A%4F gene
expression in ovarian cancer FOHL G, UNPURLISHED RESULTS!. This
approach can provide a powsrfid and usefud technique for
assessing the success of (epiigenetic knockout of specific alleles
{wild type or muiant}, such as somatic knockout and siRNA,

Expeart opinion

Dhigital PCR represents an example of the power of PCR and
provides new opperiunities for genetic analysis. This technigue
is especially powerfid in experiments reguiring the quaniliative
investigation of individual alleles in IINA samples fsclated
from a mixed-cell population,

There are several advantages of digital PFCR compared with
other types of PUR-based miolecular genstic analyses, Firsy, as
compsred with microssiellite markers, the PCR producs
derived from the two SN alleles at svery locus are the same
size and therefore their analysis is not blased by the preferen-
tal DNA degradation of larger alisles. Second, the diglial
PCR approach, which amplifies single-alisle templates in the
PCR reaction, ran precisely determine the mumber of alleles
examined in each experiment. Accordingly, SNP genotyping
is digital, involving the detection of the presenice ov absenoe of

a specific aliele, rather than analog, a5 microssisilite genoityping
is, which measures the length of micvosatellites (1], Thivd, a
statistical method such as SPRT can be employed 1o conchude
whether Al is present In the background DINA,

Fiva-year view

Alihough the sensliivity of diglial PCR analysis in the current
J84-well format is usually satisfactory, higher sensitivity would
be destrable. Sensitivity could be improved by analyzing more
wells in the assay, although such an appreach may not turn out
to be cost effective. New technologies are being developed to
perform dighial POR withow using rouliwell formats, For
gxample, an ionovative technology called the BEAMing
{beads, emulsion, smphification snd magoetics) method has
been introduced 138], In this method, sach DNA molecule ina
saruple is converted into 2 single magnetic particle to which
thousands of coples of DNA with the same sequence to the
original are bound, This population of beads then corre-
sponds 1o 2 one-to-one vepresentation of the original DNA
molecules. Yariation within the primary population of DINA
maolecules can then be simply assessed by counting fluores-
cently labeled particles using flow cytometry. T herefore, mil-
Hons of individual INA molecules can be assessed at the same
time. BEAMing can be used for the identification and guanti-
fication of rare mutations, as well as o study vaviations in
gere senuences oF franscripis in spectic populations o tissuss,
Such innovative techniques for digital PCR are expected o
emerge in the next few years, and they may provide another
wave of new technologies to facilitate regearchers in both basic
and clirdeal science,

S
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Digital PCR Conference: Technologics and Tools for Precision Diagnostics - Day 1 Page L of 2

Exhibit 5
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i20
qe
analysis and shows premise to become a su or tool i the clinic due to its capacity te werk with small

amounts of sample, Th ird Annual Digitad vent will bring together industry naries aarly
cuss digital PCR's capabilities, limitations, and future applications. Researchers will examine
ancer biomarker and rare mutation detection, non-invasive fetal DNA analysis, and infec
i ewardy in HIV. Novel digital PCR devices from startups and academic labs will be

5 10 be acdrassed include digital PCR integration with existing technologies, solutions for
ult sampies as well as increasing sampie throughput, and guidelines and best prac 5

th

Day 1| Day 2

MONDAY, OCTOBER 6

&:00 am Short Course Registration and Morning Coffes

PRE-CONFERENCE SHORT COURSE

Instructor: Jim Huggett, B.Sc. {Hons), Ph.D.,
Biclogy, LGC

ence Leader, Nucieic scid Metrology, Molecular & Cell

This course will introduce the concept of digital PCR (dPCR) and explain how it compares to cther molecular
methodologies, citing beth advantages and disadvantages. Inciuded in the discussion will be the application

of dPCR to perform minerity target detection, absolute quantification and measurement of copy number
variation as well as the analysis of RNA using reverse transcriptase dPCR. The discussion will also include
some of the spacific challenges associated with performi

=)

this technigue.

* Separate registration reg

12:00 pm Main Conference Regisiration

1:25 Chairperson’s Opening Remarks

Stephen Bustin, BA(Mod), Ph.D., FSB. Anglia Ruskin University

» 30 KEYNOTE PRESENTATION:

Advancing Dlagnestics with Digital Detection: From Quantifying UBira-Rare
Mitochondrial DNA Mutations to Profiling Tumor-Infiltrating Lymphocytes

E Member, Transiational Research Program, Fred Hu
; Affiliate Assistant Professorstiip, Departiment

tehinson

ology,

Jist acids, there are a number of advantages that
digital PCR affords over other detection methads. I will discuss these advantages and review a number of

novel digital >-dependent assays, which we have developead ir

our faboratory.

FCR MEASUREMENT AND ANALYSIS

2:00 Reverse Transcription Digital PCR
i, BAMod) FSB, Professor, Molec
5, ANg,

Medicine, Postgraduate Medical Institute, Faculty of

iar gene exprassion studies ag weall as in RNA
diagnostic applications. We have a arity of the RT step and conciude that there
are enzyme, target and concentration-dependent issues that require urgent attention.

2:30 Digital PCR Standards
Ross Haynes, Biolegical Science
Technology (NIST)

echnician, Biochemical Science Division, Naticnal Institute of Standaids and
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Digital PCR Conference: Technologics and Tools for Precision Diagnostics - Day 1 Page 2 of2

! PI £ has many benefits, inciuding lack of reliance on reference materi IRMM was the fir
te! PCR. AD413 was certified to have a 1:1 ratio of HMG and MONS1D genes on & plas
flad SRM 2366 for concentre using digital PCR. Standards and rational behin
‘ed.

using them wwl e d

3:00 Refreshment Break with Exhibit and Paster Viewing

3:45 Befining Refersnce Standards for Bigital PCR and Demonstrating Their h@?e;{{}ﬁ
Application in Cireulating Tumor Assay Developmant SRR
Jonathan Frampton, Ph.D., Global Product Manager,

Horizen Disgnostics

Horizen Discovery’s patented gene editing technoiogy {GENESIS™) has enabled the manufacture of geneticaily
d genomic DNA and ¥ "'ererw‘e standay The reference standards used in this study include

ically relevant bio ma"kerc {e.g. P-Raf, EGFR, K-Ras & N-Ras, efc.} and can be accurately manufactures to a
spiecific allelic frequency (2.g. 0.01%, © 1%, 1%, & . Here, we demonstrate the ise of these raferenc
andards to assess the performance of Digital PCR ctect rare mutatin
ag their application in drculating tumor assay development.

<

w

4:00 Consteliation - A High-Throughput Digital PCR Solution SFGRMLATR
Dowg Roverts, Ph.D i
The bene.its of digit

ital PCR Applications Sclentist, Forrnulatrix fne.

{ PCR are weil ectablished; howeaver barriers te widegpread adoption re

i

o tow sample/assay throughput. We describe Censteliation, a $6-well micropiate based
tal PCR platform ang performance data generated for a variety of applications.

4115 Analysis ang Visualization of Digital PCR Experiments ~ Applications of the dpcR Framewaoark
Stefan Rédiger, Ph.D., Group Leader, Innofrofiie, “Image-Based Assays”, Brandenburg University of
Technoiogy

Recently, we started a un

ErS)

o cross-platform software frame-work, designated “dpcR.” Qu

rget user base is

deliberately broad, inctuding end users in academics, developears and educators. dpeR provides a means
te understand how digital PCR work: ts, and to spot poten troubies. Our

£

WO

n elaborated methods set for dPCR stau
the dpeR package including a remaote browser

table for .nnq and inctudes
.be pr:Qcm‘a"xcn will showea o applications

apptication and a standalione desktop application.

ach
SE

s

#1458 & Robust Framawork for Digital PCR Data Analysis

Jo Vandesompele, Ph.D., CEQ, Biogazelie; Professor, Ghent Unl

Digitai PCR technology is maturing, but data °r‘r'~l\/’IS is resent our efferts o

develop a robust mathematical framework for objective 5 type of analog-digital data with

inherent uncertainty. As proof-of-concept, we apply the framework for gene copy number analysis of circutatin
ucleic acids.

S:15 Welcome Reception with Exhibit and Poster Viewing

¥
SR T U A SR

,

NRERERY

t‘&\‘ ST ERBEII

% 1 N
SREREGE R DR TrinRe
i ;

SRR

KRS

POt

B R R

£
4

IR RIR
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Integrating Dhgital PCR Counference (April 11-12, 2013 - Boston, MA) Page L of 2
Exhibit 6
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i PCR, micrefluidics, and sir
used in & chinical setting. The evolution of gPCR to a
will be given to clinical translation and future frends driving

A Drvrenaeersndaad betaner
3o rananIansng

Y Hsa of Digital PCR in Oncology: Changing the Paradigm for Systemic Therspy
Administration
Ben Ho Park, M.D., Ph.D.. The Sidney Kimmel Comprehensive Cancer Center at dohns Hopkins

RN )
‘@ Digitad BPOR i Sncelogy

FRBCAST

Extremie PCR: Efficient Amplification in Less than One Minute
Carf Wittwer, M.D., Ph.D., Professer, Patholegy, University of Utah

. @?’ The Bvaintion of POR: Amphiftcation In Undar & Minute
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S e IR sy bt tae Ve Teney o iaver INTeriaad LTI ool sencoan o
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s Moving digital PCR to the clinic
+ Single cell analysis methods

o Future trends driving the fiald
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Exhibit 7

Digital PCR Conference: Technologies and Tools for Precision Diagnostics
October 7-9, 2013, San Diego CA

Digital PCR, at its core, is simply a single molecule counting method that quantitatively measures absolute
DNA and eliminates the need for standard curves. However, it has already shown potential to be a disruptive
technology in many areas of diagnostics. Tha Second Annual Bigital PCR avent will bring together industry
visionaries and early adopters to discuss digital PCR's capabilities, limitations, and future applications.
Resaarchers will examine applications in cancer biomarker and rare mutation detaction, non-invasive fatal
DNA analysis, and infectious disease quantification, particularly in HIV. Novel digital PCR devices from
startups and academic labs will be showcased. Other topics to be addressed inciude digital PCR integration
with existing technologies, solutions for processing difficult samples as well as increasing sampie
throughput, and guidelines and best practices for digital detection.

Scientific Advisory Board

Kerry R. Emnsiie, Ph.D., Bicanalysis Group Managear, Naticnal Measurement Institute, Australia

Jim Huggett, B.5¢, {Hons), Ph.D., Science Leader, Nucleic Acid Metrolagy, Molecular & Ceff Biciogy, LGC
Ross Havnes, Bioiogical Science Technician, Biochemical Science Division, National Institute of Standards
and Technology

» KEYNOTE PRESENTATION

1:30 Digital PCR: & Paradigm Shift in Molecular Measurament

Jim Huggett, B.Sc. (Hons), Ph.D., Science Leader, Nucieic Acid Metrology, Molecular & Cell Bioiogy, LGC
Digital PCR {dPCR) offers a unigue ability to perform sensitive molecular measurement without the need for
a standard curve. By converting the real-time PCR analogue signal to a binary output, measurement is
sirnplified considerably. This alsc results in improvad precision, facilitating the measurament of smalier
differences, and the format leads to more sensitive detection of minority rutations. This presentation wili
discuss the benefits as well as disadvantages of dPCR, discuss the digital MIGE guidelines and offer a
prediction of how dPCR may impact molecular measurament in the future.
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Dav Mo Pandey; Assocate Professor of Biotechnningy, Birla
David Rodriguez-Ldzare, Assistant Professor of Iistitute of Technology, Mesra, kdia

Microbiclogy, University of Burgss, Spain

i

i Reveiapn

Steve Mithingron: New Busmess Development,
QptiGens

Simon Wadls, Head of Lati-on-a-Chig Mudeic Add analysis,

Laboraiory for MEMS Applications, IMTEK, University of
Page 1081-of 1237 Freibury, Germany
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Senior Representative, Lite Technologies
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Natureevents Directory: Science Events - The 2nd gPCR and Digital PCR Congress

Type: Congress

Page L of 3

Vewue! yowndon Heathrow Marviott Hotel

Location:

Bath Road, Haves, London Heathrow, United Kingdom

Websi#er The ond PR and Higitsl PCR Congress

Phone suwmder:  44(0}1865840841
Area 1 ife Sciences

Specialty  Molecular Cell Biology

Subject  Molecular Biology

RN

Some 150 attendees came to the first (PCR & Digital PCR
Congress, held in Lyon, France last year.

Building on the success of the first meeting, the 2014 gFCR
& Digital PCR Congress will have more speskers and
expanded coverage of developments in dPCR while also
addressing the key advances in gFCR.

We are dehighted that our new speakevs include Stephen
Bustin, Professor of Allied Health and Medicine, Anglia

Ruskin University, UK and Jins Huggett, Science Leader,

INucleie Acid Metrology, Molecular & Cefl Biology, LGC

Genomics, UK. Also retwrning to address the congress are
Anders Stdhdberg, Senior Scientist, Department of

Pathology, Universily of Gothenburg, Sweden and Valerie

Taly, Group Leader/CNRS vesearcher, CNRS /Université
Paris-Descartes, France

Introducing the Agenda for London 2014

Tray One: 20 October, 2014

Stream 1 — Digital PCR Strategies & Application Case
Studies — Clinical Applications

Stream ¢ - gPCR Strategies & Application Case Studies

Day Two: 21 Getober, 2014
Stream 1 - gPCR & Digital PCR Case Studies
Stream 2 - Plant & Food Case 5t
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© ’»’leﬁ Sci Monit, 2010; 16(4): RA85E-91
MIB: 20367733

o mense | Advances in the research of fetal DNA in maternal
st 0SS olasma for noninvasive prenatal diagnestics

Barbora Vikova'?®, Tomas Szemes’?, Gabrisl E%’Emarzki'*’“ fan Turia®,
Peter Celegt e

Ppar mes tof Moleculas
${nstitute of Molecutar
“institute of Pathophysio
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Source of support: Seif financing

Summary

¢, early, a

s status in prenatal disgnostics. The most common dinical
.:rem\ix ation and feral RhD genotyping, are possible already in
ols for IJ\A;solduor from plasma and subsequent rea
iecular rechnigues enable other applications of fet
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DNA o] ed from maternal nizsmasmq ples. Chromosomal abnormalites (e.g. wisomy 21) can ")L‘
diagn by digital PCR, which offers higher accuracy in quantifying 'l\%srqu“ 1ces than r'an-
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fapplications to monagenic d~s The ongoing If,.wcrmg of
massive\y paratlel sequencing might lead to rep

5 for
ap-
ing fetal DNA
pcing the feial
i 2.1 apphmuom
ternity determination
prenatal DNA diagnostics.
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BACKGROUND

The discovery of the prese
ternal plz
lecular

1ce of celi-free fetal DNA in ma-
e:\ 12l mo-

, safe, and easy
centests or chori-

SERERCHBIERR ‘y to revolutiont zm;*g

anostics {11 L}‘e NONINY
pproach compared with amy
npling t of fetal DNA cir-

17 in maternal b(;-)d sa interesting. Numevrcus meth-
1 rd es must, however, be overcome in order o
S p\c[e\ replace currently used invasive pro-

ceduresinp }'rpm al DNA diagnostics. Recernra"dd advane-
e development of new molecular techrigues have

d

made some of the hurdles di appea-.'qmck}j,n

Ta was a mat
by accepied tha

The origin of feral DNA in maternai plasy
debate for years. itis currently @

'v‘*e fet..] DNA {cff DNA) 0 z‘:gmaie@ from the piacer
1 nuckeoseimes of particular cetls {27, It seems
Lh at h::.e nucleosomes are parts of apoploic bodies of tro-

phobilasts from the placenta :‘.’;i. The guantification of fetal

DNA canceniratic
a marker of oph
delivery, feial D*‘i
i ador : an est 16 minutes
but termination of ¢ g wancy in the first trimester
clearance |61, Research on
A in maternal plds'm'\ progressing guickly. Since
horough review on the use of circulating feal ""7’\""4\
rof new Jpp]:”m?ons and methodological ap-

165 have been tesied and/or proved that should be

\

covered by this review (Figure 1)

wasg even suggested for use as
d ring preguancy [4]. Afte

APPLICATIONS

The currently nsed pre

cal care for mos nt):ma
. des

nd wrimeste

ternal p mais a e

plication in dinical

and seco

than Lc 10 stand JidlZ on in .nnlf.i{emez 016 such as
i pces in ¥

on, the detection of some
pa‘ naily inherited alleles, and RhD ;1he Ehesus blood
voup systers D antigen) genotyping and bas the potential
1o complement and pos : 3
cused methods | ]
(bdhfy been the
LA pnlufn oy i
linked dise

P m}, or
cies at z":s';: of specific inherit-

N
)

NA D -) asma is "e:)l e

nant women in [(‘ })TL\’L"H."" na

n h gherisk senst twed
3 s among the first med-
ical application of fet z] DNMNA isolated from maternal ph:~

newborn | hi)

v\\ D-negative pr gnzan WOInEn wa
@ determination of the
D Yo minimize the

> genetic status of the

risk of complica
irth in case of ABO fetomna-
tal ABO genorny

*:;m‘% from the maternal’
}.

'\!EBD‘L" Hao [)53 mp

7 Total
plasma
DNA

Gender Qs
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me.mk id
Managenic diseasesC

Figure 1. — Proof of fetal DNA in maternal plasma dates
1, starting the field of noninvasive prenatal
STiCS, m prin (ipi(,dm prenatal genetic diagnostic

g
est can be. arried Jut using ﬂM from ma‘mrnal pi«\'n

de I m“pieer em'o Y’ eoreatiy dG‘Siii?G dﬂm:o“ of

Wil
aneupioidies and monoqgenic diseases remains chal

b d

3is0 he accurately assessed by an analysis of cira
ial DNA prified from maternal plz‘sma [" 1. Rr-‘cez
vat celi-free fetal DNA can be reliat

7 re disease-ca
K obin genes. The usefulness of this approach was

1 in several studies ;,18“10].

Ohae Vem frer the discovery of fetal DINA in f"w 0
it was al :eady uggested 1 mc(
i maternal plasisa might be of dia
v detection of some
One of the ?.pp
of fetal DNA s

Py

ent this mon
A t--'.'. ;-lwz in

3
1
i

wih restriction, {e
a rise consider a’)i‘)’
iasma of preeclamptic
.5 umes more fetal )\‘A L,'f 1an "L-hwr\lo{'-
ical pregnancies [24]. Another study showed that there i
weak bur significant association beween fetal DINA concen-
tration and the severity of symptor

A LTOwW
wrauons i maternal P fasm
the variability is bigh, the pi

WOIMeN COntaing

ns of preeclampsia [25].

MIETHODOLOGICAL ADVANCES

DNA isolation s usuaily taught in the first course for Jabo-
CALOTY EECh yicians }k‘-we ver, the isolation of cireulatory nu-
is m being E}“"lso \n\} 3 H‘P high activi-

RASE
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Vikovd B el af - Fetal DNA in maternal plasma

Table 1. Shorroversiow of some currently applied methods in noninvasive prenatal diagnastics,
Method Advantage Disadvantsge Application
Realtime PCR High sensitivity and spedificity; Qualitative analysis of only Gender defermination and RuD
Far  dlinical apphications paternally inher !ted sequences genctyping [13
C R T Automated fast and acurate Analysis only by mass {mass has to
MALDITOF PR
raethod, high sensitivity be known)

4

f ification of
al sequences

ghly 8

equa

fot

Expensive microfluidic PR device |

Analyzes the whole sequence of feta

iy throughput sequendng  DNA; parallel anaiysis of hundreds High cost per sampie Trisomy 21 diagnostics [51]
of samples
identification of feral sequences
Methylation-specific PCR Aol Gmgt o differences in Conversion of unmethylated basesis
e methylation — universal fetal-

spedit

fiC marker

overall low concentration oA ni
ira m‘mu.tt olve,
iisolaton have show }
the most mde:v K ed

$K O 8

‘n

Uwg

5 O fspv:cm. interestfor l ge laboratories an-
e nuriber of samipies in parailel [27].

Jue 1o the {fact that fexal DNA represen
of the whole D\n isolated fronm

have been made to mncrease Li"

W\M in the

o empiate. Simple approaches in-
Eex oie(nlm weight of fexal DNA

smaller fragments can be cal-

ga;oge el L] wophoresss also

ec
.8 Bctionation and enrichment for
size around 200 i p improves further analysis, such as ¢

s

highly sensitive automated \'IALD' T OF
r,r)f for po tions [30]1.

stwirl 2 subsequent
‘o .\f’ALD--TOE* Mass

base ¢

I a much- FHCL'S sed srudy published in Lancet, Dhallan
¢t al. showed the ability to diagnose trisomies 21 and 13

[
1'\-1ca\Jou 1 'lf‘ ¢}
wm]dPl wde o
¢ fraction of fet

ha

ported by r_he sanie laboratory
ed ennichment, however, was nor repix od
oratories [40,41]. The issie of using formaldehy '
the pre-analytic phase remains controversizl It seems that
the enrichment effect can ¢ y be seen if the sampies are
processed iater than one day after biood collection, which
is not the case tn routine practice {42},

pecific pa-
ne POR de-

. OF spe-
ral ]elﬁs, can be
‘4‘*’» 4 Jther

PO

icroarvay dete \.»-caur,m
without any fetal DNA, en"ic}"s‘-xem
PCR f
cm)il’sary eiecte'ool:

ne p(;]ymn

w

'd})‘:.):l@u

1aclude

o}

‘e prs:na:ai d ast
urate method it

ia E" Y

K]

al DN

fet in the £3
twa times higher than tl

termined by real-time

vices are, o
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or mu. e base ;ums. Altliough iy s
HPLC haspeen sppli

congenital amauro-
£
d is r,he (omvre-\n]l

,mg the pn-rw exten
pillary electrophoresis can
m)fsevex al SNPs (single nucle
{}Dfﬂl muatons. In a single study,
Ity used for the prenatal molecu-

osig {6407,

otide polyt

ﬂ 15 merl

far diagn
g

SEX DETERMINATION AND ETHICAL CONCERNS

y diagnostic method o be submitied 1o
\i SeYISH Lv'Lv a'x-j specificity in lm’Q‘&sDﬂ‘c studies

the main
consid-

()ni Fwel-

tsuc ] hvcg wdies with more than 1000 preg-

Nant women ]’)Alx

.patmg have been performed with the
d agnostic e ¢ of off DNA in maternal plasma at least for
:-J gc' ing [617. Simtlar resuits were obtained in a
sective study with more than 500 preg: e ies

:ri nan earhier meta-analysis combining the resnlis of
J Although the resu ]Ls rein gen-
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ipally possible in 506

g
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ations, without any p“
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*I the assays is astonish-
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T DNA, with less than
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=
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a 118 and thus
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ouIries wsr,h ANy £ases ‘f"ﬁocia‘: 3
abortion. A governmental ban

sis may in this way be circy

=

nvertied

=N

CONCLUSIONS

Genomics was the first branch of system bi-’)‘:(‘my 0 enter
nonnvasive prenatal diagnos ii”s, attho
needf"i w determine he
iy are. In the near fuwure

 addidonal eval-

, transe r-pt DINCs
o bring newin sxfzk\f inie the

(=N

}og» of preguancy aswell as new
1z2tal molec Eard T105-
i Further advances in this field can be expected in
A selection f'o m the maternal DNA background,
f cat fluids, as well as tl € :q).‘. ication
S sui h as the LAMP {loop-me
f DNA) m -:wd and the
fowr different primers
tion of specific BNA se-
e ma.l conditons [73]. Despite several
issues, rapid progress in molec-
medicine is \(Jmplet»}y changing pre-
natal L‘-N A d.e.g;uus ics and opening the door for early pre-
natal gene therapy in the mn,m\

es for noniny

Q

cycling reaction, in v f
is employed for se

guences under isot

haseto
ive amplifica

o
}

REFERENCES:

. Lo YM. Corbeua N, Chamberiain PF et

ternal plagma and serum. Lancet, 1997, 2

esence of feral DNA in (na
48587

. Alberry M, Maddocks D, Jones M et al. Free fewal DMNA in marerval pias-

[N

mat vandies: confirmation that the origin iz the o~
pho I)ngn ,‘2'.”.- 7274
3. Orozco AF, Bis , Horne C et Hi' Hyp wviced membrane-
bound apoptatic DNAS pan of jetat ONA in
maternal plasma. Ann NY Acad
A 251, Spy >
e of celldee Icfo I)h("“u‘d DNAL A.mj P,uhm
5 g TN et al: Rd ciearance of fexal BNA from
Am § Hum Gener, | 121824
6. s Short-term clearance of
ination of pr b
7. 1. Chiu‘v{‘«' F‘ncm{;l hag: srogress through plasma
a. ki B: Udlity of the wiple tost in the

on m’ abnormalities of she fero-placental v Med Sci
P19%4-94

‘lh-’—‘ri“' MS, Attilakos G etal: The SAFE ¢
y 5. Biochem Soc Trans, 2000

5, Fucharoen G etall Accuracy of feta
ventional nested PR assay of mater
practice. Aust N Z § Obsret Gynaecol, B008; 4% 5054

W n dai

Page 1101 of 1237




L Herinek &, ¥
ternal plasma

ology issties 7

HeCNA M Pancza\: Acg

: The use of maiernal p
notyping. Methods Mol

nl Phu biood group ge

Im NM, dele Cetal: Frenatal dizgnosis of few
s Dy molecular analysis c;fma.e.ml plasma. N Engl | Med, 1998; 539:
17%4-38

14, Zizka Z. Calda 7, Zlatohiavkova B et 12l lranspia-
cevunl hemorrhage as a perinatology 3 feromaier
nal compmxbmr}' ~ case siuclies. Med Sci I\-c'i‘wz. fZ'L"Ul, 7(f, CS308-1 ¢

15, Meng JL, Wa g M, Wang Yetal: Use of warernal plasma for nondn-
vasive prenaial diagnosis 01 fetal ABO genotvpes. Clin Chem Lab Med.,
2007; 45: 98186

16, Bustamianie-Aragones A, T Ht‘-'ro~\"ﬂn'ioj et Al
Prenatal diagnosis of Hu 1l plasmar direct
and indirect &ud_\g. Eur] Ne 3

17, Gonzale 1(, Garcia-Hoyos et al

impio emes ‘Aaive prey 1.\. diagnosis of

F\eprod (;ene:v 2008; 2‘:5 47783

roen Seiﬁi’r\m nofm
sive prenatal dingnosis of Hb I
ma{assemm. Transt F\es,?OO?: 100 319-25
190 LY, Di Nave £, Viturci A st a

point tions for beus-thalas:

wiat

DNA fnomatemal r,lu\na JAMS, 2003;
20, charoen G et al: Dey d
e quantitative PCR for prenatal detection of fei
ssenlin frosn smatemat plasma. Ann NV Acad Sci, 2008,
21, sis of fetal DNA In ma-
ve prenatal diag
90
2%, wification of celt free
cies and in progian-
200(98)
24, Lo ¥YM, Leung TN Tein M3 et al: Quantiviive abnormalities of fewd
D“A‘m maternal sernim in preechimpsia. Clin Chem, J998: 45: 1848
25 correlation benween
un and s
25,

i P Summers § eval: Effect of high throug

etal DNA in maternal p:nsma on use of anti-RhDx
z\hD negative pregnant wo prospective feas
3 16-18 LY Bolzgreve ¥
(.onm'o” of celi-fiee '\ in maternal p 8
noninvasive detection of fewl single gene [,ouu mutations. Methods
Mol Biol, 2008: 444: 23051

MNUNO-

ty stucy.
Size frac-

24, . Zefskova L, ‘ﬁufl 2}, Codt Dr Quantificat
ot and owi o Cuh..o v DNA in maternal plasiia samples befa
afier size | ‘.u.(.r wion by agarose gel electrophoiesis. DNA Cell Biol,
30, LEY. D Naro E. Viteei A et al: Stve fractionation of celi-free DINA in
Mmaternal y,‘msm.a tmpsc es the detection of 2 ini ‘iif‘d be-
ass MALDETOR mass spectromerry. Tetal
91 T /‘. Al e P, P R
28 u:ng i 'F mags spectrometry for an
a1 matemal ri ] ods Mol Biol, ¢

52,13y :mxmm ¥, Dani e, 5 eval: Nont

non-invasive determination
d expraction of celi-free foetal
pectremety. Avch Gynecol Obst

Heermann KB et al: Specific miagnetic bead-based

@ '.::e of fr DRNA frons inaternal plasima. Transtus Apher Sdi
2009 40: 153

25, Xia P, Kadpo
gy for gener

feation sira
sherm Lab Med,

: early pre-
diction of fetal gen T marernal plagma,

Prenat Diagn, _Of,‘
37. ‘\‘\-’ao'ner] D“'ﬂ ."mu]upie loci can
e DMAIn mater

nal pa, Y. Px(hm: sagﬂ ‘Z-I(fH' 56 4]2-16

-

28. Dhatlan R, Guo K. Emche 5 et
gnosis based on feal DNA presen
studdy, Lance:, 2007, .
249, Dhallan B, 20 WC, Mana
(m'agﬁ of f' ee |

nvasive i0si for prenatal
;‘.zernxl 151 a predi

Setal Methods 1o increase the per-
al DNA rece \*(,(—d from the maternal creularion.
1419

0 ilpl’:m- SK. B ;_3' ve W, Lagatve Q et al Treatnien: of maer
ldehyde does nos alter the propoy "ion of
DNA and mRNA) in maternal plass

RW, Chan KC et al: Lack of dramasic envichment of
ernal plasma by fory

naldehvde eatment. Clin Chem,

2o Hui Noetab
'cw of celldrae fetal DNA fir
s. Clin Chim Acta, 2008; 307:

En F C:msa:‘ano Voerak serisitive microartay sib-

.t‘zifmv?r\' for ahe Hennﬁ '~: on

44, Gnihm{ S, }ogiiem B Travi M etal: Peptide-nucleic acid-mediated en-
¥ i reaction as a key point for nan-hnvasive pre-
emia, Haematolog &

45. ¥i P. Chen Z. Zhao Y et al: CQ/LDR’";\pI ary edact )phomm for de-
oof single-nuclectide diffevences between td mateimal

1 INALET n,nl plasmiza Prenar Diagn, 2009; 2
- Chiu RW, Cantor CR, Lo VM: Nop-invasive prenatal amgno
ogm\ Trends Genet, 20¢
wal PCR for the m oler\
. Proc Wail Acad Sci VSAL 2007:

ceve W etal [
at giagnosisy Py

Zimmermann BG, G
new oot far nonimagsive pre
1687.-63

Luw M, Ibus ,\'B, Chan RC 2t al: Neninva 7\*
monoge es by digital size selection an
age on DMA In nateral plasina. Proc Nadl Ju ad S

5

==t
&
I
I
o
o
1
o
=}
2,

o &
i
E4
o
=z
=
&
)
&

Al

27

15020-25

e prennial dingnoss of fe
allel genoniic sequencing of
105 20468-63
ve diaghosis of fe-
gin sequencing D’\L from maternnd bicrod. Proc

50 1696671

SER _Jc\w!opmem of neninvast
rvihroeyies ifaring in wote

e
!\
Z
><
o2
o
I
w
92
5

preve Wi QJuaniaative analysis
af .m,\c\ feu.? e
Gvaecol Repmd Biol 2007, 1953: ¢

(T, Bunce B, Hogge WA, Petevs DG

nom ;eqneﬂc;ng p“'?“ot\
of fetad geneur diser Hormat
56, Chan KO, Ding €, Gerovassiti A et al: Hypermerh yhared RASSFLA in ma-

ternat pms
iry of nonbi

'1'1""1;11 feral I‘\h arkes that improves the refiabil

ovenaral dingnesis. Clin Chem, 2006, 52: 221118

57, Chim SS,_}iri S, Lee TY ee al: Sysiematic search for plac I ONA-
meshylanon markers o osome 21 toward a maternal plasma
based epigenetic testfor ¥ v 21, Clin Chem, 2008, 4. 500-] 1

53 Tong YK O ng (,. Chiu RW et "E: \(,mnv,u.vs sIEaH detection of fe-
. . r -

i siz i naeraal plasma

Hdin t,hem, 2006 52: 2104202

RAGG

Page 1102 of 1237




Med Sci¥iont, 7

el

Vikova B et DNAin maternal piasima

. Bustammig
noniniRsivg Iy
congerit; a ;\m

0. Risstani !31?

STRIERY

mutat

61 Muller S¥

inston of pa[P. nal (\'vl f

& pz sl defedion 1
3 ibros, 2008;

naier i }}]Rm.l

Sarteis f:qf:n AW Fi"

&5

&3, P Dingnostic aconragy

a meiaansk

. Gﬁiﬁna.:-'—-o]m;:ava 0, Cintepu

54 Ay Gaughan JP etal
@l RbCE g Fping frem wawr anl blosd, BJOu: 200

o Ca
snal pla

123923

whago CD, de G Mdao C N
ewal Nt’nrifﬁ dete i

ynancy. Prenat D\ag.‘, LOLE; 26

A RM, Tom

iplex fluorescent PCR for noninva
rernally inherited diseasis using
wal plasmaa. Eor § Obstet Gyvnecol Re

ioreteml D
Biol, 2003 343: 32

87, Vecchione G, Tomainoio M, Sarno M et al: Feral sex identificarior

2 by means of short radewn repeats on chremoesome
2008, 1137 148-56

, Lauc G Nondnva

inJ Legal Me

free feral DNA o the ce-

reriod. Am § Obstet

1 ]\:\I Leshane 5B, Yars
aa) fuid of wonwen du
wecol, 2004, 190 1087-90

T Vikova B, Szemes T, Minarik G
DNS usable for prenatal diagnostic

1. Shekhuman EM, Anne K, Melkonyan B85 ex ;\l Oo'x-wzauo“ af transre-
,vsls detection of fewal DNA inmatemal urine. Clin Chem

i Marernal uiine for prenaral diagno-
i d urine and plasina in

J1218-22

- Prenat Diagn,

« M, Railasan C et al:
asmn. Earty Hion 1

'\'demmon [ re Hiee fe

R ¥, Randa B Nowmi T Hared isothermal am-
phification ‘h ME y of gene :e.pm-vtq ,mq simple visual detecrion of
Hanure Frotocols, 2008; 8 877-

Page 1103 of 1237

pre}
=
€O
s




Exhibit 10

Digital PCR for the molecular detection of fetal

chromosomal aneuploidy

¥. M. Dennis Lo*™ Fiona M. F. Lunf, K. €. Allen Chan’, Nancy B. Y. Tsui', Ka €. Chong?, Tze K. Lau®, Tak ¥. Leung®,

Benny €. Y. Zee®, Charles R. Cantor?l, and Rossa W. K. Chiu»™t

*1i Ka Shing Institute of Health Sciences, Departments of *Chemical Pathology and Tbstetrics and Gynaecology and SSchool of Public Health,

The Chinese

University of Hong Kong, Sha Tin, New Territories, Hong Kong Special Administrative Region, People’s Republic of China;

and Rioinformatics Program and Center for Advanced Biotechnology, Boston University, Boston, MA 02118
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Trisomy 21 is the most common reason that women opt for
prenatal diagnosis. Conventional prenatal diagnostic methods in-
volve the sampling of fetal matesials by invasive procedures such
as amniocentesis. Screening by shirasonography and biochemical
markers have been used to risk-stratify pregnant women before
definitive invasive diagnostic procedures. However, these screen-
ing methods generally target epiphenomena, such as nuchal trans-
fucency, assodiated with trisomy 21, it would be ideal if noninva-
sive genetic methods ware available for the direct detection of the
core pathology of trisomy 21, Here we outline an approach using
digital PCR for the noninvasive detection of fetal trisomy 21 by
analysis of fetal nudleic acids in maternal plasma. First, we dem-
onstrate the use of digital PCR to determine the allelic imbalance
of a SNP on PLACH mBRNA, a placenta-expressed transcript on
chromosome 21, in the maternal plasma of women bearing trisomy
271 fetuses. We named this the digital RNA SNP strategy. Second.
we developed a nonpolymorphism-based method for the nonin-
vasive prenatal detection of trisomy 21. We named this the digital
relative chvomosome dosage {(RUD} method. Digital RCD involves
the direct assessment of whether the total copy number of chro-
mosome 21 in a sample containing felal DNA is overrepresented
with respact to a reference chromosome. Even without elaborate
instrumentation, digital RCD allows the detection of trisomy 21 in
samples containing 25% fetal DNA. We applied the sequential
probability ratio test to interpret the digital PUR data. Computer
simulation and empirical validation confirmed the high accuracy of
the disease classification algorithm.

noninvasive prenatat diagnosis |
| trisorny 21 | RNA SNP

circulating fetal nucleic acids |
sequential probabiiity ratio test

T'xe detection of fetal trisoray 21 (121 ) is an impc)r\ ant indicaticn
for prenatal diagnosis. The samphug of fetal materials by
amniocentesis and chovionic villus sampling are invasive, with a
finite risk of fetal loss (1). A vavety of screening methods, such as
ultrasound, have been Ar_vesﬂgawd (2). However, these screening
methods typically target T21-related epiphbenomena instead of the
core chromasoral (.bm)rma.liiy and thus have suboptimal diagnos-
tic accuracy and disadvantages, such as being highly influenced by
gestational age.

The discovery of cell-free fetal DNA in maternal plasnia in 1997
offered new possibilities for noninvasive prenatal diagnosis (3, 4).
This method has been readily applied to sex-linked (5) and certain
single-gene {6, 7) disorders, but its use for fetal chromosomal
ancuploidies has been @ challenge {4). First, fetal nocleic acids
coexist in maternal plasma with a high background of maternal
nucleic acids that can often interfere with analysis (8). Second, fetal
nucleic acids circulate 1n waternal plasma i a cell-free form,
making it difficalt to derive chromosome dosage information.
Significant developments have recently been made (9—1 1. One
approacht focuses o the detection of nucleic acid species that are
fetal-specific, including DNA fragments with a plcenta~specific
DNA methylation pattern (10, 12) and RNA molecules expressed
by the ‘)icufniu {9). Because circulating fetal nucleic acids are

13116148k 11 FADF 123Fuaust 7, 2007 | vol 104 | no. 32

wainly derived from the placents, the problem of maternal back-
ground interference can be overcome by targeting such molecules
in maternal plasma (4). Dosage of chromosome 21 {chr21} is then
wferred from the ratios of polymorphic alleles i the placenta-
derived DNA/RNA molecules. However, the dependence on ge-
netic polymorphisms lmits the use of these approaches to heterozy-
gous fetuses.

t would be ideal if a noninvasive test for fetal T21 detection
based on circulating fetal nucleic acid analysis were not dependent
on the use of genetic p()}),/morphis;n* Theoretica by, even with the
snrall fractional concentration of fetal DNA (8}, 2

te]

T21 fetus would
contribute an additional dose of chi2l sequences per geponie
equivalent {GE) of fetal DNA released into waternal plasma. For
example, a maternal plasma saraple from a euploid pregnancy
containing 50 GEs per milliliter of total DNA wuh 5 GEs per
williliter of DNA coutributed by the fetus (e, 10% fetal DNA)
should contain a total of 100 copies (90 maternal ccpies plus 10 fetal
copies) of chr21 sequences per milliliter of maternal plasma. For a
121 pregnancy, each fetal GRE would contabute thres copies of
chr21, resuiting in a total of 105 copies {90 maternal copies plus 15
fetal copies) of chr2l sequences per milliliter of maternal plasma.
At 10% fetal DNA concentration, the amount of chr2i-derived
sequences in the maternal plasma of a T21 pregrancy would
therefore be 1,05 times that of a cuploid case. If an 'nalyu al
approach could be developed to determine this small degree of
quantitative difference, a polymorphism-independent test for non-
invasive prenatal diagnosis of fetal T21 would be achieved.

Gene dosage assessraent requiring 2-fold discrimnination power
can readily be attained with quantitative PCR (13). Ihruugl* DA
quannfh,a.tmt. of a chr21 locus and a reference locus o ampiocyte
caltures, Zimmermann ef o, {14) were able to detect the 1.5-fold
increase in chr2d DNA sequences in 121 fetuses, Because a 2-fold

difference in DNA template concentration constitutes a difference
Qf only one threshold cycle {Cf) )- the dmm‘nmtlun of a 1.5-fold
difference has been the an of conventional real-time PCR. To
achieve finer degrees of quantitative discrimnation, alfernative
strategies are needed. Here, we explore the use of digital PCR (15)
for this purpose.
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Digital PCR involves multiple PCR analyses on extremely dilute
nucleic acids such that most positive araplifications reflect the sigual
from a single template molecule (13), permitting the counting of
individual template molecules, The pmpcrf"cr of positive amplifi-

cations among the total number of PCRs analyzed allows an
estimaation of the teraplate concentration 1n the original nondiluted
sample. This technique has been proposed to allow the detection of
avariety of genetic p'lcnumem (15), including the detection of loss
of heterazygomty (LOH) in tumor samples (16) and plasma of
cancer patients (17). Because template molecule quantification by
digital PCR does not rely on dose—response relationships between
reporter dyes and nucleic acid concentrations, its analytical preci-
sion should theoretically be ﬁupe*i()r to that of realtime PCR. To
test whether this 3pg‘mdah is precise anough to detect fetal chyo-
mosomal anecuploidies in maternal plasma, we first assessed
whether digital PCR could measure the allelic ratio of PLAC4
mRNA in maternal plasma (9}, thereby distingnishing 121 fro
euploid fetuses. This is referred to as the digital E\NA ‘\\1 P roet hod
We then evaluated whether the increased precision of digital PCR
would allow the detection of fetal chromosomal aneuploidies
without depending on genetic polymorphisras, We call this digital
relative chromosome dosage (RCIDY) analysis,

Resulis

Frimipias of Digital PCR. The first step in digital PCR 15 the dilutior
of the exiracted nucleic acids to a conceniration such that, on
average, one temiplate molecule is present per reaction well. PCR
is then set up so that 3 multitude of such single-molecule PCRs s
analyzed per saraple. We used 96-well and S&w\,& el reaction plates

and distributed cach dilnted nucleic acid s sarnple io the reaction
wells of o 1(. or more plates. Under these conditions, the actual
nuntber of teru pl&e molecules distributed o each reaction well
followed Lc Poisson distribution. Thus, an individaal reaction well
could contain zero, one, or more template molecules. The expected
proportion of wells with no temiplate is given by ¢, where m is the
average concentration of texuplate molecules per well. For example,
at an average concentration of one template molecule per well, the
c.xpc.(:*cd pr 3}3'31'-*,L i of wells with no template molecule is gm.‘l by
e 1 e, 0.37 (37%). The reruatuing 63% of wells will contain one
or more fe ]Tlp]d[u molecules. Typically, the number of positive and
informative wells in a digital PCR run would then be counted. The
definition of informative wells and the manner by which the digital
PCR data are interpreted depend on the application (15} and are
described below.

Principles of Digital RNA SNP. Digital RNA SNP is a digital version
of our p"eviously reported approadl (9) for T24 detection by
determining an inibalance in the ratio of polymorphic alleles of an
AKG SNP, 18130833, Jocated on PLACH. For a heterozygous
euploid fetus, the A and G alleles should be equally represented in
the fetaj genome (1:1), whereas, in 121, an additional copy of one
of the SNP alleles would give a 2:1 ratio. Digital RNA SNP analysis
aims o defermine whether the armounts of the fwo PLACE alicles
in the sample are equal or otherwise. Thus, both the A and G
PLACY alleles are the target templates. The analytical steps are
scheratically shown i Fig, 1.

After digital real-time PCR analysis of the PLACY SNP alleles
in 384-well plates, the number of informative wells was counted.
Axn informative well is defined as one that was only positive for
the A or G allele but not both (Fig. 1). For a eaploid case, we
expect an equal number of A-positive and G-positive wells (Fig.
1). However, when template molecules from a T21 fetus are
analyzed, the number of wells containing just one allele should
be higher than the number containing just the other allele (Fig.
1). In short, allelic imbalance is expected for T21. The same
degree of imbalance would be expected il this approach were
applied to the analysis of placental DNA, placental RNA, and
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Fig. 1.
analyses for T21 detection. Only a representative 96-well subset of the 384~
well data is shown for one euploid and one T21 case for each of digital RNA
SNPand digital RCD analyses, respectively. The T21 data depicted in the digital
RNA GNP experiment represent a case where the G allele is overrepresented,
i.e. afetal genotype of AGG.

Hiustration of the analytical steps in digital RNA SNP and digital RCD

maternal plasma RNA [PLACY mRNA in materaal plasma being
completely fetal in ongin {9)].

The allele with the higher number of counts is referred to as the
0\’61‘1’(3"‘1’68(‘:111:6(‘1 allele, and its proportion among all informative
wells, &, was calculated (Fig. 1). The seguential probability ratio
test (SP}{I } (16, 18} (see below) was applied to determuine whether
the P, indic d‘lt.d the degree of alielic imbalance that would be
expected for a T21 S'\mpic Alternatively, the SPRT analysis may
indicate that the available data are not vet adequate for dl&\,dbt,
classification. When classification was not achieved, additional
Sd-well plates were analyzed oniil the aggregated data became
classifiable by SPRT.

u)

Principles of Digital RCD. We determined chromosome dosage by
digital PCR analysis of a nonpolyraorphic chi2l locus relative to
one located on a reference chromosome, chri. We aimed to
differentiate a change in the ratio of chr21 to chrl from 2:2 in the
genome of a euploid fetus to 3:2 in a T21 fetus (Fig. 1). Here, an
informative well 1s defined as one that is positive for either the chu?21
or chrl locus but pot both. For a euploid fetus, the number of
informative wells positive for either locus should be approximately
equal (Fig. 1). For a T21 fetus, there should be an overrepresen-
tation of wells positive for che2l (Fig. 1}. The degree of overrep-
resentation wonld depend on the fractic onal fetal DNA concentra-
tion in the sample. For LXa]"’lE‘lL when placental DNA is dﬂalV?@d
the theoretical RCD ratio in the fetal genome should be 3:2, ie., 2
1.5-old difference. However, as described earlier, the th(.,orbu\,dl
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RCD ratio would durcdsc. m 1.05 when analyzing & maternal

plasma sarople containing {0% fetal DNA. The P, was caleulated

by dividing the number of wd]‘: positive only fo

the total number of informative wells {Fig. 1). The £ was subjectad

to SFRT anaiysis (16, 18) for disease classification. If the data were

vnclassifiable, one or niore additional 384-well plates were
analyzed.

Assessment of Allelic or Chromosomal Imbalance by Digital PCR. To
determine whether the analyzed sample is from a T21 case, the
observed RNA SNP or RCD ratio would be c()mpared with that
expected for a T21 case. The theoretical RNA SNY ratio is 2:1, and
the RCD ratio is 322 for a pure T21 sample. However, due to the
Poisson distabution, the exact ratios are not the same as those in the
fetal genome. Fufthcqr'orc template concentration is a key vari-
able in the Poisson equation. Thus, the exact ratios are dependent
on the template concentration used in a particular experiment.
Because the total number of teniplate molecules for a given volume
of sample {rom a T2 subject would be greater than that for a
umluid case, we standardize our dﬂﬁn,tloﬂ of the level of diluted
tc.'nphtb concentration as the average number of reference tem-
plate molecules per reaction well, m,. For digital RNA SNT analvsis,
the reference template would be the allele that was not overrep-
resetited, whereas the reference teraplate for digital RO analysis
wouid be the chrl locus, Thus, the dilution of one target template
molecule of any type per well for the digital PCR analysis of a
euploid case equates to an m, of 0.5
The basis for the difference between the theoretical and expected
alance and the ealculations to
a range of e valum are shown in
maton (3} nd 4 In digital RNA SNP
afxalym ofaT21: ampia when the 1, va]v was 0. ,,thc digital RNA
SINF ratio {namely, the ratio of wells containing just the overrep-
resetited allele with respect to wells contatning just the reference
allele} was 2.65 (811 3). In digital RCD an:ﬂym ofa spuu}@n
composed of 100% fetal DNA, when the m, vahie was 0.5, the
digital RCD ratio (namely, the ratio of wells positive *;ole]y for the
chr2l lOCdb with fcspu:' to those positive solely for the chrl locus)
was 1 7Y 1} As the fractional fetal DINA concentration
es, t zital RCD ratio decreaﬁeq for the same m, {Si
. As shown in Si . , the extent of allelic or
chromosomal overrepreseniation increases with m,. However, the
percentage of informative wells approaches iis maximum near an
my value of 0.5 aud decreases gradually with further increase inm,.
In practice, the decline in the proportion of informative wells could
be compensated by increa 'mm, the fotal number of wells analyzed if
the araount of specimen template molecules is not limiting, with an
associated increase in reagent costs. Henee, optimal digital PCR
performance is a tradeoff between the templale conceniration and
total mumber of wells tested per sample.

v

degree of allelic or chrowosomal tmb
da—:tﬁrmine [he

latter for

v

‘:.a“
¢
[l
o

L

[

SPRY Analysis. To determine whether an observed degree of over-
representation of a PLACS allele in digital RNA SNP ot the chrzl
locus in digital RCB, 158 statistically significant, a SPRT-based
approach was used {16, 18), SPRT is a 'ne.nud ,nat allows testing
of a hypothesis as d(.m accunnilate. SPRT has been used to
interpret digital PC data for loss of heterozygosity (LOH) in
tumor mn‘ples {16, 18). In T21 detection, the null hypothesis is that
there is no allelic or chr’(smos-:)mal irobalance {Le., T21 is not
de-.ec ted). The alternative hypothesis is that allelic or chromosomal
imbalance exists (i.e., T21 is detected). Operat )nai]y, SPRT canbe
perf mjud wih a ﬂalr of "PRT CUTves th'\ ‘ﬂnstructed to

null ir poihu-a (} ig. 2A )rd Ay s M ) lh’v
curves show the “equm,d propertion of in*"ovn ative wells positive
for the overrepresented allele or chr2l, P, (y axis, Hig. ‘E), H
given total nurnber of informative wells {x axis, Fig. MAW needed for
classification. Saraples with data peints that are above the top curve
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t the chr21 locus by

PRSPPI

" eesstapress

NG wehe

N ad

Fig. 2. SPRY analysis. (A} A pair of SPRT curves delimits the decision bound-
aries for accepting o rejecting the hypotheses that the sample belongedto a
euploid or aneuploid fetus. (8) The decision boundaries of the SPRT curves
would vary according to the template concentration. Curves applicable to
digital RNA SNP analysis are shown.,

are classified as trisomic (Fig. 2.4). Samples with data points that
ate below the bottom curve are classs ﬁe i as euploid. Saxoples with
data points in between the two curves are unclassifiable and would
require an increased total mumber of informative counts before
classification. SPRT thus offers the advantage that a smaller
araount of testing is required for a given level of confidence than
other statistical methods. This feature is of particslar relevance to

the analysis of plasma nucleic acids in which the number of available
temnplate molecules is Hmited.

As discussed above, the exact degree of allehic or chromosonal
th{_ ac[uc-l template concentration per
nsiructed a se

irabalance depends on
experiment. We therefore ¢ eries of SPRT curves
for a range of =i, values (S finds). Each set of
digital PCR data should be int elprc,-:,d wnl“ the curves relevant
to the m, of that particular vun, Thus, in practice, after digital
RMNA SNP or digital RCD analysis, mi, and P, are cajeulated (Fig.
‘: mr is C'\lculatﬂd bv using the Poisson equation and the

i

) Pr is the proportion of informative wells
p ositive ;hbt for the overrepresented template. The experiruen-
tally derived P 1s mta,rpt‘_lcj with the relevant SPRT curves
selected by the corresponding m,. This is in contrast to the
previously 1cporied use of SPRT for molecular detection of loss
of heterozygosity {LOH) by digital PCR, where a fixed set of
curves was used (16}, Because the expected degrees of allelic or
chromosomal imbalance for the digital RNA SNP and RCD
approaches are different (2'1 for the former and 3:2 for the
latter), different series of SPRT curves are needed. Fig. 28
Hustrates the degree of differences in the SPRT curves f)r .
values of 0.1, 0.5, and 1.0 for digital RNA SNP analysis.
Compared with the use 0 4 fixed set of SPRT curves in previous
studies (8§ Mar 51 (10, 18}, the proportion of
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Tablie 1. Digital RNA SNP analysis in placental tissues of euploid and T21 pregnancies

No. of wells positive for individual afleles SPRT resuit
Sample Genotype A only G only AG All negative m; o, Unclassifiable region Classification
FMacental DNA
NETY AG 35 33 126 90 0.79 0.51 0.63-0.65 Eupioicd
N7I0 AG 102 33 73 126 0.52 0.55 4.61-90.63 Euploid
N435 AGG 49 157 130 48 0.63 0.76 0.62-0.64 121
N33 AAD 135 8% 2 S8 Q.50 .66 3.51-0.63 21
Placental RNA
V533 AG 103 33 71 117 0.56 0.53 4.61-90.63 Euploid
V943 AG 89 100 74 121 0.55 0.53 0.61-0.63 Eupioid
N435 AGH ¥ 138 g5 GG .48 ¢.73 3.51-0.63 P
T215 AAG 146 58 138 42 0.71 0.72 0.62-0.64 T21

The no. of wells for all sampleswas 384, Genotypes were determined by mass spectrometricassay. The mevalue indicates the average no. of reference molecules
per reaction well. The P, values were calculated by using the following eguation: no. of wells positive for the overrepresented allele/{no. of wells positive for
A only + no. of wells positive for G only}. The unclassifiable region for the corresponding m. is shown, "Euploid” was assighed when the P, was below the
unclassifiable region; "T217 was assigned when the Fr was above the unclassifiable region.

data is much lower with our approach (81 Tabl

5 and §). For example, when using our approach, at an m, value
of ? and 0% of T21 sampiles would be unclassifiable for
96-well : d3 S4-well digital RNA SNP aunalyses, respectively, but
62% and 10%, -cspu'*vclv woul id be unclassifiable when using

fixed curves (S

Computer Simulation of Classification Accuracies of Digital PIR De-
tection of T21. Computer simulation was performed to estinate the
accuracy of diagnosing T21 by using the SPRT approach. Separate
simulations were performed for different values of three parame-
ramely, reference template concentration (m.), rumber of
informative counts, and projected degree of allelic or chromosomal
imbalance (P} For digital RN /X %NP simulations of a 334-well
experiment with m, values of 0.3-2.0 were performed. At each m,
value, we simulated the scenario wnnrnbv 5,000 euploid and 5,000
T21 fetuses were tested -’\S\‘ i 3. The SPRT
curves appropriate for the given m, were t m.d to classify the 10,000
fetuses. The percentages of fetuses correctly and meorrectly clas-
sified as euploid or anu-pl(n( and those uncla slflarm, fort
informative counts were determined (S1 Table 7).
for diagnosing euploid cmd aneuploid cases are hoth 10
vahies between 0.5 and 2.0, When the miy vadue was 0.1, Ei
and 88% of euploid and T21 fetuses could be wcurakdy classified
by using 384 wells. Simulation results, using an illustrative repetition
number of 300 times, are shown in 51 Fig, 4

ters,
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Table 2. Digital RNA SNP analysis of maternal plasma from euploid

No. of welis

positive for individual alleles

Computer simulations for digital RCD analysis
Actal DINA sarple were smnlal 1V performed (S 1% P
5). The extent of chrZl overre preﬂcntam,n in digital RCD analysis
depends on the {ractional concentration of fetal I)I\ & in the tested
speciien. Because the fractional fetal DINA concentration be-
comes lower, the degree of chr2l overrepresentation diminishes,
and thus a larger number of informative wells for accurate disease
classification is requived. Heuce, s;imu}aijcm were further per--
formed for fetal DNA concentrat ions of 509, 25%, and 10% for a
total well number ranging from 384 1o 7,680 Weﬂs at an i, value of
0.5 (81 Tabie §). The peri'ormance of digital RCD is better for cases
with a higher fetal DNA fractional concentration. At a fetal DNA
concentration of 25% and with a2 total number of 7,680 PCR
analy 97% of both euploid and aneuploid cases would be
classifiable with no incorrect classification. The renwaining 3% of
cases require further analyses until classification can be achieved.

Validation of 721 Detection When Using Digital RNA SNP for PLACGL
The przaci’i(,(.] feasibility of digital RNA SNP was demonst mt@d bV
usmc the r 8130833 SNP on the FLACY gene (57
i o) (9). Flacental DNA and RNA sanples from two cuplmd
and two I hc,ibmzygous placentas were analyzed. The placental
DNA samples were analyzed with the omission of the reverse
transcription step, thus essentially converting the pmaadi re to
digital DNA SNP analysis. We diluted the samples, aiming for

approximately one allele of any type per well, and confirmed this

A

and 21 pregnancies

SPRT resuit

Sample Genotype A only G only AG Al negative my P, Undlassifiable region Classification
M2390P AG 90 100 97 97 0.67 0.526 0.62-0.64 Eupioicd
M2331P A 97 165 85 1y ¢.55 0.523 ¢.61-3.53 Euploid
M2473P AG o6 92 34 192 0.30 3.582 0.59-0.62 Eupioid
Mes2ap AG 29 23 3 324 0.083 3.50% 0.54-0.64 Euploid
M2528P AG 112 85 44 143 0.41 0.5659 0.60-0.62 Eupioicd
M2531P A 3G 161 72 121 ¢.55 0.523 ¢.61-3.53 Euploid
M26Q7P AG 73 91 57 163 0.41 0.60-0.63 Eupioid
Mze38P AG &6 90 52 176 0.37 0.58-0.62 Euploid
M26329P AG 71 56 7 240 0.21 0.58-0.62 Eupioicd
M2525P AKG 110 53 2 200 ¢.21 .58-3.51 T2t
M2272P AAG 246 127 112 283 0.37 3.660 0.60-0.61 121
Me7i8P AGH &6 114 66 138 0.42 0.60-0.62 21
M1I519P AGG 58 130 54 142 .34 0.691 0.59-0.52 T21

The number of wells for all samples except M2272P was 384, The number of wells
assay. The myvalue indicates the average no. of reference malecules per reactionwell

for sample M2272P was 768. Genotypes were determined by mass specirometric
i The P values were calculated by using the following equation: no. of wells positive

for the overreprasented allele/{(no. of wells positive for Aonly + no. of wells positive for G only). The undassifiable region for the corresponding my is showr. "Euploid”

was assigned when the P, was below the unclassifiable region; "T21” was assigned
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when the P, was above the undassifisble region.
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Fig. 3. SFRT interpretation of digital RCD analyses. {A) Placental DNA samples
{8) DNA mixtures of b3% placenta/maternal buffy coat. {C) DNA mixtures of 25%
placenta/maternal buffy coat. Numbers at the top of 8 and Cindicate the number
of 384-well plates required before the data set was dassifiable for the cases
delimited by the dotted lines surrcunding each nurnber.

by a 96-well digital PCR analysis (Fig. 1). This was followed bv a
384-well digital RNA SNP experiment. F, and m, were calculated,
and the SPRT curve for this m, value was used for data interpre-

tation. The results are shown in Table 1. Bach of these DNA and
RMA samples was correctly classified with one 384-well experirnent.

We further tested plasma RNA samples from nine wornen carrying
euploid [etuses and four women careying T21 fetuses. All cases were
correctly classified (Table 2). Iniual results for one 121 case
(M22728) fell within the onclassifiable region between the SPRT
curves after one 384-well experiment. Thus, we performed an
additional 384-well run. New i1, and P, values were calculated from
the aggregated data of 768 wells, and the classification was per-
formed by vsing a new set of SPRT curves selected based on this
m; value. The case was then scored correctly as aneuploid.

Validation of T21 Detection When Using Digital 8CD. Placental DNA
samples from two euploid and two T21 placentas were diluted to
dppr(mmaiciv one target template for either chromosone per weii
m(i corfirmed ‘ty a 96-well digital PCR analysis (87 M g

i confirmed sample was analyzed by a 384- wdi

13120 ﬁ:agéi\qlwg%?mm/’doi/w.1073/’pna:~ 705765104

digital RCD experiment, and the £, and m, valoes were calculate i
For digital RCD, the chrl paralog (19) was the reference tempiate
This m, value was used to select a corresponding set of SPRT curves
for data interpretation. All of the placental san’p]m were correctly
classified (Fig. 34). To demonstrate that digital RCD is applicable
o nonpure fet d] DNA samples {(e.g, fetal DNA in maternal
plaqma mixiures containing 509 and 25% of T21 placental DNA
in a backg r()und of euplowd maternal bload cell DNA were ana-
Iyzed. Placcn_al DNA from 10 T21 and 10 euploid cases was mixed
with an equal amouat of euplaid rasternal blood cell BNA, thus
prudupm-' 20 DNA mixtures of 50%. Similarly, placental DINA
from five T21 and five euploid cases was each mixed with a 3-fold
execess of euploid maternal blood cell DNA, thus producing 10 DNA
mixtores of 25%. All of the cupimd and aneuploid DNA mixtures
were correctly classified (Fig. 3 2 and ). Each sample reached the
paint of belr‘-v classifiable after a number of 384-well digital PCR
analyses (Fig. 3 B and C}. For the 50% DNA mixtures, the number
of 384-\&(:11 plates 1@\1141:3& ranged from one to five, For the 25%
DNA mixtures, the number of 384-well plates required ranged from
one to seven. The cumulative proportion of cases correctly classified
tacreased progressively with the addition of each 384-well digital
PCR analysis, as pre edicted in ST Tuble

G

Discussion

In this study we have outhined and demonstrated the principle of
digital PCR-based detection of chromosonal aneuploidy, using 121
as an example. As the statistical tool, we used SPRT, previously
used for digital PCR-based detection of loss of heterozygosity
LOH in samples with 509 tumor-derived DNA, In this setting,
S0% of t arget DNA 13 contributed by norraal cells with two copies
Uf target d:rurnosombs, and the other 50% is contributed by cancer
cells where one target chromosome is lost (16, 18). We realized that
a fetal trisomic cell is analogous to the combination of cne
noncancer cell and one cancer cell. The degree of allelic rubalance
in acancer sample containing 50% tumor-derived DNA is the same
as that jn a clinical sample containing pure fetal DNA (e.g.,
amniotic fluid) or RNA [e.g., PLACY mRNA in maternal plasma
Difroma pregnancy ivolvi nga ﬁl fetus. In both the cancer and
he pr enatal diagnosis scenarios, the ratio of the more abundant
aliele to the less abundant allele is 2:1. We further refined the SPRT
analysis by constructing specific SPRT curves appropriate for the
exact template concentration for any given digital PCR run and
extended this strategy for the ')f\]ymo-p]* ism-mdependent digital
RCD ampmcm 1. Alternative statistical methods, mJCh as that D:m,d
on the false discovery rate (20}, could be further evaluated in future
studies.

Our experireental and simulation data show that digital RNA
SNP is an effective and accurate method for T21 detection. Because
PLACL aRNA In maternal plasma is dertved purely [rom the fetus,
for 12 of the 13 maternal plasma samples tested, iny one 384-weil
digital PCR expeniment was required for correct classification. This
homogenous, real-time PCR-based approach thus offers an alter-
native 1o the previcusly described mass spectrornetry-tased ap-
proach for RNA SNP analysis (9). Apart from placental-specific
raRNA traascripts, other types of fetal- specific mucleic acid species
n irxatemal plasma could be used. One nxa:np]e is fetal epigenetic
markers {12, 21) which have recently been used for the noninvasive
prenatal jc'ectlm of trisorny 18 via the epigenetic allelic ratio
{(EAR} appr oach (10). Thus, we predict that digital EAR would be
a possible analytical technique.

Drgital RCD was ucvcl(\ped to overcome the requirement of
heteroz for a polyraorphisro-based approach such as digital
RNASNP. D]gitulR( D could readily discriminate T21 and euploid
placental DNA samples, t ms supporting is .ppiiﬁ"ii’i')‘(li; to samples
con t‘un,ng rrtnally pure fetal DNA, e.g., ammnictic fluid and
chogaonic vithis samples,

The application of digital RCD to DNA extracted from maternal
plasma s coruplicated by the fact that fetal DNA constitutes only
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a niinor fracti on of nmia *cmaj plasma DNA, with 2 mean fractional
concentration of some 3% between weeks 11 and 17 of gestation
{8). Nevertheless, we have shown that digital RCD allows aneu-
ploidy detection even when the {etal fraction is 2 minor 'mpulz;tm‘l
With 3 decreasing frac Umai concentration of fetal DNA, e.g
during early gestation, a larger number of informative counts 15
needed for digital R(D Hw significance of the present work, as
suramaarized {n ST Table 9, is that we have pr rovided @ set of
benchroark parameters, e.g., fractional fetal IINA and total tem-
plate molecules “equlrcd toward which future re ﬂccmh can work,
In our ()pm ion, 7,680 reactions for a fractior (.] fetal DINA concen-
tration of 25% sbot.ld be achievable (ST 3
97% ¢

2% a d allows correct

dxseaﬁe classification 97% of the fime.
o achieve a fractional fetal DNA concentration of 25%, meth-
f\ds are needed to allow the selective enrichment of fetal DNA (22)
or ﬂ“c suppression of the maternal DNA background (11, 23) in
fernal plasma. For example, although the effect of formaldehyde
>t been universally observed by all groups (24, 25), Dhallan er
al. {11} reported that 85% (51 of f\m of their f\)rﬁ]uldb}‘Vd”~tlpa’[”d
plasma samples had fractional fetal DNA concentrations =25%
and Benachi ef al. (26} reported 2 mean fetal DNA concentration
of 36.89 formaldehyde-treated plasma samples. Besides

Yo in their
physical methods for fetal DNA enrichment and maternal DNA
suppression, molecular envichrent strategies, such as targeting
fetal DMNA molecules that exhibit a par Uf‘ui r DNA methylation
pattern (12, 21, 27}, may be pusslbk In this regard, placenta-
spes,,hl > PNA met hjy ation warkers from ¢hr21 have recently beeun
identified (S. S, C. Chim, 5. Jin, T. Y. H. Lee, F.M.E.L, W. S. Lee,
L. Y. S Chan, Y, Jin, N, Yang, Y. K. Tong, T. Y. Lcung, et al.,
unpublished waork).

The number of plasma DNA molecules that are present per unit
volume of maternal plasma is limited {8). For example, in early
pregrancy, the median matemal plasa concentration of an auto-

sornal locus, the B-globin gene, has been shown to be 986 copies per
miliiliter, with contributions from both the fetus and mother {8). To
captore 7,("%"‘- niolecules, DNA extracted from sowe 8§ ml of
maternal plasma would be needed. This volume of plasma, obtain-
able from ~15 ml of maternal blood, is at the limit of routine
practice. However, we envision that multiple sets of chr2l and
reference chromosome targets can be combined for digital RCD
analysis. For five pairs of ¢ .:1r2 1 and reference chromosome targets,
just 1, 6 mi of maternal plasma would be needed to provide the
nurcber of template molecules needed for analvsis. Multuplex
mng - molcvulc PCR would thus be needed. The robustness of such
ilupiﬂ ﬂngle malecule analysis has been demonstrated previ-
ously for single~-molecule haplotyping (28). Thus, the SPRT ap-
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proach outlined here could be modified for the analysis of
target loci by methods like mass spectrometry (28).

The mnplementation of digital PCR, as dhustrated in this proof-
of-principle study, is rather labor-intensive, requiring one or more
384-well PCR plates to be set up per case. However, aliernative
approaches for conduct ung diglial PCR, such as using microfiadic
digital PCR chips (29, 30) N ‘ernulsion PCR (31), and massively
parallel genomic sequencing (32), are now available. These fatter
methods would greatly enhance the clinical applicability of the
methods proposed here for noninvasive prenatal diagnosis and for
other applications it which allelic or chirornosome irobalance is
seen.

muitiple

Materials and Methods
Digital RNA SNP Analysis. A realtime PCR assay was designed 1o
araplify PLACE mRNA, with the two SNP alleles being discrimi-
nated by TagMan probes. PL.ACY mRNA concentrations were
gquantified in extracted RNA samples followed by dilutions to
approximately one target template molecule of either type (ie.,
either allele) per well. We distributed the diluted sample to 96 wells
for real-timie PCR analysis to confirm that 2 usable ditution has
been achieved. When ~379% (ie., e 1) of the wells were shown to
be n._t,atl‘m for any amplification, we proceeded to the digital RNA
3NP analysis using the same diluted sample for 384-well analyses.
Deetails are given in the 57 g

Digitai RCD Analysis, Extracted DNA was quantified by spectropho-

ety (Nanobr op Technologies, Wilmingion, DE) and diluted to
2 !.,,Dﬂ»ﬁf‘rut]ﬂﬂ of approximately one target temiplate from either
chr2l or chrl per well A real-time PC R assay was designed to
araplily a paralogous sequence {198) present on boih chromosornes,
distinguishable by a pair of TagMan probes. The dihited DNA
sample was first analyzed by the assay using the chrl probe only in
2 96-well format to confirm whether ~37% of the wells were
negative; then we proceeded to digital RCD analysis using both
T 'iqMafL pi(“‘t.b in 384-well plates. Details are given in the S

Computer Simulation of Classification Accuracy. The computer sinn-
ulation was pe“"ormed with Microsoft Office Excel 2003 soft-
ware {Microsoft, Redmond, WA) and SAS 9.1 for Windows
&()i\‘mrc (BA‘% Institute, Cary, NC). I3etails ave given o the 8
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Exhibit 11

Molecular Diagnostics and Genetics

Microfluidics Digital PCR Reveals a
Higher than Expected Fraction of Fetal
DNA in Maternal Plasma

Fiona M. F. Lun,”® Rossa W. K. Chiy,"? K. €. Allen Chan,’? Tak Yeung Leung,” Tze Kin Lay,®
and Y. M. Dennis Lo’™2"

sackGroUND: The precise measurement of cell-free
fetal DNA in maternal plasma facilitates noninvasive
prenatal diagnosis of fetal c¢hs >mo<omal aneu
ploidies and other applications. We tested the h -
pothesis that microfhudics digital PCR, in which in
dividual fetal-DNA molecules are counted,
enhance the precision of measuring circulating fetal
DNA.

coul d

We first determined whether roterofiuidics
digital PCR, real-time PCR, and mass spectrometry
produced different estimates of male-1

METHODS!

PINA concentra-

fions i arfificial mixtures of male and female DNA.
We then focused on comparing the imprecision of mi-
crofluidics digital PCR with that of a well-established
nondigital PCR assay for measuring male fetal DNA in

maternal plasma.

resurrs: Of the tested platforms, microfluidics d
tal PCR demonstrated the least qufmi'itauve b\'«is for
measuring the fractional concentration of male

101~
131

DNA. This assay had a lower imprecision and higher
clinical sepsitivity compared with nondigital real-
time PCR. With the ZFY/ZFX assay on the microflu-
idics digital PCR platform, the median fractional
concentration of fetal DMNA in rpaternal plasma was
=2 times higher for all 3 trimesters of pregnancy
than previously reported.
concrustons: Microffuidics digital PCR represents
an improvement over previous methods for quanti-
fving fetal DINA in maternal plasma, enabling diag-
uostic and research applications requiring precise
quantification. This approach may also impact other

diagnostic applications of plasma nucleic acids, e.g.,
in oncolagy and transplantation.

© 2008 Arnerican Association for Chinical Chernistry

Conventional prenatal diagnostic methods for harvest-
g fetal materials for molecular analysis, such as am-
niocentesis, are invasive and constitute a finite risk to
the fetus. Much research has therefore been devoted to
the developroent of new noninvasive methods for safe
prenatal diagnosis. The discovery of arculating cell-
free fetal DNA in maternal plasma in 1997 offered such
new possibilities (7 ). A number of clinical diagnostic
tests with impacts on clinical practice that have since
been developed (2) include the determination of fetal
RiD blood group status (3, 4 andfctal sex determina-
ticn for sex-linked disorders {5). Purthermore, in-
creased circulating fetal-DN { concentrations have
been observ 7ed in certain pregnancy-associated disor-
ders, including preecdlampsia (6, 7 and preteom labaor
Real-time PCR has become the most commonly
used technology for the detection of fetal DNA in ma-
ternal plasma (3 ), inchuding both qualitative {e.g., for
fetal RhD genoty’pmff {3, 4)] and quantitative ie.gg, mn
preeclamnpsia {6 )] applications. Because most of the
DNF& molecules in maternal plasma are derived from
the ;reonam wornan, with only a minor proportion
coming from the fetus, real-time PCR~based assays are
genier: Hy directed toward fetal targets that eit ther have
no maternal counterparts fe.g, ¥ chromosome se-
quences (5} or the RHD? genie {Rh blood group, D
antigen} in a RhD-negative woman (3, 4)] or differ
from the maternal coun derparts at muliiple DNA base
paits |e.g., the 4-nucleotide codon 41/42 deletion in

(b
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Microfluidics Digital PCR for Clrculating Fetal DNA

B-thalassemia {10 }]. The detection of fetal-DNA tar-
gets that differ frorn the maternal background by single
bases has required more complex methods, such as size
fractionation to enrich for the relatively shorter fetal-
DMA targets (17 ) and mass spe”-‘tometr‘/ to detect the
single-base variations (12 ). These methods have disad-
vantages that include a susceptibility to contamination
with current size-fractionation strategies (11} and the
need fm extensive opti mxzatxon for mass spectrometry
fysis of certain genomic targets (13

or qmnmatpm an'liyses, 9"‘\7(313,1 investigators
have reported higher imprecision with sm'fle—c\)py e-
quences, such as the SRY gene {sex determining region
YiontheY chmmosome, for fetal- DNA quantification
in maternal plasma (74). Furthermore, quantitative
analysis with real-tirne PCR typically requires the use of
calibrators that might vary between laboratorics and
between batches (14 ). In addition, new diagnostic ap-
plications of plasroa-DNA analysis, suchas indetecting
Drown syndrome, require very precise quantification of
circulating fetal DNA, which right be challenging with
conventional techuclogies (15 ).

In view of these Limitations, an

'1

investigation of
new approaches to plasma-DNA analysis would be of
clinical and scientific interest. We e xp]ored the use of
microfluidics digital PCR for the detection and mea-
surement of cell-free fetal DNA in srizilzrriaii plasm
Digital PCR s an analytical strategy in which a nudleic
acid sample is diluted and subjected to multiple PCR
analyses so that most of the reddions contain either a
& ). The technology pro-
fut bebausc any of these multiple

rther positive or negative, corre-

single or nio target molecule {
vi d es & rhcml’ re
PCR <«.naiv< es will 'D
sponding to the prcscnue or absence of the target mol-
ecule. Such presence/absence results are analogous to
the “ones” and “zeros” in computer sclence. With ap-
propriate statistical analyses, the proportion of positive
and negative reactions would allow measurement of
the nurnber of target molecules in the input sample.
Most “ubh hed applications of this approach have
been in the cancer-detection field {17). Recently, digi-
tal PCR has been proposed as a possible strategy for the
det«.ctlon of fetal chromosomal aneuploidies in mater-
nal plasma (15).
The mmain hmitation of digltal PCR is the labor-
intensiveness of p rfonnlm, hundreds to thousands of
nple, but recent advances in ou-
bave rnade possible the sutoma-
(18,19 ). }v’nqoﬂmdms permits
nanoliter aliquots of a nucleic acid sample o be chan-
neled into nanoliter-scale amplification chambers
where hundreds or thousands of real- time digital PCRs
could be cartied out {Fig. 1A} In this study, we com-
pared the performance of ruicrofiuidics digital PCR

veactions for each s
crofluidics technoiogy
tion of digital PCR
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with existing methods for detecting fetal DNA in ma-
ternal plasma.

Materials and Methods

STODY PARTICIBANTS
Women with smglcton pregnancies were recruited at
the Prince of Wales Hospital, Hong Kong, with in-
formed consent and Institutional Review Board ap-
proval. Maternal peripheral blood samples were col—
Jected into EDTA-containing tubes during the first,
second, and thitd trimesters before c‘taonomc vitlus
samp >l g, arruocentests, and elective cesarean section,
respgcuvelv We recruited 10 pre egnan 1cies with male
fetuses for each trimester and 3 first-trimester preg-
nancies with female fetuses. As a positive controf in the
DNA-mixing experiments, we collected placental tis-
sue from a healthy male baby at teom iromediately after
elective cesarean section. Sarnples were processed as
described in the Data Supplement that accompandes
the online version of this article at hitp://www.
chinchem.org/content/vol54/issuel .
COMPARISON OF DIFFERENT ANALYTICAL PLATFORMS
We compared 3 platforms in this study: real-time
quantitative PCR :’ 9), mass spectrometry {12, 20), and
microfiuidics srepared artifi-
cial DNA m p(mtes cons f 5%, 10%, 25%,
508, 75%, aud 1009 male placental DNA 1n 1“.‘;{3&6
blood cell DNA at a final concentration of 1 ng/ul {
mg/L). These mixtures were prepared from 100-ng ,uL
{100-mg/L} stock solutions of female blood cell DMNA
and male placental DNA. We then measured the quan-
titative deviation of observed concentrations of male
PNA from the expected concentrations by means of
3 analytical platforms. To compare the analytical
imprecxs;gons of the real-tirme PCR and digital PCR
platformus, we prepared an artificial rolxture contalning
7% male piacental DNA in a background of fernale
blood cell DNA and diluted the mixture to 100 pg/ul
{100 ;;JQ:/'L? to mimic extracted maternal plasmna DNA
from early pregnancy {9 ).

v

MICROFLUTDICS DIGITAL FCR ANALYSIS
Two 87-bp amplicons of the ZFX (zinc finger protein,
K-linked} and ZFY (zinc finger protein, Y-hoked) lod
were coamplified with the same primer set and distin-
guished with chromosome-specific TaqMan probes
(Applied Biosystems; Table 1). We carried out all digi-
tal experiments on the BioMark System (Fiuidigm) 1s-
ing the 12.765 Digital Arrays tl:h.idix m). Fach Digital
Array copsists of 12 panels, each of which i further
partitioned into 765 reacticn chambers {Fig. IB). The
eaction for one panel was set up with the 2X TagMan
Universal POR Master Mix Kit (Ap; >lied Biosysterns) 1o

Clinical Chermistry 54:10 (20087 1665



\\Q\\\N\\ 25% 25%
3 \\\\\\i‘*\\{%\\{\\
X
10% 50%
10% 50%
SRR 5% 75%
5% 75%

100%

1 panel

Digital PCR and nondigitel real-

Reverse primer 5-TGAAGTAATGTCAGAAGITAAAAL

ZFY extension product 57-TCA \ CAGT-3

*VIC and FAM denote the 2 fluorescent reporters; MGBNFQ, minor groove—binding nonfluorescent guencher. Boldfaced nudeotides indicate the 10-mer tags

incorporatad into the 57 ends to ensure that the primers would not interfere with the subsequent mass spectrometry analysis.
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a reaction volume of 10 gL, inclusive of a dead volume
of 5.4 pLl. A 3.5-pL volume of input DMNA was loaded
onto each panel. We used 2 reaction panels to measure
the roale-DNA concentration in each artificial DNA
mixtire in the experiment to measure the quantitative
biases across the different analytical platforms. We
used 12 reaction panels on all of the plasma samples
and the artificial DNA mixture containing 7% male
DNA to assess the imprecision of the digital PCR assay.
For digital analysis of plasma DNA to measure frac-
tional fetal-DNA concentrations, 12 reaction panels

it

4

would allow a total 0f 19.32 il of plasrna DINA to be
analyzed, after the dead volume of the chip had been
taken into account. This velume was comparable to the
total volume of plasma DNA analyzed for the conven-
tional real-time SRY/HEB assay {see below) in which
two 5-pl plasma-DINA aliguots were used for dupli-
cate analyses for each of SRY and HBB {hemoglobin,
beta}, fora total of 20 wl of plasina DNA per reportable
fractional fetal-DNA concentration (9). For digital
apalysis of plasma DNA to qualitatively detecnine the
fetal sex, we scored only the first 6 reaction panels,
amounting to 9.66 uL of plasma DNA. This volume of
maternal plasma DNA is comparable to the 10-pL total
volume of plasma DINA used for the duplicate SRY
real-time PCR {9). Details of the digital assay are de-
scribed in the online Data Supplement.

We counted the rumber of wells that were positive
' on for each sample. Accord-
ing to the Poisson distribution, the original number of
molecules derived from chromosomes X and Y can be
calculated with the following equations:

ZEY = ~ In[{N ~ YIN] X N;

ZFX = — In[{N — X)/N] X N,

where FFY is the nuraber of ZFY molecudes, N is the
total nurnber of wells counted, Y is the number of Y-
positive wells, ZFX is the number of ZFX molecules,
and X is the number of X-positive wells. The fraction of
Z¥Y molecules of the total zinc finger protein DNA
sequences {i.e., JFY plus ZFX) can be calculated as:
ZEYI{ZFY + ZFX).

Because each male fetal cell contains a copy each of
ZFX and ZFY and each background maternal cell con-

tains 2 copies of ZFX and no ZFY, the proportion of
fetal DNA 11 @ maternal plasma sample [ie., the per-
centage of the total genome equivalents (GEs) of DINA

in the maternal plasma that was fetus derived] is calcu-
lated as: (2 X ZFY}/(ZFY + ZFX) X 100,

REAL-TIME QUANTITATIVE PCR

Apart froro the real-time SRY and HBB assavs, which
have been widely used in previous studies (), we also
designed real-time PCR assays targeting ZFX and ZUY
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for comparison. The SRY/HBE and ZFY/ZFX assays
were performed on an ABI 7300 Real-Time PCR Sys-
temn {Applied Biosysterns) with 5 gl of DNA sample
per reaction. The ZFX and ZFY prirer and probe se-
quences were the same as on the digital platform, but
the probes were used separately. Reaction conditions
are sunumnarized in the online Data Supplement.

We ran duplicate DNA samples and reported the
meart in the tesults. For absolute quantification, we ran
a calibration curve consisting of serially diluted male
biood cell DNA (1-1000 GE per reaction) in patallel
and in duplicate with each analysis. We used a conver-
sion factor of 6.6 pg DM A/cell. Amplification data were
analyzed with Sequence Detection Software {version
1.2.3; Applied Biosystems). The same calibration curve
was used for the real-time SRY/HBB assay and the non-
digital ZFY/ZFX assay.

For the real-time SRY/HEB assay, the percentage
of roale DNA per reaction was given by: (SRY GE)/
{(HEE GE} =100,

Te calculate the percentage of male DNA in the
real-time JFY/ZEX assay, we used the same equation as
for the digital version of the assay.

MASS SPECTROMETRY

We performed MALDI-TOF mass spectrometry anal-
ysis with a standard homogenous MassEXTEND assay
{Sequenom). An 82-bp region in ZFX and ZFY was
coamplified with oue primer set {Table 1}, The s
tive amplicons were identifled by a primer-extension
reaction that targets the base differences between ZFX
and ZFY (Table 1). Further details of the assay are pro-
vided in the online Data Supplement. The extension
products were dispensed onto a SpectroCHIP (Seque-
nom) by a MassARRAY Nanodispenser S {Sequenom).
Data acquisition from the SpectroCHIP was done 1o
thie MassARRAY Apalyzer Compact Mass Spectrorne-
ter {Sequenom).

An inherent property of mass spectrometry is that
products with higher molecular masses are usually at-
tennuated on the mass spectrum. Te control for the peak
skewing, we included a calibration curve consisting of
mixtures of male and female blood cell DINA {0%, 10%,
20%, 30%, 40%, and 50% of male DNA) for peak fre-
quency correction. We carried out 2 homogenous
MassEXTEND reactions for each test sample and dis-
pensed each homogenous MassEXTEND product
twice onto the SpectroCHIP. We therefore obtained 4
mass spectra for each case. The percentage of fetal DNA
in maternal plasma was quantified by the relative peak
frequencies of ZFY to ZFX in the mass spectrum. The
perceniage of male DNA for each case was the mean of
4d 2 X {observed ZFY frequency) X 100.
This value was further corrected for peak skewing by
dividing by the slope-correction value {1.024 in thus

Clinical Chermistry 54:10 (20087 1667
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experiment): Percent reported male DNA
observed male DNA)/1.024.

Results

We determined whether biases existed with measure-
menis made on the 3 tested analytical platforms by
comparison with the expected concentrations of male
DA, The observed biases wete expressed graphically
i a difference plot vs the expected male-DNA concen-
tration (Fig, 2} {21). Of the 3 assays, the microfiuidics
digital PCR assay most correctly reflected the actual
sample compositions and produced the smallest per-
Y‘ta;Je bias. The nondigital real-time SRY/HBB assays
(%}, which have been widely used in the field, showed a
negative bias, underestimating the fractional male-
DNA concentration by ap-,,tommatelv 20%. The non-
digltal real-time ZFY/ZFX assay exhibited a positive
bias that wo
male DNA decreased. The mass ﬁpe trometry- based
assay exhibited a positive bias at higher fractional male-
DMNA concentrations but had a negative bias asthe frac-
tional male-DNA concentration decreased.
We focused subsequent experlments on cormnpar-
ing the microfluidics digital PCR ZFYIZFX system and
the nondigital real-time PCR SRY/HBR assay (9 ), be-
cause the latter hasbeen one of the standard assays used

1668 Clhinical Chemistry 54:10 (2008}
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rsenied as the fractional concentration of

i the field. We used an artificial sample mixture of 7%
roale DNA to compare the analytical iroprecision of
these 2 systems for measuring the fractional male-DNA
concentration. We carried out 20 analyses of this sam-
ple with 20 different microfluidics chips {1 reportable
result per chip) on the digital PCR platform, For the
convenilonal nondigital PCR sysfem, we measurad this
sample 20 tiroes thh 20 plates (1 reportable resuit per
plate), with the SRY and HBR assays cartied oot 1o the
same plate for each rueasurement. The CVs of the dig-
ital and nondigital assays were 16% and 49%, respec-
tively (Fig. 3), indicating that the digital assay was 3.1
times more precise than th; nondigital assay.

We next investigated the diagnostic sensitivity of

the digital and nondigital assays for detecting male fetal
DNA in the plasma of 10 fest-teimester (12-14 weeks

gestation) pregnant wornen urrymc male fetuses. We
scored the fiest 6 of the 12 panels of each chip to deter-
roine fetal sex by digital PCR and scorved all 12 panels of
each chip to quantitatively measure the fractional fetal-
DNA concentration. We used this procedure to ensure
that we fairly compared the digital and nonfﬁgital PCR
vstems with similar input voh.mts of plasma DNA
see Materials and Methods). For the nondigital PCR
system, we carried out duplicate aroplifications for
b samaple, as originally described (9), with at } st
oue SRY-positive signal for the 2 amphfications be

&
3
o
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scored as positive for a male fetus. The diagnostic sen-
sitivities of the digital and nondigital assays for the de-
tection of male fetuses were 100% and 90%, respec-
tively. The diagnostic spef'iﬁcities of the digital (12
p‘mek aud nondigital assays were confirmed with
plasma samples from 5 first-tramester (1214 weeks
gestation) pregnant women carrying female fetuses
The digital and nondigital assays detected no ZFY and
SRY signals, respectively.
We use d both the digital and nondigital assays

reasure the fractional fc‘ml DMNA concentrati
in 19 Plasrna samiples each from pregnant wornen
who were in their first trimester {as described
z:l“ove,, second trimester \l/---/.i weeks gestation},
ndf .nrdﬂm ester {3839 weeks gestation) and car-
ring male fetuses. The median fra tional fetal-DNA
conuant- atio asured with the digital PCR assay

ere 9.7% 5' O ‘, an d 20.4% for the first, second
and third tume ters, respectively {Fig. 4). Th
responding values fot' the nondigital PCR assays
were 4.8%, 4.1%, and 7.6%, rvespectively. Thus, the
median fractional fetal-DNA concestrations ruea-
sured with the digital PCR assay were 2.0, 2.2, and

-+

o me

o0

*'{

s
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obtained with the non-
digital PCR system for the respective gestational
e

Discussion

We explored microfluidics digital PCR as a tool for t
detection and measurement of fetal DNA in materna l
plasma. Digital PCR is approximately 3.1 times more
precise tha conventional nondigital real-time PCR
(Fig. 3) We also d»mon trated that microfluidics dig-
: realed the least bias in measuring the frac-
tional concer Atumof- of male DNA, compared with as
says based ou conventional noodigital real-tirne PCR
aund mass spectrometry (Fig. 2. Digltal PCR {s expected
a prioti to be more correct and precise than nondigital
PCR formats of PCR because by analyzing asample in a
multlthdc of aliguot volumes containing less than a
single copy, digital PCR transforms the analog output
of conventional PCR to an “ali-or-nothing” {i.e., digi-
tal) readout of individual amplifications. This ap-
proach aliows the couuting of the number ofindividual
ftons and caleulation of the concen-

positive amplific

Clinical Chermistry 54:10 (20087 1669
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tration on the basis of mathematical principles, L.e,, the
Poisson distribution. The physical nature of the quan-
titative data obviates the use of calibrator solutions.
This fact is evident by the smaller bias value for the
digital ZFY/ZFX assay than for the nondigital version
of the assay (Fi g, 2
To contrast, the nondigital reai-time PCR assays

are dependent on -.he use of a series of calibrators to
correlate the fluorescence s oigr‘-al with the nucleic acid
concentration. One source of Inaccuracy may ocour
when a new set of calibrators is Instituted or when dif-
ferent laboratories prepat hcxr own calibrator solu-
tions. Purthermore, dArfcrmt assays may generate Jdif-
ferent dose—response curves for a series of calibrators,
thus producing different degrees of bias. This poiot is
iHlustrated by the difference plots for the SRY/HEB and

AF Y’/EXrecd -tirne PCHRs 10 which the samie calibrators
were used for both systemns {Fig. 2). The former assay
showed a negative bias, whereas the latter showed 2
ositive bias

More spe qhga ly, the SRY/HBER assay, which was

fhe ﬁr.zt rea 1 time PCReystem fo b'; developed for mea-

un det‘esnmated 'he pm‘)o*ﬁon ofmaie
3% {n experirnents involving

rnal 1)1:3.)]'\']3. { 9 N
DNA by approximately 2
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artificial mixtures of male and female DNA (Fig. 2). In
experiments with plasma samples from pregnant
wornen carrying male fetuses, the digital PCR assay re-
vealed median fractional fetal-DNA concentrations
that were approximately 2-fold higher than previcusly
reported {9 ). Apart from the expected better quantita-
tive performance of the digital PCR as: say, anot ther fac-
ter that ruight have contribuoted to the higher fractional
fetal- DMNA concentration with the digital assay is the
fact that the 87-bp ZFY amplicon is shorter than the
137-bp SRY amplicon {9 ). Previous work has indicated
that fetal DMNA in maternal plasma is shorter than the
background maternally derived DNA (22).

The enhanced analytical performance of microfhu-
1dics digital PCR could have an important impact on
the use of fetal DNA in maternal plasma for noriuva-
sive preuatal diagnosis. For example, roany inves*’igs-—
tors have attempted to develop methods for Increasing

he fractional concentrations of fetal DINA extracted
from maternal plasma, either through size fraction-
ation {11 ) or suppression of the background maternal
DMNA through formaldehyde treatment (23 ). The con-

roversy surrounding the latter approach in particular
bas tlustrated the Importance of precise and correct
measurernents of circulating fetal-DINA concentra-
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tions, because one area of dispute has concerned the
imprecision of the serial-dilution approach used in the
original version of the formaldehyde-treatrnent
method (23-25).

Furthermore, the number of counted molecules
required to detect Down syndrome has been demon-
strated to be inversely related to the fractional retal—
DNA concentration (15 }. Our demonstration that the
median fractional concentration of circulating fetal
DNA obtained with digital PCR might be 2-fold hn;.h
than previously recognized (Fig. 4) suggests that the
technical challenge for detecting Down syndrome via
plasroa-1NA analysis 1s less than has previously been
assumed. Indeed, for every 2-fold increase in the fra

tional fetal-DNA concentration, the number of ana-
lyzed molecules required to diagnose Down syndrome
decreases by a factor of aDp"oximate"y 4{15).

Microfinidics digital PCR also has benefits for ap-
plications requiring only the qualitative detection of
ciraulating fetal DNA. For exarnple, we have dernon-
strated that rolerofiuidics di gifzd PCRimproves the de-
tection of male fetal DNA in maternal pl asima, Cont-
pared with conventional real- Um; PCR, In addition,
microfluidics digital PCR would have an advantage for
detecting fetal-DNA targets that differ from mattmal—
DNA sequences by one or a small number of nudleo-
tides, because digital PCR Up&! ates at target concentra-
tions at which most positive reactions would contain
only a single target mwlecule (5, 16 ). Thus, fetal- and
maternal- DNA targets that would be cross-armplified
with the same primer set would now be separately am-
plified in different digital PCRs, with the correspond-
ng fetal and maternal amplicons being identified by
probes la‘belef{ with different reporters. Although we
based this study on the quantification of male fetal
DA in mutermﬂ plasina, the advantage mentioned
above also 1ndicates that fetal-DNA concentrations for
fernale fetuses could be measured via digital PCR quan-
tification of fetus-specific, paternally inherited alleles
of a panel of single-nucleotide polymorph;sm&
One current drawback of microfluidics digital
PCR is the cost of the chips. In this study, one chip was
onsumed for each ma'ema‘ plasma sample. The en-
hanaeci analytical perforr'mnw of digital PCR could be
realized in ponmicrofiuidics- bm:d digital real-timne
PCR or i digital primer-extension reactions with mass
spectrornetry {15 ). For investigators who prefer to use

X

T
T
X

nondigital PCR approaches for
be room for improvement in the quantitative perﬁ)t—
mance of the nondigital platforms, for example via the
addition of i,ntema& calibrators to each PCR reaction
(26).

In conclusion, this <tudy has demonstrated that
microfluidics digital PCR is a useful new tool that al-
lows improved measurement of circulating cell-free fe-
tal DNA and potentially other nucleic acid species in
plasma, such as tumor-detived DMNA (27 and donor-
derived DNA (28} in the plasona of cancer patients and
transplant recipients, respectively.

cost reasons, there may
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personalized medicine.

that PCR strategies will play an important role in the delivery of this goal. Digital PCR has certa
fages over more traditional PCR protocels. In this article we will discuss the current status of digital PCR,
highlighting its advantages and focusing on bow it can be utilized in biemarker development and anal-
wluding the use of individualized bismarkers. We will explore recent developments in this feld
including examples of how digital PCR may integrate with next generation sequencing to geliver truly

1 advan-

@ 2012 Elsevier Inc. All rights reserved.

1. Introduction

There is currently a great emphasis in both academia and the
biotechinology industry on the development of meaningful molec-
slar btomarkers to assist in the appropriate clinical management of
patients. Such blomarkers will assist the rational matching of pa-
tients to effective therapies that should benefit them, and will
facilitate the use of rnelecular stratification to inform prognosis
and clinical decision-making.

There are sigunificant biological, clinical, lngistical and econemic
complexities in the delivery of high quality personalized medicine,
However, it is dear that defining and validating molecular bio-
markers is cenftral to the process. Although many biclogical sub-
strates can be used to derive biomarkers much work to date has
concentrated on detecting and quantitating nucleic acids - RNA
and DNA. In this review we focus on the potential of digital PCR
as a platform o analyse nucdeic acid biomarkers, Digital PCR is
both conceptually simple and extremely robust in terms of assay
performance; if has a numnber of specific attributes that may make
it particularly applicable to biomarker assay in clinical scenarios

2. Principles of digital PCR

The term “gdigital PCR™ was coined by Kix 12 er and Vogelstein in
1999 [11, althou C,h he conceptual framework of Hiniting dilution

* Correspanding author at: Department of Respiratory Medicine and Allergy,
King's Coliege London, London, United Kingdom.
E-mail addresses; Ekd27@cam.ac.uk {E. Day), frankme@mre-imb.cam.a
McCanghan).
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of BNA and single molecule detection was lajd out in prior reports
i2,3}]. The origins and principles of digital PCR have been exten-
stvely reviewed [1,4-6], but the concept remains relatively poorly
understond and we will briefly review the principies here.

Bigital PCR depends on the ability of PCR to detect a single mol-
ecule of a target iocus. The sample is greatly diluted and divided
into a large nurober of aligquots, so that some aliquots receive at
least one molecule of the target {(“positive” aliquots), whilst others
do not. The nuraber of p-vsxtive aliguots, as determined by PCR,
then reflects the abundance of the target locus in the sample Fig. 1.

I the sample is smﬁczenﬂv dilute, only a few of the aliquots will
be positive, and each of these positive aliquots can be assumed to
have contained only 3 single target molecule. In this 2, the pro-
cess equates to a direct and simple counting of molecules ~ the
“digital” in “digital PCR™.

More often, though, the sarnple is not diluted quite so far. Then
many (but not all) of the aliquote will be found to be positive, and
sorme of these positive aliquots will probably (and unbeknownst to
the experimenter) have contained two, three or more target
maolecules, Therefore, simply counting positive aliquots will
underestimate the frue number of molecules, This can be corrected
by wusing the Poisson equation, a simple statistical too!l which
calculates the average number of melecules per alignoet from the
observed proportion of positive aliguots. {The sguation is

= —iog{ 1--F}, where A is the average number of molecules per
aliquot, and P is the proportion of positive aliguats.)

In this way, it is easy 1o calculate the absolute abundance of th
target sequence in the sample [1 3} More comrnonly, though, the
abundance of the target sequence is compared to that of a refer-
ence seguence analysed in the same way, to determine the target’s

[
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m

Locus of interast

Bulk DNA

Template DNA undergoes
limiting dilution

PCR ampiification
e S

Bartitions/aliquots are scored as positive or negative depending on the pres-
ence or absence of one or more copies of the locus of interest in zach partition

Fig. 1. Limiting dilution PCR. The wprinciples underpinning digital (R are very
simple. DNA undergoes {imiting dilution. PCR is then wsed (o probe each aliguot for
he presence (+) or absence (—) of a lecus of interest.

relative abundance {1,7]. The reference sequence is usually chosen
to be one whose (.b\.nc.ancze is known - for example, one which is
present in two copies per diploid cell.

Besides being able to accurately quantify target sequences, dig-
ital PCR can also be used to identify rare variants, such as muta-
tions present in only a small minority of the cells from which the
DNA is isolated. Digital PCR experiments can be designed so that
each positive aliquot is the result of a single or a few template mol-

cules being amoplified. In those aliquots in which a rare variant is
present, it’s defection is not swamped by the more mmrmn vati-
ant, as it would be if bulk DNA were amiplified {8,581 In practice,
rare variant detection reguires well-designed ex penmmsai Prote
cols with marker validation and noo-teraplate controls, but hi(t

5

the point is to emphasize the potential of digital PCR in terms of

sensitivity and quantitation of rare variants.

The precision (reproducibility) of digital PCR-based quantitation
and its capacity to detect very rare vadians depends on the total
number of aliguots that are interrogated - the precision and sensi-
tivity increase as more aliguots are analysed.

The degree of dilution of sample is also irnportant: if it is too di-
lute, then very few aliguots will be positive, and the data will be
unreliable, If it is not dilute enough, then ali the aliquots will be po-~
sitive, and no quantitative information can be obtained. A number
of authors have investigated how linear the response is to DNA
concentration using various platforms [10-121 In a recent study
using a droplet digital PCR system (ddPCR) and interrogating
20,000 partitioned reactions (microdroplets), a linear response to
DNA concentration was obtained in droplef saturation in the inter-
val 8.16-958.6% [ 11]. However, the relative uncertainty in DNA con-
centration varied across this dynamic range ~ in particular at the
iower end of ¢ ange the impact of stochastic events on the esti-
mated copy-number increased. Similar observations were made in
a study using 2 microfluidic based approach [12]

The uniforrnity of partition volume is also a critical determinant
of the accuracy of copy-number estimation and becomes particu-
larly important when the number of partitions exceeds one thou-
sand {11}

Finally, in digital PCR as opposed to QPCR, the efficiency of reac-
tions only has to reach a threshold at which a product will be de-
tected i present. Therefore, it may be unimportant if one reaction
is more efficient than another as long as both are sufficiently
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efficient to amplify a molecule if pr
duce the number of primer design 'f
are designed.

There are a nunber of dinical circumstances in which the accu-
racy and nrecisian of quantitation of potential biomarkers that can
be delivered by digital PCR may be very attractive.

:t. This will potentially re-
Failures’ when biomarker assays

3. Digital PCR ~ attributes
2.1, Rave variant detection

There is a move fowards using molecular biorparkers obtained
from peripheral blood sampling to detect specific mutations and
monitor disease progression, recurrence and stability [13-151
The assay needs to be able to detect 2 low proportion of mutant al-
ieles in a huge excess of wild type alleles. Digital PCR can readily
achieve this aim. There is also increasing evidence that each indi~
vidual's cancer may have diverse subclonal populations {16,171
The clinical relevance of this i that subdones may harbor specific
mutations that confer resistance to currently available cancer I'hf’r--
apeutics. Exarnples of this are discussed jn more detail in Section 5.

2.2, Estimating copy-nmumber varigfion

The clinical implications of very prec
or sematic copy numtber variants (CNVs)
dependi\‘xg on the clinical scenario. However, CNVs do alter gene
expression [18] and therefore may well be of clinical irnportance.

The attrm-.n s of digital PCR discussed above facilitate the accu-
rate and precise discrimination of the number of copies of specific
loci. Assuming reference diploid loci have been validated and
thrffore have a relative copy-number of two, it is possible o dis-
tinguish between one {(indicating allelic 1055} and two copies, and
also between higher integers, for example, five and six copies
18,19,20]. Digital PCR perforras better in this regard than other cur-
rently available methods including GPCR [8,10,21]

se estimates of germ-line
Y are unclear and will vary

3.3 Minimal template requirements

A key advantage of the digital PCR strategies is that template
requirements are generally low. This is of particular unportance
in some clindcal scenarios when tissue samples may be limited in
size and/or heterogeneous, or when extracted nucleic acids are de-
graded as a result of processing {22]. Iy many genomic analyses
(array (GH, next generation sequencing) of limited clinical mate-
rial a pre-amplification step has been used with the intention of
increasing the abundance of all seguences of interest, without

altering their relative abundances. In practice, however, unbiased
;sz'e-ampl:haaﬁ_mn is very difficult to achieve, and has heen shown
to introduce hias o (‘igital BCR {10} and other genommic platfoons
123,24} The importance of this bias will depend on the specific
apphcatlon.

With respect to digital PCR, the low temnplate requirements
mean pre-amplification should generally he unnecessary - there-
fore the data generated will not be subject to pre-amplification
bias.

-

3.4. Ense of analysis

The digital nature of the results means that data handling s rel-
atively straightforward. Some platforms have automated thermo-
cycling, data capture and anal rieaning that the peneration of
resuits can be streambined. A basic analysts of the results for
relative guantitation that would probably be sufficient for most

readers purposes is relatively straightforward, reguiring only the
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application of the Poisson equation {fo convert the proportion of
positive aliquots into an abundance), and the normalization of
the abundance of the guery sequence 1o that of one or raore refer-
ence loci. Those readers interested in more detailed discussions on
the analysis of digital PCR data and the potential sources of error in
quantitation of Joci are referred to the following publications and
the references therein [10-12,211

2.5, Integration with next generalion sequencing protocols

Arguably the greatest bistechnology achievement

few years have been in the domain of sequencing. D
for clinical benefit is huge although much more work is required

ta define the best use of pext generation sequencing (NGS) in the
clinic and the balance between whole genome and more targeted
approaches. Digital PCR may be a very useful complernentary tech-
nology. Examples of this have already emerged, notably in the use
of digital PCR to detect individualized bioruarkers in patients
whose tumours have undergone paired-end NGS analysis [14.25]
but also in the guantitation and preparation of NGS libraries [26].
It remains unclear what corroboration of NGS

rasulfs will be
deemed clinically necessary - at present anomalies detected by
next generation screens are often confi rde u‘ing standard Sanger
sequencing [27], so that there may be a role for PCR-based confir-
mation of NGS mutations.

4. Digital PCR — other issues
4.1, Forniliarity

The profile of digital PCR remains low, although there are signs
that this {s changing, with the entry of more biotechnology compa-
nies and new piatfooms into the market.

2. Comfamination

in any PCR protocol, appropriate systems and controls are crit-
ical to ensure that contamination does not occur. This is particu-
larly true for digital PCR, as the assay is sensitive o even a single
contaminant molecule. The systems necessary to avoid confamina-
tion include a reliable suppl" of clean reagenis, a dedicated PCR
suite and contrals on the concentration of template DNA permitted
in the laboratory.

4.3. Standardization/sources of bias

A huge effort has been made to produce the minimum informa-
tion for publication of quantitative real-time PCR experiments
{MIQE) guidelines for the standardization of experimental design,
analysis and reporting
the remaining issues for this technigue concern the pre-analytical
handling of samples. Such efforts at standardization afford confi-
dence te laboratories considering using biomarkers validated using
OPCR.

The reproducibility of digital PCR has recently been shown to be
superior to QPCR [10]. However digital PCR is a refaiively young
technology and there are potent ial sources of bias that need to
be identified and minimized. As with QPCR, DNA fragment size
can significantly irapact upon digital PCR results {10,12]. Similarly,
results can be affected by sustained teruplate exposure to high
teraperatures and variation in par‘tii‘i()n volumes {12,28].

Vhen the sources of variation in a digital PCR experiment are
better underst ood an international ef ort to develop digital PCR
guidelines similar to the MIQE guidelines would be warranted.
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in quantitative PCR {QPCR} {28], Many of

4.4, Multiplexing/throughput

It will be clinically important to rpeasure a number of separate
clinical biomarkers on individual patient samples. There are two is-
sues which affect the ability to achieve this - first, whether the
experimental platform Jends itself to multplex anaiysis, the sec~
ond the quality and gquantity of nacleic acids that are available
from the clinical specimen. The choice of platform will be dis-
cussed in Section 6.

in many clinical scenarios, tissue (blood) and therefore DNA/
ENA is plentiiul and does not limit analysis. However, in many
other cases diagnostic tissue sampies are heterogeneous, limited
in size and fxed io formalin {o presetve bistological integrity.
Therefore, a key goal will be to deliver a systemn that facilitates
the routine analysis of multiple dinically relevant biomarkers
using Hrited template. This is an aim that we have been particu-
iar"y focused on in the past {22,30,31], albeit using a relatively
fow throughput platform. The challenge will be to deliver, on an
au{oma{ed high-throughput platform, a truly multiplexed digital
PR systern capable of the parallel analysis of sequence mutations
and copy-number variations (CNVs) using limited guantities of
temnplate denived Dom diagnostic specimens.

As well as the number of specific biomarkers that can be inter-

rogated on a given sample the throughput potential and demands
on laboratory staff with respect to “hands-on” time are critical is-
sues for any clinical bisrarker assay.

)

5. Application of digital PCR {o biomarker detection

Digital PCR strategies have already been successfully applied o
measure biomarkers in a range of clinical scenarios. We will review
a npumber of these examples, in an attemnpt to Hustate the poten-

tial for broad application of this technology. Although we empha-
size the poteptial applicati i oncology, the principles
discussed may be applied to many aspects of clinical medicine.

5.1. Mutation/rare vorignt detection

Since the successful development of imatinib for the treatment
of chronic myeloid leukemia with the pathological bar—abl fusion
[32] there has been intense interest in developing biological
therapies that target specific gene-products. For example, it is
increasingly common for patients to be stratified to targeted ther-
apies on the basis of the presence or absence of specific mutations.
Sofid organ turnours are now toutinely screened for mutations in
onicogenes such as E(,rR, PIK3CA and KRAS since they predict
response to specific and traditional chemotherapeatic regimes
[33,34]. Digital PCR strategies have been .Jsed to detect EGFR muta-
t;-ms directly in tumour samples, and irapoetantly, the frequency of
EGFR mutant alleles can also be accurately estimated using this ap-
proach {35]. The importem('e of the mutant allele frequency has
been touched on before [36,37], but is not assessed in current prac-
tice, Indeed, it could be argued that the wuse of very sensitive
screens for specific rnutations that do not inforrn the user of the
mutant allele frequency may be raisleading, and result in the tar-
zeted treatmment of what is, in effect, a minority subdone (Fig. 2).

It is therefore plausible that two importaut parameters ~ (1) the
percentage of cancer cells that carry a specific druggable mutation;
and (2) whether a specific allele is amplified as well as mutated ~
may have 3 major impact on the response to specific therapies.
Clearly, this mandates the analysis of as pure population of cancer
cells as is feasible with neghigible contamination frorn suoroundin
stroma cells. This is less challenging than it may previously nave
been with newer semi-automated laser capture raicrodissection.
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Fig. 2. Digital PCR, mutant allele frequancy (MAF) and test sensitivity. The issue of sensitivity and mutant allele frequency in blopsy material bas rarely been addressed but

may have a significant impact on the interprefation of molecular biomarkers and the delivery of personafized cancer medicine. Currently available detection strategies
{probe-based, COLD-PUR} report s sensitivity of approximarely 1% for mutations. However the mutant alicle frequency is not estimated. In this figure there are cartoons
depicting thres potential genetic scenaries in lung tumours that are moerphelegically ide L In each case the tumours are tested for the commos mutations in the
epidermal growth factor receptor (EGFR} including the activating mutation LA5ER that genexally confers sensitivity te specific tyrosine kinase inhibitors (TKIs} and the T780M

i aditional {Sanger) seguencing on
fore capture this muatadon, as would the morte sensitive protocols available now. Recent
T790M mutation as is suggested in B. This rare mutation would be detected by sensitive
protocois but not traditional sequencing, A further possible scenaria is C in which three subclones exist, but the dominant clone does nok have any mutation in EGFR.
Currently, all three s would be treated in the same way, but are Hkely to have very different responses to EGFR TKIs. The potential advantages of digital PCR are that it
ran detect rare variants but also estimate the absolute frequency of cach mutant allele. Therefore, tumours B and C that would now be genotyped as equivalent by sensitive
sequencing, could be recognized from the outsat to be significantly different from a biological perspeciive. We could then start to tease out the tmpact of MAF on outcame or
response to therapy.

To emphasize this point, it has recently been confirmed that detected the mutation easily, and precisely quantified the mutant
cancers often consist of multiple subdlones {17,38] This presents allele frequency at 13.2% [37] Therefore platform sensitivity and
multiple challenges to successful targeted therapy, especially if a ability to accurately call mutant allele frequency may be a roajor
pre-existent subclone harbors 3 mutation that confers resistance focus of future research.
to a drug under consideration [16,39]. Such drug resistant sub- A potentially very important application of the ability of digital
clones can exist at the start of treatment and their pretreatiuent PCR to detect rare variants is the use of routine blood samples for
detection may be useful to identify patients who are likely to re- the aunalysis of nucleic acids originating from solid tumours -
lapse early after therapy {40] or those who may benefit from com- either as a result of metastasizing cells or the leakage of DNA from
bination fargeted therapy. This proven tumour heterogeneity solid tumours info the peripheral circulation {411, This would facil-
presernts a direct challenge to the notion of personalized medicine. itate the {repeated) analysis of molecular biomarkers from periph-

Arecent study has iflustrated the potential importance of digital eral biood with a minimum of inconvenience for the patient {421
FCR in evaluating the presence of rare variants/subclonal popula- One obvious application would be roonitoring a patiend’s response
tions. In this NGS study of bepatocelular carcinoma a mutation to chemotherapy. For example, digital PCR has been shown to be
in a key tumour suppressor gene was not detected in a whole gen- effective at detecting restdual copies of the bor-abl fusion tran-
ome screen with 30x coverage, but was detected in 3 paived exome script in patients with chronic mveloid leukemia {25431 PCR
resequencing screen with 76x coverage [37]. The same mutation detection of residual disease in CML bas been used clinically for
was then sought by traditional capillaty seguencing and was diffi- sorme time. This recent head-to-head cornparison of digital and
cult to cali with certainty. However, 2 digital PCR analysis both more traditional PCE approaches demonsirated that digital PCR
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may offer better sensitivity without the need for 2 pre-amplifica-
tion stage {25] in patients with ung cancer circulating DNA has
been successhully analysed for EGFR mutations using digital PCR
{421, Encouragingly, using a microdroplet system the ability to de-
tect a mufant allele af a atio of 1:100,000 was recently demon-
strated {9.20]. Again, the clinical relevance of such low frequency
circulating mutant alleles in solid organ tumours has not yet been
clarified, although it suggest the lack of 2 complete response to
freatment: this s aun issuve that needs to be addressed in future

studies.

A non-oncological application for the defection of rare variant
DINA in peripheral blond has been demonsirated in analysing fetal
ONA in maternal peripheral blood samples. The proof of principle
for this wype of approach has been established in Trisomy 21
{441, however it may be clinically superseded by the use of NGS
platforms to detect fetal trisomy {45.48]

[n a related, and very exciting potential application in the field
of transplant medicine, digital PCR was recently used to guaniify
ceil-free donor-specific DNA molecules in the peripheral biood of
heart transplant recipients {47} On the premise that the quantity
of donor DNA in the dreulation would reflect cellular rejection of
the graft, the quantity of doner specific loct was used as a molecu-
lar biomarker that predicted graft rejection. Again, digital PCR was
not used to identify the biemarker {performed by shotgun NGS),
but it was the method of choice for gquantitation of specific loai
in consecutive clinical samples.

5E

5.2, Pharmacogenetics

In addition to the detection of somatic variants that inform the
choice of treatment there is evidence that germline variation in
certain genes can profoundly affect the individual’s response to
particular therapies [48,48] Iu some cases these are point muta-
fions or SNPs that may affect drug metabolismg in other cases
copy-number variants af specific loci may be predictive of how
an individual will handle a drug. The added precision of digital
PCR may become useful in the future when more data emerges
on the role of germline (NVs in pharmacogenetics.

5.3. Gene expression analysis

As well as the analysis of genomic DNA, gene expression analy-
sis using ¢DNA as template is theoretically and technically
straightforward using digital PCR protocols. The dynamic range re~
guired to analyse variably expressed genes and referencefhouse-
keeping genes may be mwore suited to QPCR, particularly when
compasng comrmon highly expressed reference lod to rarer frans-
cipts. The dynamic range afforded by newer digital PCR platforms
could support this application using well chosen reference loct

An important potential niche for digital PCR may be the profil-
ing of transcripts from single cells or small numbers of cells. For
the reasons discussed earlier, digital PCR is particularly well suited
to samples in which material is Hmited, Single cell transcript anal-
ysis has been much discussed in the recent literature and in partic-
wlar the greater cell-to-cell variability in RENA levels and the
potential for bias in a preamplification step prior to QPCR [501
With respect to dynamic range, most digital PCR platforms {assum-
ing good experimental design and choice of reference transcript)
will have sufficient partitioned reactions to deliver precise ahso~
lute quantitation of specific franscripts from single cells. However,
it remains to be seen whether single cell expression analyses, even
if optimized, could be exploited for developing or assaying bio-
markers in the clinic.

There has been an explosion of interest in the biology of non-
coding RNA {(ncBNA) in the last few years. The role of a subgroup
of ncRNA-microRNAs ~ in human pathology has been a subject

Page 1123 of 1237

o
o]
A

of particularly high research activity {51.52]. A microfluidic sysrem
has heen successfully used for miENA analysis in a RT-PCR protocol
with pre-amplification [53] In principle, microRNA analysis using
digital PCR will be feasible, as it has been used to guantitate other
transcripts, and has the potential to complement discovery plat-
forms (NGS) in the validation and analysis of ncRNAs.

5.4. Methylation-specific digital PCR

The epigenetic contral of gene expression is altered in multiple
disease states, in parficular cancer. For many years there has been
interest in exploiting this to derive molecular biomarkers for both
prediction and prognosis. To some extent progress has been disap-
pointing in terms of FDA-approved diagnostics, although there is
evidence to support the use of specific methylated loci in some dis-

these efforts. Digital PCR protocois have also been optimized for
the analysis of methylated lod and again, have the potential to af-
ford sorae advantages over standacd techniques [535) Examples in-
clude the use of digital protocols to guantitatively assess
methylation at spedific loct in colorectal cancer specimens and in
plasma obtained from patients with breast cancer {561 Others
have developed digital protocols that allow the single molecule
capture of both methyiation and histone modifications [571.

&. Choice of platfons

There are now nurnerons available platforms for digital PCRA
significant distinction is whether a platform incorporating a micro-
flidic chip is chosen [20,58~61], or if the PCR is performed in micro-
droplets {9], {62,631 Attributes of the currently available systems
are outlined in Table 1. Choice of platiorm depends on a user's spe-
cific expenmental{assay requirements and it would be advisable to
contact the companies involved as platforms are constantly being
refined.

The issues on which to base a decision will be weighed by the
degree of precision required {number of partitions, availabiity of
template DNA), the cost of the platform, the cost per assay and
the throughput required. Further important considerations will in-
chude whether applications other than digital PCR are desired,
whether measurernent of absolute or relative quantitation is more
relevant, whetheyr there is potential to integrate the platform with
other techuslogy such as NGS and whether a laboratory weuld
wish to run low volume QPCR experiments on the same platform.

7. Role of digital PCR in the e of next-generationfvbole
ZONOME SCqUenCing

There has been a huge increase in the vse and breadth of appli-
cations of next generation seguencing technology in the last three
years. NGS has huge experimental capacity and {acilitates the par-
allel analysis of massively multiplexed bar-coded samples. The
number of reads per focus affords the potential for data from tar-
geted resequencing protocols to be used to estimate copy-number
variation {64]. This means that strong cases need 1o be wade for
any proposal to analyse nucleic acids in the future using a non-
NGS platform such as digital PCR. The relative advantages of digital
PCR remain the accuracy of guantitation, the reproducibility of the
data and the ability to analyse very small samples. Furthermaore, as
discussed in Section 5, there is great potential for the integration of
the two protocols in terms of targeted reseguencing, the develop-
ment and use of individualized biomarkers and monitoring the e~
sponse to chemotherapy in peripheral blood samples.
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Despite the important caveafs expressed in Section 5.1 about
personalized medicine in oncology, it is definifely here to stay. Dig-
ital PCR is a quantitative method that combines a robast and well-
validated technigue (PCR) with unrivalled accuracy and precision
of quantitation. It is likely that digital PCR will continue to he a
very useful too! for those searching for and validating nucleic acid
molecular biomarkers {or clinical appli
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Exhibit 13

Digital PCR hits its stride

Monya Baker

TECLIMAL AW DEATHIDT
TS RORESNY RO LR ATIINS
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Digital PR on chips 542
Pigital PCR in droplets 543
Thinking digitally B44

As the less familiar cousin of quantitative PCR moves mainstream, researchers have more options to chogse from.

A few years ago, Ramesh Ramakrishnan

had to spend so much time explain
1g what digital PCR was that he had to
ms‘b through his explanatious of appli-
cations when he gave talks at meetings.
Now, e says, most audiences are at least

familiar with the term, even if they have

not perfora the technique them-
selves. “It’s no longer an exotic thing,”
says Ramakrishnan, director of R&D at
Fluidigm Corporation.

The strategy for digital PCR (dPCR)
ized as

quer’: a sample is diluted and partitioned

has been summar ‘divide and con-

into hundreds or even millions of sepa-
rate reaction chambers so that each con-

tains one or no copies of the sequence of

interest. By counting the number of ‘posi-
tive’ partitions {in whickh the sequence is
detected} versus ‘negative’ partitions (in
which it is not}, scientists can determine
exactly how many copies of a BINA mol-
ecule were in the original sample. Among
, tesearchers have
used digital PCR to distinguish differen-
tial expression of alleles!, to track which
viruses infect individual bacterial celis?,

other applications

to quantify cancer genes in patient speci-
mens® and to detect feta] DNA in circulat-
ing blood™.

The concept behind digital PCR was
first described in 1992 {ref. 5). A fow years
later, Bert Vogelstein and Ken Kinzler
at Johns Hopkins University named the
technique and showed that it could be
used ta quantify disease-associated mata-
tions in stool from patients with colorec-
tal cancer. But although the theory was
simple, its imiplementation was not. [nitial
demonstrations were performed in com-

with
5 microliters per partition, requiring vol-
s that would daunt most

mercially available 384-well plates

umes of reagents
researchers®.

Page 1126 of 1237

Advances in nanofabrication and micro-
fluidics bave now led to systems that pro-
duce hundreds to millions of nanoliter- or
even picoliter-scale partitions. Academic
technology developers have described
but
a handful of companics have commercial-

several implementations, so far only
ized products or announced plans to do
(Table 1}, Fluidigm and Life Technolc )51
create reaction charubers within specially
designed chips or plates. Bio-Rad and

Rain[ance sequester reagents into indi-

1

vidual droplets.

Higher costs, higher precision
The most popular PCR technique to mea-
sure the presence and concentration of a
DNA sequence is not digital PCR but its
more famitiar cousin, real-time quantita-
tive PCR (qRT-PCR, or qPCR}. In qPCR,
DNA is copied until it produces a certain
level of signal; the number of amplification
cycles needed to reach this point is then
used to calculate how many DNA mol-
ecules with the particular sequence were
originally present relative to other DNA
molecules in the saraple.

Digital PCR uses the same primers and
tobes as gPOR buf is capable of higher
censitivity and
precision. In stan-
dard implementa-
tions, gPCR cannot

m»-\-;

o
et

‘.\\\M\“\M\M\\s
)
L \‘

distinguish gene

e

o

dant commuon alleles with similar sequenc-
es. In contrast, dPCR can measure a 30%
or smaller difference in gene exprczqci(m,
distinguish whether
five

" a variant occurs in

versus six copies and identify alleles

at a frequency of one in thou-
also be used to standardize

occurring a
sands. It can
qPCR assays.
The more partitions, the greater the
“If you want to di%titaquish
3200

If you want to distinguish

resolution.
between 2 and 3 copies, you need
chamber

between 10 and 11, you need 8,000,
explains Mikael Kubista, CEO of TATAA
Biocenter, which provides services and
gPCE and digital PCR. I

principle, one co uld also get simijar preci-
sion by doing 8,000 replicates of qPCR, he
says, but sach experiments are irapractic

training in both g

Jim Huggett is the science leader for
nucleic acids metrology at LGC, a labo-
services and micasurement stan-
in the UK. His team
has directly compared the two techniques
across several DNA teruplates and other
. Dhgital PCR offers more accu-
racy and less arnbiguity than qPCR, he says,
but qPCR has enticing advantages. Itisless

ratory
dards organization

conditior

expensive and works over a much broader

expression differ-
ences Gr COpy nuIm-

ber variants smaller

Ay

than about twofcld.

Identifying alleles 5

&

with frequencies of
less than about 1%

TATAL Biocerter

is difficult becanse
swould also
detect highly abun-

such tests

Digital PCR works by diluting a sample
the number of partitions in which a reaction sceurs.

into many partitions and counting up
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Table 1 | Commercial digital PCR offerings

Number and volume
of partitions
12-inlet chip: 9,180
partitions, 6 nl pey
partition

Consumables and
{ist price

Instruments

and st price
BioMark HD:
$200,000-$250,000

gPCR
Volumes requived  capaciy
12-inlet chip: Yes
8l of mix, ~4& ul
of sample; 57%

Vendor Multiplexing

12 arrays per chip? (765 wells
per aray): $400 per chip
{works in both £P1 and

Can use up to b colors
to detect 5 targets
{assumes 5th color s

Fluidigm BioMark) analyzed? ultraviotet)
Lorporation £P1: 48 arrays per chip? (770 wells  48-inlet chip: 36,960 48-inlet chip: No (an use up to b colors
$16G.000-$150.000  peraray): $800 per chip partiticns, 0.85 nl per 4wl of mix, ~2 pl of to detect 5 targets
{works in both £EP1 and partition sampleb
BioMark)
OpenArray Reallime  OpenArray plates® (64 holes  Varies: 3,072 partitions 100 wi of sample Yes Uses 2 colors of probes
PCR System and per subarray): $150 per plate  per plate, 48 subarrays per per plate {across 48 to detect 2 targets
LiF QuantStudio 12/ Flex plate, 33 nl per partition  arrays)
e . s e -
T‘ 'h Logi nstrument: {machines run 3-4 plates
echinciogres $140,000 and at once)
$90,000--$190,000,
respectively
QX100 ddPCR System 8 samples per chip Up to 96 samples perrun Up fo 9 plper No Uses 2 colars to detect

{machines to generate {14,000-16,000 droplets per
and read droplefs): sample}: $3 per sample

(assumes manual pipetting
into PCR plate); 1,344,000

sample {20,006
droplets made); an

2 targets

Bio-Rad

. $86,000 partitions per run {(assuming average of 70% read
Laboratories o R
separate theymocycler runs
12 chips at ance), 1 nl per
partition
Rainlirop Higital 8 samples per chip (up to 8 samples par run; up to 5-50 pi per sample N Uses 2 colors, but
PR {machines fo 10,000,000 droplets per 83,000,000 partitions per can use varying
RainDance® generate, collect sample}: $10-530 per sample wun, 5 pl per partition concentrations of

and read droplets}:
$100,000

probes to detect up te
10 targets

*Arrays can hold separate samples, or the same sample can be spread over milttiple aays. Mor rare allele analysis, protocols are available to eliminate the dead volume, Flans full commercial launch later this year,

© 2012 Nature America, Inc. All rights reserved.

2,
%

4

dynarnic range than digital PCR. For exam-
ple, it can determine that transcripts of one
gene are as much as a billion times more
abundant than transcripts of another gene.

Also, qPCR experiments can routinely
analyze hundreds of sequences per sam-
ple run. Eventuaily, Kubista believes that
it will be possible to muitiplex dPCR to
examine perhaps as many as 100 reac-
tions at once, but no one would con-
sider measuring large numbers with
digital PCR today, he says. And qPCR
is already well-integrated into many
resecarchers’ labs. “We've been develop-

\\\\\\\
ﬁ..\

ing workflows for qPCR for 20 years”
In contrast, the st full conference dedi-
cated te applications of digital PCR 1
scheduled for October of this year (see
hitpy//www.healthtech.com/digital-pex}.

MicroRNA researcher Muneesh
Tewari at the Fred Hutchinson Cancer
Research Center uses digital PCR in sita-
ations where absolute quantification is
important, such as wheun detecting low-
abundance RNA. One advantage of digital
PCR is that with more partitions, a greater
volume of a dilute RNA sample can be ana-
iyzed, he says.

N

Fluidigm Corporation’s BioMark HD System for digital PCR and gPCR.
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Also, digital PCR does not require the
calibration and internal controls neces-
sary for qPCR. Instead, counts from rep-
licate wells can siraply be added together.
“Thinking in terms of absclute copies is so
intuitive,” he says. Nonetheless, his lab cur-
rently performs more gPCR experiments
than digital PCR experiments. qPCR has
lower cost and higher throughput, says
Tewari, and his staff is more familiar with it.

That’s a typical situation, says Panl
Picketing, head of the digital PCR business
unitat Life Techuologies. “Most customers
are seeking to do RI-PCR and then, in the
situations that they need it, they'll deploy

3

digital PCR” In those cases, he says, “there
are four attributes that customers value:
sensitivity, specificity, precision of the
answer and the fact that vou can get an
absohute count without needing to refer-

»

ence any other material”

Digital PCR on chips
In 2006, Fluidigm became the first com-
gital PCR. Tt

pany to commercialize dig
offers two systems that mix samples with
reagents, partition the reaction mix-

1
H

ture, perform thermocycling and read
7 bl
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results within each partition. The simpler,
cheaper EP1 machine detects only end-
points, that is, whether or not a reaction
has oceurred. The BioMark HIY System,
which also performs qPCR, can be set to
moniter the course of a reaction and pro-

vide data that can eliminate false positives.
Both systems use chips containing saphis-

ticated microfluidics and tiny valves that

partition samples into about 800 reactions,
with either 12 or 48 samples per chip. If
researchers want to run more reactions
per sample, they can just double up arrays
within chips or even double up on chips,
savs Rarnakrishnan.

The company has developed another
chip called the 200K with hundreds of
thousands of partitions, and has licensed
separate technology for chips with as
many as a million partitions. However,
plans to commercialize these technologies
are on hold pending greater demand. “We
can go up in terms of partitions, but we
haven't found a buge pull from the rwar-
ket in going to that bigher density,” says
Ramakrishnan.

Life Technologies began offering digi-
tal PCR in 2009 after acquiring long-time
collaborator BioTrove. It now sells two
machines that can be used for both digi-
tal PCR and qPCR, the OpenArray and
CuantStudio 12K Flex. These mix samples
with reagents, load mixtures into reac-
tion chambers, run amplification cycles
and monitor reactions as they oceur. The
machines rely on plates that are roughly
the size of a microscope slide and are
essentially highly engineered peg boards
with nanc-sized holes; capillary forces
and careful placement of hydrophilic and
hydrophobic surfaces hold samples iu
place.

The OpenArray machine holds up to
three plates, each containing 48 arrays
with 64 partitions apiece. QuantStudio
holds up to four plates and can also accept
formats used in high-throughput gPCR
experiments: TaqMan Array cards as
well as 96- and 384-plate formats. “What

Bio-Rad

Bio-Rad's QX100 droplet digital PCR System.
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Life Techn

Life Technologies” QuantStudio System for digital
PCR and gPCR.

we found is that « lot of our customers
want the capability {for digital PCR] but
arent ready to jump in and say that that’s
the only thing that they have to deo,” says
Pickering. Buying @ machine that can do
bath, he says, is similar to the decision to
purchase a hybrid gas and electric automo-

1

bile rather than an electric-only vehicle.

Digital PCR in droplets

Companies like Bio-Rad and RainDance
sell machines that cannot perform qPCR
but which offer many more partitions. In
droplet digital PCR, reaction charabers are
separated not by the walls of a well but by
carefully titrated emyulsions of oil, water

and stabilizing chemicals. First, samples
are puf into a machine where they are
mixed with all the necessary reagents and

dispersed infto tiny droplets, The droplets

P

or each sample are transferred into tubes
that can be placed in a thermocycler for
PCR. Afterward, the tubes are transferred

M AN Sk g § S ALY B AN A At 3 A i
FREMMOONY Fravane
TR R T RNAS Rl R Y8 ACSTRN AN IR

toa droplet reading machine, which func-
tions like a flow cytometer to analyze each
droplet for whether or not a reaction has
occurred,

Quantalife launched the first com-
stem a vear
ago. In December 2011, the company wi

s
acquired by Bio-Rad Laboratories for $162

mercial digital droplet PCR s

million, with promises for more cash if
products hit certain milestones. Allalong,

nt that
was both inexpensive and easy to use, says

the goal was to develop an instrume

Bio-Rad marketing manager Mike Lucero,
wheo was an early employee of QuantalLife.
“We have two rules at the company: no
chips and no lasers” He's betting that the
low cost of consamables will set the com-
pany apart, he explains, holding up a cJeay,
lightweight strip studded with sets of cups
for holding collections of droplets, each
narrower than a toothpaste cap. “This is
less than $10,” he says. “And it’s because
we took the time and effort to make it out

Getiing the chemistry for the droplets

rightwas cracial, says Ben Hindson, one of
{Juantalife’s original eruployees and now a
senior principal scientist at Bio-Rad. The
droplets produced must remain a uniform
size even if the temperature fluciuates
slightly as they are generated. What's more,
the droplets cannot burst or coalesce dur-
tng handling, thermocydling and reading,
and they also must maintain Bocorupat-
ible conditicns that support PCR. It take

S
25 minutes fo generate droplets for 96
Q

samples, says Hindson, and one person
running the system can analyze 3 sets of 96
samples a day. The technology has begun
to appear in independent research;in a
high-profile paper corabining genomic,
transcriptomic, proteomic and metabolo-
mic data, digital droplet POR developed by
{Juantalife was used to detect differential
expression of a variety of alleles’.
Another digital PCR system has been
developed by RainDance and is scheduled
to launch later this year. The machines in

RainDarnce

RainDrop Source and RainDrop Sense machines
for droplet digital PCR,
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this system gener-
ate and read mil-
lions of piceliter-
sized droplets, a
feature that not
only allows sci-
entists to identify
rarer alleles but
also alleviates some

ofthe need fo dilute

The most commen samples carefully.
applications of “With all those

digital PCR at the
TATAA Biocenter are
standardizing gP{R
assays, detecting
copy number
variations, detecting
rare mutations

and distinguishing
differences between
expression of nearly
identical alleles, says
Mikael Kubista.

droplets, we can

deal with a wide
variety of different
concentrations,’
explains company
co-founder Darren
Link. He dismisses
competitors’ claims

that millicns of
partiions are more

than most scien-
tists will need. “Too
rany is never a problem, especially when
vou are talking about expression analysis,
he says. “You dor’t want to run titrations fo
find the sweet spot of the dynamic range”
Link also emphasizes that the systemn does
uot require any manual pipetting as drop-
lets are moved between ruachines that ruake
droplets, perform thermocycling and ana-
tyze droplets.

Researchers at RainDance and the
University of Strasbourg and University

t one mutant KKAS gene within
200,000 wild-type KRAS genes when the
former was dilated ioto genomic DNA. The
seven most common KKAS routations were
screened in two multiplex experiments:
one examining the wild-type allele along
with four mutations and one with the wild
type alongside three mutations®. At AACR,
RainDance presented results detecting can-
cer muutations in patient serum.

Thinking digitally
Digital PCR may not require the same kind
of calibration and controls as gPCR, but
there is still plenty of scope for artifacts,
says Huggett. Worki

and with sin

g in tiny volumes

gle-molecule concentrations
is a comnplicated engineering feat. “dPCR
is at an ecarly stage, so my advice would be
to proceed with caution and be careful of
sweeping statements,” he says. For exam-

ple, some researchers believe that dig
PCR will be less susceptible than qPCR to

Page 1129 of 1237 |
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enzyme-inhibiting substances that ocour
in some samples. For gPUR, the problem
is that inhibitors increase the nuruber of
amplification cycles required to reach a
given signal. But even though digital PCR

-

does not count cycles, inhibitors could still
bea problem if they cause false negatives by
preventing reactions from occurring at all.

Some factors are particularly impoe-
tant to consider with digital PCR, says
Kubista, “F

For example, it is really ¢
that the assay is well-performing, that you

are confident that if there is a single target
molecule [vou] will see it. Not all assays
are that good” In addition, rescarchers
need to raake sure that maltiple sequences
of interest do not
appear on the same
piece of DNA; oth-
erwise, they can-
not be separated

~

into different par-

the positive parti-
tious are clustered
together rather
than randomly

r

“At the moment,”
says Jim Huggett,
“digital P(Ris 5
specialist approach
that is much more
costly than gP(R, and

dispersed, there is
probably an issue
with sample load-

ing or analysis.}

Specificity is

ye

gPCR is suitable for
the vast majority of
applications.”

also an issue. Many
assays will araphify
products other
than the sequence
of interest, particularly if pseudogenes

are present, Understanding rates of false
positives is cracial when hunting for rare
alleles. In these cases, most partitions will
not contain the molecule of interest, and
the number of false positives could dwarf
the number of frue positives. For these

Se . F . -
reasons, Kubista recommends a variety of

control experiments, His center offers a kit
called ValidPrime that amplifies just one
copy of a gene per haploid genome and can

beusedtoa

s specificity.

Special consideration is warranted for
the rarest alleles. [f a sequence is only
going to occur once in 50 microliters, says
Pickering, if’s essential to analyze more
than 50 microliters of the sample. “No
matter what the technique, if you haven't
sampled enough volume to get what you're
looking for, youw're not going to detect it.”

In applications for quantifying maore
abundant molecules, such as detecting
copy nurnber variants or measuring gene

tittons. (Alseo, if

expression, researchers generally need
to get a rough estimate of the concentra-
tion of their target of interestin order to
make appropriate dilutions, Otherwise,
too many partitions will contain multiple
copies. (Statistics can compensate for this,
but only to a limited extent.) If every parti-
tion shows a reaction, researchers cannot
calculate the concentration of the original
molecules, explains Kubista. “You get the
best use of the chip by baving 80% posi-
tive [partitions]. If the number rises above
90%, precision drops.”

Monitoring the ‘response curve, or how
levels of DNA change over the course of
amplification, can help eliminate false read-
rugs caused by noxspecific labeling of DNA
sequences——a benefit that companies such
as Fluidigm and Life Technologies, which
provide such data, are keen to point cut,
Advocates of droplet digital PCR, howeves,
believe that accurate measurernents can be
made with endpoint data alone, and cite the
advantages of a greater number of parti-
‘For allele-specific experiments, you

1ons.
may get false positives, but you can quan-
titate what that false positive rate is rather
than infer from a curve, says Hindson.

Rescarchers should also consider all the
steps that occur before digital PCR begins,
says Kubista. As samples are processed,
ruaterial is lost. Running controls in which
a sequence is spiked in before processing
can help determine how much sample is
necessary, bhe says.

Although the experts urge care in
designing digital PCR experiments, they
are enthusiastic about its potential, As the
technology matures and the costs come
down, more researchers will learn to ask
questions ouly digital PCR can

nswer,
says Kubista. “There are a few applications
today, and there will be more torsorrow”

Monya Baker is technology editor for
Nature and Nature Methods
(m.baker@us.natare.com).
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Genotyping using digital
PCR with the LightCycler®
1536 Real-Time PCR System
to detect the /DHT mutation
in plasma samples
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Mutations in the gene encoding isocitrate dehydrogenase 1
{(IDHT) have recently been identified in gliomas. IDH I
mutations have rapidly been recognized as a powerful
independent prognostic factor in subjects with glioma.
Subjects with tumor cells with IDHI mutations were shown

to have a longer life expectancy than subjects with a wild-
type TDHT glioma (1-4). IDHT routations are primarily

found 1o gliomas, makmg therm an excellent biomarker for

this patholegy (5-7

Conventional PCR followed by Sanger seqvencinv is cur-
tifving IDH

tumor DNA. Typically, turnor samples are contan

mutations in
yinated
ount of genetic

rently the gold standard in iden

with normal tissue, diluting the total am
material present. Techniques are required to identify low

teve] alterations in a background of wild-type DNA. This is
particularly true for ghomas which are highly infi

tamors (8).

For this reason, unless the mutation exceeds a 20--
abundance relative to wild-type alleles, conventional PCR
followed by downstream methods, such as Sa

ing will not detect mutations in samples (9, 10

¢ necessary to Increase the mutant
etho d

expen
(10}, making them impractical for

methods ar

type DINA ratio. Tumor-cell emlghment m such as

cell sorting or micro dissection, are however nsive and
fime-consuming options

routine use.

o this st uc'i) we den,rxbe a nnovel genotyping assay to detect
mutation in free circulating tumor DNA. This
iotyping assay uses digital PCR and the

Ligh‘ Cydei@ 1536 Real Tirne PCR System, after a first run of
11 n at lower denaturation PCR).

For life sclence research only.
Not for

use in diagnostic procedures.



1. Efficiency of COLD POR

To determine if COLD-PCR can enhance the sensitivity of
IDH T muration detection, we compared the sensitivity of the
two experimental protocols. Exon 4 of the IDHT gene was first
amplified by conventional PCR. A second round of aroplifica-
tion was then perforred either by PCR-HRM (high resobu-
tion melting}, or by COLD-PCR HRM. We performed a serial
dilution assay using a subjects DNA sample containing a
RI32H IDHI mutation at codon 132 as the source of the
routant allele. This immutation-containing gDNA sarnple was
serially dihuted into wild-type DNA to the following percent-
ages: 25%, 10%, 8%, 5%, 4%, 2%, 1%, 0.5%, 0.25%, (.1%,

3

and 0.05%.

First round of amplification

PCR cycling conditions for the first round consisted oft +-94°C
for 5 min; 40 cycles of +94°C for 30s; +60°C for | min; and
+72°C for 1.5 vun; followed by final extersion at +72°C for

7 min. Conventional PCR reactions contained: PCR Master
Mix { Abgene), forward and reverse primers (Invitrogen), and
gINA template.

Second round of ampiification

The second PCR amplification was performed using the
LightCycler® 480 Real-Tirpe PCR Instrument (Roche
Diagnostics Corporation). Each reaction contained diluted
PCR amplicons (1/1,000), primers and LightCycler® 480
HEREM Master {Roche Applied Science}. PCR HRM cycling
conditions were as follows: +96°C, 10roin; 40 cycles of +95°C,
30s; +60°C, 20s; +72°C, 20s. COLD-PCR HRM cycling
conditions were as follows: +96°C , 10min; 20 cycles of +95°C,
+60°C, 30s, then 30 cycles of +81°C, 1538; +60°C, 30s.
After amplification, a melting curve program was performmed

~

by heating to +95°C for | min, cooling to +40°C for 1 mun,
and increasing the temperature to +95°C, while continuously

measuring fluorescence using 25 acquisitions per 190

2, Plasma DNA analysis

Step 1: DNA exiraction

Blood samples were collected in EDTA-coated tubes and cen-
trifuged immediately at 1,000g for 15 mimutes at +4°C. Plas-
ma was carefully collected and centrifuged again at 16,000g
for 5 minutes at roor ternperature, and irumediately aliquot-
ed and stored at -80°C until use. DNA was extracted from of
plasma using QlAamp® Circulating Nucleic Acid kit {Qiagen)
and vacuurn chamber (QTAvac24 Plus, Qiagen), according to
the manufacturer’s instructions. Once extracted, DNA sam-
ples were treated with RiNase A {Invitrogen) to discard RNA
carriers, and purified using NucleoSpin® Extract IT (Macherey
Nagel}. DNA size and DNA concentration were analyzed
using a 2100 Bloanalyzer aud Agilent High Sensitivity DNA
kit

Step 2 Selective amplification of /M7 mutation by COLD
PCR

Plasma DINA was amplified using a run of COLD PCR, as
described above. PCR amplicons were then diluted by
171,000,000 with distilled water.

Step 3! Detection of /08T mutation by digital PCRin
piasma samples

Diluted COLD PCR products for each sarnple were assayed
using a 1,536-well plate so that one plate corresponded to one
individual subject. The following PCR master mix was used,
containing Real Time Ready Probes Master 2X {Roche Applied
Science}, forward and reverse primers (Eurogentec), wild type
and mutant LNA probes {Burogentec), and diluted PCR
amplicons. This mix was dispensed at lul/well acrossa
LightCyeler® 1536 Multiwell Plate using the Bravo Automated
Liquid Handling Platform (Agilent Techniologies). Following
an mitial denaturation step at +96°C during 1 min, gPCR
cycling conditions on LightCycler® 1536 Instrument (Roche
Applied Science) were carried out, as surnmarized in Figure 1.

XN

TR R

Figure 1: PCR program used {or the detection of JONT mination in digital PCR conditions using the LightCycler® 1526 Resl-Time POR Instrument.
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COLD PCR The Grouping Software uses a curve shape-matching algo-
High Resolution Melting {HRM} analysis rithon to identlfy wild type from routant sarples, The 0.2

As a first step, we verified that the COLD PCR pxo value was chosen for grouping sensitivity in all experiments.
effectively enriches mutant DNA. At the end of the seco d Our findings show that the COLD-PCR HRM assay led to an

round of amplification, fluorescent melting curves were ana- approximately tenfold improvement in the IDH ] mutation

lyzed using LightCyeler® 480 Gene Scanning Software V1.2.9 detection (f;ee Figure 2B}, To addition, compared 1o conven-
Roche Applied Science), Amplification curves were analyzed tional PCR-HRM analysis, we found a detection thresheld of
s

t(\l owing normalization, with respect to temperature shifting,  253% versus 2%, l‘cspectwd v {see Figure 2A}.
auternated grouping, and the inspection of differenice p;()ts,
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Figure 2: Comparison of conventional PCR HRM {A} and COLC PCR HRM (B) for the detection of DHT mutation.
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Betection of the JDHT mustation in free clrcufating tumor Digital PCR for amplification of zerc or one DINA copy 1o
DNA each well was performed when the total number of amplifi-
We then used COLD PCR to detect the presence of the IDH] cations was between 160 and 1,200 out of the 1,536 wells of
mutation in free circulating tomor DMNA. After DNA extrac- the IDHT wild tvpe assay (see Figure 4).

f
tion from blood, COLD PUR was followed by genotyping
using digital PCR conditions with the LightCycler® 15

ime PCR System {see Figure 3). The LightCycler® 1536 "

S
R
3

S

Tostrument is most sensitive for the channel HEX, and thus
used a HEX LNA probe for the mutant allele.
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Figure &: Representative heatl maps oblained in an /OHT normal sub-

ject (A} and an {DHT mutant subject {B). Amplifications with positive and

Quai;iy ana;ys;s negative wells appear in green and in red, respectively.

COLD PCR

Sampile dilution

Sample dispensation

Bigital PCR

Figure 3: Workflow schemslic for the detection of an JGHT mutation
in the plasma of glioma subjects




We used the endpoint fluorescence (EPF) values generated
by LightCycler® 1536 Software to analyze the obtained
amplification data (see Figure 5). The threshold EPF of 0.1
was chosen for the mutant LNA probes (HEX}, and an EPF
threshiold of 0.2 for wild type LNA probes (FAM). Por an

individual samnple, the mutant amplification ratio was caleu-
lated to equal the number of informative wells with mutant

probe divided by the number of informative wells with wild
type probe.

Mutant H3HT patient

Witd type (0HT patient

IDHT wild type LRA Probe IDHY mutant LNA Probe

IDH 1T wild type LNA Probe

IDHY mutant LNA Probe

e

R s \ X e ol

m&\w\w\\'\\%\\%\\\\\\\\\\\\\\\\\\

Figure 5: qPCR ampiification curves obigined in FDHT normal subject {A) and an fOHT mutant subject {B}. Amplifi
using the wild type probe are shown in the left panel. and ampilifications curves using the mutant probe are in the right

curves

panei.

e liroiang
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Findings presented in this report show that combining two
qPCR approaches can be useful for detecting mutant tumor
DA in plasma sample roaterial, Performing COLD PCRas
first step enables selective amplhification of the mutant allele in
a background of wild type DNA. Here the use of the
LightCycler® 480 Real Time PCR system is critical, because
precise control of the denaturation teruperature is ensored.

AN

1. Bubbink, H. J., of al (2008) Neurciogy (73): 1782-5.
2. Nobusawa, S, ef 2/ {2009} Clin Cancer Res (15): 68002-7
et al.

+al, {2008} J Clin Oncol (27): 4150-4.

4. van den Bent, M. 4., ef o/ (2010) Clin Cancer Res
. Bleeker, F. £, of a/ {2008) Hum Mutat {30} 7-11.

4]

tions

~

he LightCveler® 1536 Real Tirne PCR Systern was then used
for highly selective genotyping to detect the IDHT mutation
using digital PCR conditions. This all-important second step
also allows relative quantification of mutant tumor cell DNA
1o a blood sample. The method presented here can be soccess-
fully applied to other DNA biomarker research in the field of

oncology.

8. Kang, M. R., ef a/. {2006} Int J Cancer {125}: 353-5.
7 Yan, H., ef &/ {2009) N Engl J Med {350}. 765-73.

8. Furnari, F. B, &f al {2007} Genes Dev (21): 2683-710.
@, Li, L., et af (2008} Hum Mutat (30): 1583-90.

0. Zun, 7., et al (2009) Mod Pathol (22} 1023-31.

latont the SO T mntaiinn in nhas e e 3
SIOTRGT T FARST T naantaam il DIasing Sampias ¥



Shredoretney redeoy e s v iy st
A F N T Y e

\\\

i=Time POR Iastrument, 86~well 08 015 278 001

G

5]
[¢5]

34 3

;\_.
::r.
o

Real Time BOR Instrament 11

fMoltiWell Plate ¢

5]
b)

58

@
i)

38007

Lltisal Biate G4 729 697 001

Probies Master 05502381 001

Muster (34707 494 001

Data inchuded 1o this article are the sole respounsibility of the

1
1y
$h

authors that have published them, and these authors are ac

15for  th

responsible for following the respective local regulatio
assay setup and validation.

expet'iments

Regarding the specific assay{s} described, Roche was peither

involved in establishing the experimental conditions ner in

Fa

efining

d
assays. Roche therefore cannot take any respousibility for
perf
biologic:

7 the criteria for the performance of the specific
formance or interpretation of results obtained for the
al target parameter{s) described by the authors or
other users using a similar experimental approach.

LIGHTCYCLER is
Other brands or pro
respective hoiders.

Page 1135 of 1237

ademark of Roche.
uct names are trademarks o

ir
i
o}t

f their

Potent

ensure that t

fhe L

i mstrtin

st
TR RS
Six:10 pla
Bix: T

Bac

1a} users are informed to be aware of and in

cordance wn'-‘ local regulations for assay validation and

e scope of use for the involved Roche products, and to
the

are performed.

oir use is valid in the countries where the

i

LightCycler® 1536 Real-Ti
intended for in vitro ¢

e PCH Systern are not
diagnostic use in the U.S,

Publishied by

Roche Diagnostics GmbH
Sandhofer Strafle 11§
88305 Mannheim
Germany

© 2012 Roche Diagnostics.
All rights reserved.

0212



Exhibit 15

Digital PCR (dPCR),
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. the reaction, and cach parition is read as posi-
58 PCR technologies in vsrai dsagnastacs tve or npegative for rarper template DNAL
Lg 2 Nucleic  acid  arnplification techniques  Using Polsson statistics, the number of positive
E"é (MAATS) form the cornerstone of clinical vnal partitions is compared with the toral number
T a of partitions o give a direct readout or abso-
E lute quam' wtion of the number of warget

DMNA remplate molecules in the reaction,

blnud cer r:b rospin abrogating the need for the standard curve tra-

= 0

During qPCR, rarget © r}]a[-:‘ DN'X is cL'np

pu'vm untl ¢

ditionally wsed in qPCR g
fec with sequence-spe

produces 4 signal

Several comumercial platforms with reason-
able throughput are available for dPCR appli-
ctical opten for

that is supplied [hr()h;h 2

DNA intercalating dye or sequence-sg cations, making this a pra

B fluorescent probe. Higher levels of template  certain  applications in cl:mc;:} laberatories.
E DNA produce a ﬁuoresa:m signal thar is  Pladorms from Fluidipm Corporation  and
8 detectable afrer fower cycles of PCR, and Life Technologies utilize a plate format to par-
g standard curve s used to cor c:late the cycle tition reactions in separate wells, while plat-

fram Bio-Rad Laboratories and
RainDance use droplets formed by 2

e .

but has some drawbacks; namely, the oil

a signal with a koown quantdty of forms available

This technique has serve water-in-

emulsion o partition reactions (known as

necessity for a standard curve and the lack of  dropler dPCR, ddPCR). The per sample cost
of Bio-Rad’s ddPCR currendy the
lowest of all the gystems at $3-5 per well
Details of these umber of

partiions and  estimated costs are reviewed

universal standards of known quantity, both of

contribute to intra-

system. 13

and interlaboratory
d lack of commutability.
NAAT PCR

become commercially available,

imprecision an SYSLEINS Comparing n

Recendy, a
(dPCR) has

called  digiral

‘

elsewhere (57 ]

aud fs utility in viral disgnostics has been While qPCE. s the current gold standard
explored by several clinical v'xoios:'f iabnra'o— for mrwiccu'a; quantitation in viral diagnostics,
nies. dPCR uses the same primers and dyes/  dPC entiel advantages ov

probes as gPCR, but par

thousands or

witlons

gL'L bh]k

miflions of separace

reaction into
microliter o piceliter scale reactions [231. Fach
of these resctions is cycled to the endpoint of

R offers several pote
it

Here we wi CW \h

addressing how dPCR could upon
current viral diagnostic quantration capabili

ties by

improve

increasing  precision, reproducibility
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and by standardizing quantiation within the
field, We « ’i[i alse discuss limitations of the :
of dPCR

adoption into the clinical aDOilely.

generanon
fwl

R platforms that may Hmit their wxdc:spr::" immediate

dPCR exhib:ts prewsscm superiar m qPCR
“he imprecision of rypical clinical viral gPCE assays can be quire
reicularly ar fower te mrﬂat(z copy numbers. Even within
wumhzcd laboraro oefficient of vartation (CV, a
re of anrecisioxj can he 20-30% or higher {8221, The
ot fully

known, bur several studies on cyromegalovirus (CMV) and HIV

cs, [hf

cinical impact of this vadation In measurement

have suggcstcd that increases in viral load even at very low levels

can be clinically significant [15-16]. For example, a swudy by
Waggoner er 2l compating the per
available CMV gPCR assay with the laboratory’s reference proto-
ool explored low CMV viral loads

2 episodes, viral load increased from

= of 2 commercially

the clinic al significance of

<200 coples/

<200 copi tes/m! 10 32\1\’ cnpxmlm} All of these padents were
eventually treated with antivirals, dernonswa r‘g that eplsodes of

CMV viremia ultimately treated with antiviral therapy could be

r & more sensitive method [13). Mca\m
precision at diese Jevels co

ement

detecred ecarhier Za
uld likewise be imporrant in treatment
decision. makiag, 0 increase confidence th;n changss in day-to

day or week-to-week viral urements were biologically

derived rather than assay derived. Given the inherent imprecision
in gPCR assays, it is difficult to distinguish bio,‘ogicaﬂy relevant

ion when viral load differen-

changes from me
ces are less than one-half log.
One ad

potental fo

asurement impreci

antage of dPCR over ¢PCR in viral diagnostics is the

@ increased precision within- and berween-runs, Sev-

eral recent papers suggest that dPCR offers madredly higher pre-
study by
ddPCR consistently disp .1yed lower variation than gPCR for a
set of synthetic miRNAs, Mean CV
ddPCR comp
48-7
formed on syn

cision than gPCR. In a Hindson and colleagues,
/s were reduced 37-86% in
ared with qPCR for oversll vadarion and reduced
2% for i"

‘Respecific variadon [17. This study was per-

1

thetic miRMAs, which while not directly relevant

to viral diagnostics uses the same methods dhat would be

to implementation in a dinical virelogy laboratory, In rhr. Ju Jca}

realm, two addivionsa! studies, one on HIV and another on

33T
T

precision in 4ddk

R. Both of these viruses are typically monitored

fongitudinally in infected patients, 2 situation
S

CMYV, have demonsirated increases CR com-

pared with qPCR

where measure-

ment variability between runs could mask dinically relev

o

van
c,banges in viral load. Srrain and colleagues developed ddPCR
rgeting total HIV DNA (pof gene) and episomal 2-LTR
solated from infected pavcnb After analysis of
over :‘vﬂU clinical sarmaples, 150 of which were tested in uiplicate
with both ddPCR and qPCR, they obse d a 4-fold decrease in
variance for pel and a 20-foid dE’rcase for 2-LTR using the
ddPCR a

observed ar hi

rgl. Por CMV, 2 similar decrease in CV was
her viral loads (24 log; o) when comparing ddPCR
and qPCR ass ays 1293, ry's CMV
ddPCR and gPCR. assays agree with these observai
CMV C \/s decreased 4-fold for ddPCR com-
sared with gPCR and at ¢ /mi decreased 1.5-fold
e 1) [20), While the "wlym;u precision oif daPC 5
an qPCR in this CMV study, ne dinical advantage was .found

Data fromm our own laborare

30 coples/mi,
3 logyg copie

..(, =

in a retrospecrive analysis of longitudinal samples from a cohore

of 18 wansplant patients {207 However, the study size was small
and the
other clin
1 he increase in precision offered by ddPCHR. not only tmproves
rement reproducibifity as evidenced by HIV and
a, but also can be useful for radometric assays. One

recision advantage of ddPCR might be more relevant in

[‘
m

(‘H tuung sitnations.

€ Ieds

etric viral diagnostic application using this incressed
op g

precision is a ddPCR assay to identify chromosemally integrated
Human H\.xpesvxms & {ciFV
the germ line and is present In about §
In ciHHV-6 individuals, HHV-6 is §

egion of chromosomes in every cell of the body 231, This phe-
nomenon complicates qPCR testing for

%

s whlch can be transmitted via

meric

ry

of the population |

integrated in the twelo

ctive HHV-6 infecrion.

;

HV-6, plasma samnples (the typical
specimen type used for viral load m@rit\ring) are often positive
for HHV-6 dne w detecton not of replicating virus but of geno-
mic DINA from lysed cells, which camry a copy of HEHV-6 [24).
Therafore, a rat;omc-trm rest for both HHV-6 and cellular DNA
can be used ro identify clHHV-6, with an
1 HHV-6 genome per cell

In an individual with

expected rato of
Given the variation inherent in

qPCR assays, this rato cannot be determined with ad:?qmtc pre-

V-6 individuals [

in cfHHD 1
A ddPCH assay was recen jy develop Lh that .L\.h'x_,it'i remarkable

cision 1w allow clinical diagnost

precision when assaying as few as 107 cells. Resules for five i
DNA from a
HHV-6 genome imsgxated on Chromoseme
0. 5). with a OV

of 3%. Furthermore, the assay showed 100% sensitivity and spec-

;
Ur”\d(* Nt runs using human lymphoblaswoid cell ine
containing 1

18 gave 2 mean and standard deviation of (.96 =

iﬁ(":tv 1 cellular specimens from pgt ients with < HHV 6 as con-

ud b fluorescence 73700 [26]

situ hybid .
ision or *c*)ﬁatabih
suggest that ddPCR may also be more reprodu
m-—day varia?io*ﬁ). Comparison of r'dPL« and g

(n addidion to incre

ased pre e data
Hc (less day-

R guantita-
ton of mifNAs determined thar ddPCR \mpmved day-to-day
reproducibility by 2 factor of seven. Similarly, comparison of

ddPCR and qPCR assays for CMV showed lower interassay
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(bctw en-tun) CVs for ddPCR than for gPCR across mu':tipl"
utons of a highly positive padent sample down w0 150 cop
1e:s/ml (Fraure 1) {20].

dPCR & gPCR have comparable sensitivity
While recent work demonstrares a

compared with qPCR, dara on sensitivity comparisons are not as
¥

; shown dPCR to be more or less

. To date, no study b

ve than gPCR when equivalent amounts of DMNA Inpat are
measared. A siudy comparing ddPCR and qPCR assays for
CMV underscores the fact that sensitivity of any NAAT is deter-
mined primanly by the amount or concenzration of nudeic acd
input into reactions. One comparison of two laboratory-

developed CMV assays Sujj st gd th:‘d.‘ gPCR showed 10-fold

=

grearer sensitivity than ddP(C owever, in this study, four

times more volume of E:),NA. was mc:u.ded in the qPCR (20 pb

assay than the ddPCHR assay (5 i), which accounts for much of

the differenc
CMV ddPCR and gPCR comparison indicate that when equal
amounrs of DNA are incladed, sensitiviey of the rwo PUR tech-

e in limic of detection [19). Our own laberatory’s

nigues is ¢ qulvalc* t {201 The miRNA study corparing ddPCR
mp

and gPCR likewise determined the two methods have compara-
ble sensisivity (171 Of note, while sensitvity of dPCR and gPCR
can be equivalent, the dynamic linear range of dPCR is narrower

than PCR for most PCR 5

/

ems. This limitarion derives from

the numbcr of partitions available In any particular system.

For instance, Bio-Rad's ddPCR systers has a linear range of

4-5 logs 14} compsrad with the 6 or 7 log range typically achm‘"

a583YS. H LOWEVEL, 3 d E"-SJ YSTG"U with more pa

able in qPC
tions, such as RainDance’s RainDrop, has a line

range up 54l

(e approach 1o maximize dPCR sensidvity is that muldp
wells or dropless can be ‘merged” and analyzed as one mer,awe;}
to increase the amount of DNA that Is interrogated for a certain
template. This method can be widlived in dPCR bat not gPCR
becanse each reaction in dPCR is counted as positive or negarive
in a digital output, as opposed to the analog outrpur of gPCR.
Strain and colleagues demonstrated hat this tmhmqac 1s feasible
on HIV templates; they used 36 ddPCR wells (500,000 drog

5

lets, each dropler representing ~1 ol reaction) o detect pof and

2-LTR amplicons down ta (.7 copies/10° cells ps.
P

dPCR may standard;ze quantitatscn
PCR has great porental for Aan’asmg standardizasion within
the mul

multitude of clinical virolegy labs thar utilize

e
laboratory-de elopea assays. Interlaboratory commutability s a

critical Issue for providing meaningful viral load values across

health care centers and within studies thar set benchrark viral
loads for wrestment administration (28], The WHO has created

onal standards and calibrants thar can be used by labs

across the world to set varicus ‘a'wamt-"

the same value 2930, However, the drawback of these calibrants

b,

¢ set based on an average value obtained

‘-—f‘.eve’icped assays 1o

ig Li}a‘: L’ﬁ(ﬁil‘ 'Va}L\CS ar

b

from muldple different  laborarery  assays. Recendy, th

Nancnal Instdrse for Standards and Technology created

precision sdvantage of dPCR

100 = s e SRANEUR

3 Foi e Intrasssay (UL 123)
1 i e Interassay (UL 123)
N 4 e & Intraassay (UL 58)
; 4 A - o
2 4 & Fi s Interassay (UL 58)
= ;
R TR
5, 0 3= & :'
2. ] # L
) ] E
o

standard matertal for CMV (SEM 2366) that is guantif

dPCR, 1o provide an absolute viral copy number, as
G oan daverage bas:d on many different separately calibrated
qPCR ascays. This DNA reference marterial can be used by dif-

feren s for canbrmon, method validation/verification and

a 'dify mntrr}] or proficiency testing and is hased ou a precisely
determined, known number of 2 mp‘iiﬁa‘bie DNA molecules 310

dPCR is mssstant o mh;bst;on

4PCR alse offers advantages such ss increased tolerance to

PCR. inhibitery substances puicompared with qPCR. ln the
sstrated  that ddPCR was

clinical sesst

>
more reflactory to 'mh ibidon than ¢PCR by testing substances

hibitors in DNA extrac-
tions of clinical samples {32, Grearer than 2 half log increase o
ICsa observed for ddPCR compared with gPCR when
heparin and SDS were spiked inte CMV assays.

While the mechanism of increased tolerance to PCR inhibi-

such as heparin and 5138, comumen in

tors is not fully slucidared, one theory is that o ddPCR, the
oil used o create the droplet emulsion may sequester some

inhibitory substances away from the water p phase PCR reaction.
Also, as demonsirated by Dingle e 2/, in a ddPCR reaction,
delayed or reduced ampLh\ahun efficiency per cycle due o
partial ichibitdon can be visualized and does not affecr the
accurate quantimtion of ramv.dazd pasitive droplets (331 In con-
wast, during gFCR, delayed or reduced amplification can resule
in sigoificant underguantitarion because the ampiiﬁm“;fm reac-
tion would differ

in the inhibited sample reacrion compared
with the reactions for the gges

ddPCR. may improve within- and between-lab reproducibiliny
in inhibidon-prone

ndards. These data suggest thar

chinfcal specimens such as stool, spurum
and rissues.

informaheaithcore.com
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dF‘fR is 5855 affacted by target sequen(e vanahahty As mentioned shove, some dPCR syscems have 3 linear
diagnostics thar affects the com-  dynamic tange logs Jower than thar of QPCR dependi ng on the

murability of quantration berween different assays is the number of partitions utilized in each _PAE'LEC'J‘{ol system. In addi-

Another issue in viral clini

sequence varability commen acro

s dini"" strains of a single  ton, sample overload is a2  consideration, pardculatly in
for the same virus may emulsion-based ddPCE. For example, up to 1 mg of cellular
areplify different regions of the genome and each of these regions  DNA may be added to a ddPCR reaction of the Bio-Rad sys-
have their own level of sequence variability, which can lead to rem, bur enly after it has been digested {cither mechanically or
misquantitation if the sequence differences affect primer or probe  with a restricrion enzyme). Withour digestion, the viscosity of
binding [34}. Strain ef 4/, showed thar ddPCR may be less suscep-  that amount of total DMNA can interfere with dropler forma-
tible than qPCR to suain wismarches in primer and probe  don, resuldng in inaccurate quantimeion due to a dearth of
sequences (18] They selected four patdents with HIV pof sequen-  appropriately sized droplets.

ces that diverged from the consensus primer/probe set and com- Furthermaore, q] C

virus. Many different qI'CR as

= R benefiss from many years of implemen-
q pared results from patient specific a'ld consensus primers and  ation in molecular diagnostics laborarories. Compantes have
° probes using ddPCR or gPCR. Besults from ¢PCR indicated  mer the demand of la bomwn wo develop high-throughpus,
.“(; that the consensus primer/probe ser nnderestimared pol concen-  fast assay systems compatible with th(: quick turnaround desired
% tration by 10- o 100-fold in three of four patients and did not  for viral load monjtoring (hesre 2), dPUR as it js implementer

k detect template at all in the fourth patient. In conrrast, when the  now is limited by the Iow.;: th -'oughpv-* and speed with which
@ experiment was repeatss] by ddPCR, the underestin results can be sjuxcmfc(. The ddPCR systems in par-"f sar
s reduced in these p';ti()nts (57% average underestimate reduc-  require separate droplet generation, thermocycling and dropler
D tion) e}, suggesting that ddPCR may he lp w overcome mis-  reading steps. In our hands, a2 dPCR assay for a 96-well plate
gj quantitation re snltmg from viral sequence varizhility, of CMYV takes approximately five times longer from PCR reac-

Quancitation by ddPCR may be less affected by sequence  ton setup to result than our current clinical gPCR assay.
mismstches than qPCR. for the same reason that partial mrl.bx— Many current dPCR systems are also

tion is less problematic in ddPCR than in qPCR. When a mis-  increased risk of contaminaton from run-to-ran o

Y
match occurs between the remplate DNA and the primer or  1o-well ansfer during a mn. The Bie-Rad dropler system, for

probe sex that does not cc mnlcldv abolish ampli ificatio on, posi-  instance, requires mixing and :gipemnc of 2 maxinaumm of eight reac-

tive dr"plﬁts are still detected, albeit at lower amj )hihkrs {indi-  dons thar are wansferred 1o a do _}pl fene ration < *trldpe and axe
cating less efficient veactions). These Jower amphmde dropless  then mansferred back o 2 96-well platf before the reactions are
are *;evermrie counted as positive

oaded from informahealthear

For personal use only.
Yy

ting in accurate quan-  sealed for thermocydhing With careful maining and good rechnique,
tel ol o

el
=
o . PR - . . . . .
g tiration. However, in qPCR, less efficient amplification results  contarvination can be av'ﬂzieq, but the system is not designed to
= in C, values c"vrrp.\pordlrlg incorrecty 1o standard curve values  ensure contaminason-free operation by muliiple dinical operators.
o
3 B . -
g based on highiy efficient reactons, resulting in misquantitation. Finally, dPCR is more ‘XE‘:cpsjve than qPCH.

,,,,, s Depending on the dightal system implementad, the higher cost
o o o

.

Curren’t drawbacks Of dPLR over QPCR resules from the throughpur limitadons isherent in many sys-

P

2 dPCR is a promising newly commercialized NAAT with several  tems or fom the microfiuidics consumables Jrquired o
= . - D &

3 potensial advantages over gPCR for viral melecular diagnostics.  partition reaction

o

= However, dPCR is still an emerging wechnology that has only

IR

recendy found application in the clinical virc 1 ogy abo,rs,tortn Expert commentary
Thcrcf ore,

OV

been available for
with this tech-  years, and in that period, muliple laborarories haVi demon-
nigue, and companics improve their systems with high-  strased advanmges of dPCR over [13({111:)qd. GPCR for viral
throughpur molecular diagnostics in mind. While dPCR cir-  melecular diagnostics. The preci t

several cono with dPCR exist that remain ro be  Commercial dPCR systems have

ercome as clinical laborimﬂcs

1expernie
&

xpert Review of Iy

E

R S

cumvents the need for a traditional sandad curve, the lack of  markedly better than qPCR assays, with equivalent sensitivity,

standard curve-based qua[mmﬁ-‘ does not automatically guar-  making dPCR 2 p(vtcr'ﬁal"v attractive alrernative dia-xkostic

antee better accuracy. Precisely and accurately defined calibrant

d on the sup

echinique for monitoring viral load. B

P

marerials or gold C"ﬁﬂdaad are still required to ensure comunui-  of dPCR for rariometric assays, our laboramry now offc\;g; the
ability berween molecular diagnostics laboratodes. Different fr t clinically validared viral ddPCR-based laborarory- aewioged
dPCR systems perform differently, with varied dynamic ranges  test, which identifies chromosor l.zﬂy integrated HHV-6 pa.

and sensitivities defined by system-specific limitatons on DNA - Fven without the th()hg-’l})ut and speed of qPCR, dPCR sur-
input and wmicrofividics psl\i ities. In addition, dPCR assays passes qPCR as the diagnostic merhod wi J‘o
LT

jio) ;("’ certain

rely upon the same am

primer/probe  assays requiting high precision. more
g .

kcm in qI‘C \‘ane d "() { offers Ascm"

d.d\’.l"i-.,(," :utf%matcd 8 /\tdf}"S SOmMeE 4 mMore pl’&v’:{i—

g
and sequence the accuracy of df CR is suill depen- Moreowr, the § J;\da sl *CR, compartmen-
dent upon the Vaixd;rv of che ampixf cation assay mi[izc‘:d‘ ralization of 3 bulk rescrion into many separate reactions, can

504 Expert Rev. Mol Diagr, 14(4), {2014)
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contribute to sdvancements in techniques
outside of basic quantdraton. Studjes
have already shown that compartmentali-
effects of inhibitors

and even sequence

1
1

zation can reduce the
dissimilarities.
Compartmentalization also offers advan-
ages for rare sequence detecdon, next-
genera*?on sequencing  technologies and
single cell a

i become

analysis that will
m1ponam in viral molecular diagnostics
as applicarions advance.

Five-year view

dPCR is a powerful sbsolute quantitaten

1 1o revola-

.‘S

L2

@ Pa?i:ant:, e
apadimen

'm?rlm d that has the pote
nize how molecular v:ra,;'{ygy diagnos-

ot

cs  are  peformed.  Although  the

o

hroughpur and cost of dPCR may not
make jt feasible or advantagecus o
replace qPCR with dPCR in mohmlal
virology laboratories in the next 5 years,
dPCR can be utilized to make great
serides in standardizing calibrant marerials

CMV s
the first virus to have 2 digitally quant-

within and between laboratories

ated standard material; more viruses will

e technolo

e
[~
[y
<
& g
I
123
o
3.

raction in

gy gains T
feld. fab

much time and expe

"r‘,

Tven within a SIUG} ab Qrarary,

se are put toward
dPCR offers a
reltable method of maintaining srandard

maintaining standards.

values over time, reducing problems asso-

ciated with lot-to-lot variability and iden-

tifving potential quality control issues.
Within

tems  will  become

the next few years,
more

3000
2000,
1000 =
o

S Fiugrascence

ake them

Jucreasing antomation will

more attractive for use in routine diag-
nestic applications by increasing through-
ed sysiems with

decreased potentials for error or contami-

put and allowing ‘dos

nation from manual handling. As these
systems advance, the sensitvity achieved

with current dPCR  assays may also

increase. Sensitivity limitarions  derive

mainly from the Hmited DNA input

HOVJLu by these systems, which can be

HﬂpfOS‘L& .by OHLH"L(‘ more Concar erated

reaction ipaster mixes or \HCLt,aS;A}g the

number

of pardrions utilized.
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Sinuhe Hahn', Laird G The application ol

Jackson, Varaprasad for the anaiysis ot g tg ;
Kolla. Aniza P detection of Down svmiromo may 'hraa;;y be 3(1: \;d Although these methods are stsii
Mah‘;'uddin and cumbersore and not high throughput, they provide a paradigm shift in prenatal diagnosis, as
Y h h Choolani they could effectively pronounce the end of m\/d-'xe procedures, such as amniocentasis or
. a ei Golan chorionic villous sampling for the detection of such fetal anomalies. However, it remains o be
A - =

I“:Jt 1er ur;orp spondence derermmeu iow suitable these approaches are for the detection of more subtle fetal genetic
Laboratory for Pranatal alterations, such as those involved in hereditary Mer thalassemia and va

Medicine, University Women's - o
fibrosis). New technical devalopmenis,
Hospital/Department (z‘f

such as 1

wdelian disorders (e,

microfiuidics and refiable automated scanning

Biomedicine, Hebelstrasse 20, microsq;_'\es, have indicated that it may be possible to efficiently reing e and examine circulating
CH 4021 Basel, Switrerland fatal celis, As these contain the entire genomic <« pie"nem of the fetus, future develo ients

Ted: 447 ¢
E'ax' +/7 &1z

Although great strides have been made in the
noninvasive determination of facile fetal ger\eﬁc

loci, such as Rhesus £ in preg

heruolytic disease of the fe-.,m; and newborn, and

feral sex in pregnanc
preg

”}aﬂC;E“S at risk for

es at risk for an X-linked
disorder via the analysis of celi-free feral DNA
{cfFDMA) in maternal plasma/seram, the deter-
mination of more complex fetal genetic anoma-
fies, such as those mvalvnd in Down syndrorme,
still rely on invastve procedures including amnio-
g 3.2]. Since
injury orloss,

centesis of chorionic villous sampling 5.2
these procedurss pose a risk of feral

there is 2 need for safe efficacions alternatives.

A major driving force for the development of

noninvasive p\'“nat.. 1 diagnosis is the demographic
change thar has taken pl&kr i developed coun-
tries, 'whers'\y many pregnant women are over the
age of 35 years, even if it was chelr first born, Sinee
maty couples dlect o have only one child, they
are naturally notkeen o expose thelr long-desired
baby to th

A further complication s that despiee incre-
ficity
of screening procedures for pregnancies bearing

isk of an invasive procedure.

mental increases in the sensitivi Y and Speci

ot
may include the noninvasive determination of the fet,

feruses affected by chromosomal anomalies,

such as Down syndrome, therve bas been very
litdde net change 1o the number of live births of
such affected babies 1a the past decade in certain
ntrast to others where the rate of
such ddeuga births | haé; been halved 3,4). Hence,

Cou. \'ltﬂt,S, inc

a method needs to be developed that can alter

this current state of 2

What is requared”

Currently, a large proportion of pregnant

women would automatically be judged to be

at an increased risk of bearing a ferus with a
advanced mater-
nal age; thus, the new system would need to

be amenable to mass screening, akin o what is

chromosomal anomaly due o

being underraken using serum analytes in the
first and second trimester of pregnancy. As such
it should be:

ES

Simple and antomatable

Robust and high throughput

@

Cost effective
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s Permir the L&by shipping and storage of samples, as it is lkely
o be off-site from where the sample is taken

s is quite a challenge!

What options exist?
Hismrif'aﬂv rare trafficking feral cells 1o maternal blood pre-
sented the first target 50r t}‘r obtaining of feral genetic material

10 2 noninvasive manner [5]. This strategy was first attempted in
1979 by Biaachi and col kagacs in the laboratory of Herzenberg,
the developer of flow cytometry €], Following a few high-profile

case reports in the mid- to late 1980s (781, which indicated thar

this system may permit the detection of fetal aneuploidies via the
am}y sof lf'lgd fetal cells by FISH, the NIH funded a large-
scale st d o test the feasibilicy of this appx(w;uh p.10]. To date,
this stad tf‘I"nt,d the National Institute of Health Fetal Cells

Isolation Stud.y (MNIFTY), is sull the largest multicenter analysis
en by NIFTY was too
lofty for the wchnology avatlable art the time, and the degree of

of ks type. Unfortanately, the goal chos

sensttaviry and specificiry attained was way below thar re qmred
for clinical application (Bianchi ez 2l [2002]). Some questions
also remain unanswered as to whether the feral uy[‘nob‘
indeed the most suitable target cell, as they have dense con{paut
mucleus with apoptotic character and may be impervious to FISH
s.nalvs?s f11,12].
the end of the NIFTY trial, Dennis Lo and
ir- C \*()r{i UK, made a startling discovery, by observing the pres-
ence of cff-DNA in the plasma and seruimn of pregnant women
13,14]. Not only was it & rich
for fetal cells, but it was much more abundant by a factor of 100-
o 1000-fold (151, As such, roost attention in the past decade has
been focused on the analysis of this new-found analyte, and the

quest for feral cells bas faded somewhat into obscurity .

“owards the d colleagues

o1 to retrieve this material thantoe

is there resurgent interest in fetal cells?
In 2008, two independent publications suggested that all inter-
est had not been lost in the enrichment and detection of fetal
ells [16,17. What is perhaps most surprising about these reports
is that t,k-:y were made by priv

corupanies and not by publicly
funded research groups. This implies that, aithough many main
stream research groups have largely given up ho’m on the use of

feral cells for noninvasive prenaral diagnosis, companies using

z
private cquity feel sufficiendy motivared to follow this course
as pare of their business plan.

in the fisst of these reports, Seppo and colleagues at Tkonisys
Inc., used an innovative automated scanning microscope system
for the rapid and simple detection of putative targer cells, identi-

fied by fucres

molecules and FIQH for the X and Y chromosomes (16

scent staining for fetal or embryonic hemoglobin

. The

be linked to a cer
site data anal 5is

J compuser neework, thereby permitiing off-
This also permits several machines to be run
in paraliel. As the system features a siruple user frendly interface

and stand-alone 2

operation, it is clear that Ykouysis bave fac-
tored the requirements of routine diagnostic laboratory use iuto
their design.

ninatior they analyzed whele

In their first exa -blood samples

f()\' H‘.c"‘. presence 0{:} 1tarive {:"‘ &.. ory Y}ll’\)‘i’.‘i ST Ce 18 1*"11{1{“‘(1(1 b}/

XY-FISH, rhey d

cells could be derected in wam;d cs taken in the first trirnester of

slast ¢
II‘D.J.DEG, [h."t Oil avirage, ‘Ch ree X}""‘Obl‘“l\/é

pregnancy, and approximately two such cells in second-trimester
saraples. On average, close to 4 million individual cells were
scanned per case, indicating that 0.4--0.8 fetal cells
ent per s

WrEe pres-

itlion maternal u::ls, This is in geod agreernent wirh

prcvmua assessments.

If the samples were prepared by standard densiry-gradiens
centtifugation o remove the bulk of the erythrocytes, then the
recovery of fetal cells was improved by between two- and three-
fold - appreximately two fetal ‘”CHQ per 1 million maternal cel
Unfortunately, a sligh
noted under such LOH(_{I[‘O

it is of interest that the Ikonisys examination of more than
60 samples indicates thart fetal

increase in the false-positive rate was also

ells could be reliably detected in

93% of cases, and that this was evident in both sampl
the first and second trimesters of pregnancy. This pleasing resu l'

suvgcsts that with a bit Ofopﬂmxzatxon, this system may be suit-

able for use on all pregna ncies. o also suggests that systems are
wow available that ca e.;aﬂiy scan several miltion cells in s robuse

and automated manner for the pfescnc&‘ of few or single-target

ells — indeed 2 quantum leap forward in this Luhqoiogm.ﬂ arena

— a5 such, systems were not available a few years age.

What is not clear from this publication is the amount of tim
taken for the analysis of each case and how the issue for fals
positives is to be addressed. W
tern can be used for ather diagnostic rasks, such as the derection

ts clear,

. however, 1s that the sys-

of

rare circulating tumor cells (], thereby once again underscoring
wo fields.

cted by Huang and colicagues at

Artemis Health Inc., use was made of a microflvidic filiration

the similariry between these

{n the second study, cond

device 1o separate erythrocytes from other nucleated cells in
maternal blood samples 7]
previously; for instance, the Nanos systern in Singapore, with the
{DEP) microfluidic device 1197, DEP

novement of neutral particles induced by polarization in

unmla: systerns havc been examined

use of a dieicﬁtrog)hm 5

is the
an asymmetric efectric fisld. Manipularion can be performed on
celis based on the differences in their dielectrophoretic pmpprties,
The device developed by Artemis ap peqrs 10 be very effective in
depleting erythrocytes from the maternal bloed sample (-39.9%
71. What is also remarkable is that they daim to be able

Tkonisys system is different to other previous approaches, in that  to retrieve a large number of putasive target cells, namely erythro-
the microscope syswem is enclosed in an industrial box-dike system,  blasts, which, with an average recovery of 38 cells/ml maternal
which includes a foader for 175 standard microscope slides. This  blood, is almost 20-times better than whar sould previously be
has the advantage thar che system can be plac d anywhere in a  achieved using the most highly ()pmm,zed magnetic cell separation
standard diagnostic laborato ) without thf* need for dark-room  (MACS) approach j20]. It s also almo m,--.lblc: the number we have
faciiites, normally required for FISH analysis. This system can previcusly been able w recover using a soy bean lectin system 23],
&14 Bxpert Rev. Mol. Diagn. 3(6), (2009)
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The bigh recovery may stem, in part, from the effective clear-
ance of e.,tythrog,ytes without the concomitant loss of rarget
cells, as is the case When using other approaches, such a de-‘smy—

on. Akh ough there are stll a number of

o be addressed, including whether the

gradient centrifug
questions that remain
recovered cells are fetal or maternal, the time taken for sarnple
processing and the number of samples that can be processed
in parallel, this developmenc is to be lauded and its progress
closely moniwred.
Alchough it is estimated that we may be able to recover only

one or two fetal cells ¢
identification of the tcti:al origin of the cells asing

ser million maternal cells, the accurate
g-globin
would allow a pure population of feeal cells and, hence, pure
fetal genomic DNA, to be recovered p2,23]. form the
basis for automated V’m*xmg and recognition systems [24,25].

his could

¥
}
ie

Laser microdissection and pressure catapulting (LMTPC) is
J

a rap;f’i'v emerging technology destgn-ﬂd for the isolation of
ngle cells for genomic a'la‘:ysis [26-2
t'{\r, .7 iss PALM MicroBea

5 plat‘s)

. One such device is
® system, Wherebv Amf-g:muo n of

Ml antomaics screening, e-*mi}-

L&p;tlf i’ dO‘Nﬂth"al‘fL dpmnca'mm such as

cation and ce

Whoic»gcnomc amplification, single-cell mRINA extracdo

A

PCR-based technal (-gi‘ s and microarray analyses 261, Th 5
system has been used effectively for the is olatym o* single fe Lal
erythroblasts for subse quent analysis by single-cell PCR 12
It is not inconceivable that the very srnall numbers of f*ml
elis enriched from m 'W:ma] blood may acrually be sufficient
for downstream analysis using the more modern single-

apalysis methods.
independent developments do stmngly
re likely

> approaches appesring in the

Consequently, these
,

suggest thar ‘fetal cells are not dead yet’ and thar we s

to see more commercially viable

uear future.

Problems besetling celi-free DNA
Even though «fFDNA is much more abundant than rrafhcking
fetal cells, it only makes up a smail fraction of the toral (cf-DNA)
in maternal plasma (3-10%) ps
smaller in serum, as the amount of matern
by two- to three-fold due to dying
UNA during the clocting pl()LLd.uIL

While the overt presence does not affect the s mlys;b of fac

2. This fraction becomes even
al f-DMNA increasss
cells releasing their nuclear

feral genetic loci completely absent form the marernal genome,
such as the RHD gene in Rhesus d-ﬁcgativc PICgHENE WoImen of
it does become
so disparate

1 erations

the Y chromosome for fetal sex determination,
problematic when wry mg to discern fetal locl not
from: maternal ones 1,141 The latter includes subt'i
sach as point mutations, iovolved in Mendelian disorders, sud*
as the hf*m(wl(\bmopnbms or cystic fibrosts, or alterations in gene
dosage, such as the presence Of&f‘ additional chromosome ot part

syndrome.

S

t‘lercofi n fetal aneuploidies, such as Down

In these cases the large preponderance of maternal cEDNA is
probiemamc as, in essence, 1T exchudes the possibilicy of perform-
ing these analyses. In crder to overcome this problem, several
strategies have been explored.

Size fractionation
{n our examination of whether any physical differences existed
EDNA and fE-DNA agments, we observed

that feral fragments were generally smaller in

DC{ WEED matpma

those of

ze than
marernal origin (<300 vs =500 bp, respectively) 2], This difference
is g)“()bably atrributable to differences in the spoptotic mechanisius
involved in the release of off-DINA by the syncy tietropheblast, and
that of matemal cEDNA, which s largely of hemopoeiric origin,
probably crythropoiesis. In this context, it is interesting to note
that although

i

he nuclear DNA in erythroblasts is deaved prior ro

enuclearion, this is not in the form of normal oligosomal apoprotic
fragments but, rather, 1o Jarge megabase fragments, which can only

be resolved by pulse gel electraphorests (201, This feature was als
observed in our analysis of total DN
By explotting this difference between marernal «

IA fragments [29].
--~DN,A BI’Ad

cH-DMA frapments, we were able to selectively enrich for fet

fragments using Lon\/muomi agarose gel P]ecnophorem 1291,
iments showed that the ¢fEDMNA fraction
ith less than 5%
in the unereated sample. This increment permirted the detec-
epeats

asia or

These primary exper
could be increased

0 over

30%, compared wit

tion of otherwise masked fetal loci, such as short-tandem r

(STRs) or point mutations, sach as those for achondropla

r analyses showed this feature ndd frue
using either real-time PCR or MALDITOF muass

29,31,32]. Our

The carrent problem with this approach is that no efficient
method exists to perform the size fractionarion 1331, Although useful

for proof-of-principle experiments, the agarose gel electrophoresis
approach reguires large volumes of o DNA {extracted from 10-20
of loss {~309%). As
come vizble once more effic

ml plasma) and is associated with 4 large degree

such, it will only be ient methods fo

this process emerge, perhaps via the use of microffuidic devmcs.

Epigenetic differences
An alternative method to discriminare berween fetal and maternal
cFDNA sequences is o use epigenetic differences between these
two DMA species [36,37]. An example of a gene sequence that is
hypomethylated in the placenta and hypprrr‘ethv lated in maternal
blood cells is the maspin gene promoter 36). By the use of bisulhte
conversion, the unmethylated feral cytosine nucleotide is converted
o uralic {thyraine), while the maternal methylated cytosine is left
unchanged. The altered fetal allele can then be detecred by mass
SPECHIOMEtyy Ot real{imﬁ PCH. Since the maspin gene is located on
chromosome 18, it was examined whether this approach could be
used to detecr feral aneuploidies specific for this chromosome 28],
By targeting a SNF
wonld be possible to use the epigenetic allele watio to dete
fetal ploidy. In their stndy, Tong and colleagues Wera indeed, able
to use this approach to discern trisomy 18 samples
samples when using genomic placental DNA 138). 1 hi_ zstinction
was, however, not A)subte and usin rg the cut-off value
by the authors, three euploid samples would have been -Ja ified a5

involving a met}‘v'ar d cytosine residue, it

heing abnormal. Given this less than satisfactory state affairs when
examining rotal genomic DINA, it is questionable how effective this

approach would be for the analysis of ff-DNA n maremal plasma.

WWW.CEDErT-ICY iCVVS Lo
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A major problem besetring the use of ep g ically modi-

bisulfite conversion step, a
procedure that is very aggressive and destroys a vast amount of
template DNA; 2 rna}m problemn when dbilmg, with limiting

input DNA

sought, pcrha s such as the immunopre

fied DNA sequences is the use of a

\.-L.HXLE‘L

As such, aitcrrm strategies need to be

itation of methylate

8’::

rmethylated cyrosine

DNA sequences nsing antibodies speci ﬁ

reswdues [39].

Cali-free fetal mRNA
The discovery of cfmRNA species of placental origin in marer-
trategy w the
analysis of cffFDNA HO 41]. The major advantape of cffFRNA

nal plasma opened up the way for an alternative s
P

over off-DNA s that it is possible to select for placenta-specific
mRINA transcripts not expressed by any maternal tissues 2]

Hence, the analysis of cfE-RINA is, in essence, very similar to the

analysis of feral genetic loci completely absent from the maternal

enome {Rbesus D- or

is not hindered by ma
In

order to use such an ai pr

-ch;am»sotn&-spc&uc sequences) as it

Q‘O

i

-ernal background ‘oise’.
roach for the determination of

]

b

eral ploidy, one has to select genes present on the chromosome

of interest, for example, chrumssom,\, 21, and then ensure that
the gene is only ‘N'presw*d in the placenta and not by maternal
An example of such a gene is PLACA.

mination of chromosomal pk)"'v an am‘roach similar vo that

or the deter-

tissues [43].

used for mrzy‘-fn gene in trisomy 18 can be taken, namely the

of mass spectrometry to determine allelic ratios of a SMNP
ic:cus in the PLACS gene Froue 1) 43].

Alrhough the study conducted by Lo and colleagues was
based on 2 small number of affected cases (n= 10}, ar Aundrkablv

clear difference

56} was

\

etween case and conrrol samaples (o =
eascrvcd VHdi“g a sensttvicy of 909 and specificity of 96%.
back of this approach is thar the fetus needs o
zous for the SNP allele being 1fxtefmgqtfrd

The current drawb
be hct@ As such,
almost *OO cases had to be exclnded from the aforementioned
investigation, A further problem is the labile narure of mBNA,
which requir“q complex immediate p()x=~;)hlebot(m“.z handling
¢ and shipping needs w be
carried out at -70°C or on dry-ice, wh chisa

Regardless of these issues, this approach has been seized upon
by Sequenom lnc., which is exploring the commaercial viability.

and proce ‘zsmg Furthermore storag
additional burden.

Digital PCR & its affiliates
Digital PCE differs :
such as real-time PCR, in thar ;h
proceed to its plateau and a

to monitor the presence or absence of input template 447, [n

-e
m
’3"
9]
wn

frorn other qu

antitative PCR appro
PCR reaction is allo ved o

sifmpie ‘yes or no’ answer is used
arder to use this system in a quantitative manner it is necessary

to monitor each PCR reaction individually. Although init ial
exploration of such a0 approach were made in 1997 by Kalinina
and colleagues [451and Jater optimized by Vogelstein and Kinzler
in 1999 [44], it was only with the lnrroduction of microflwdic
devices with several thousand individual reaction chambers,
such as those developed by Fluidigm Inc., that ‘digital PCR

came of age [46,471.

X

ogy for the de

The use of this rechnol on of fetal aneu-
ploidies was published almost simulea "f*c)u:«;iy by Fan and
th ke 48] and the Hong Kong group of Denals Lo @91, In
their PCR assay

to the one we had previously established for the detection of
pe

r examination, Fan and Quake used a similar

3

trisomy 21 by Tagman real-time PCR. on pure fetal genetic

me
material ootailwd by invasive pracrises, in which we C“l‘ﬂﬂ?..{‘(:d
the dosage of the amyloid gene on chromosome
the glyceraldehyde ‘,—Enoopha{c dehydrogenase
chromaosome 12 501, In their analysis of pure fetal genetic mate-
rial, they were similarly able to reliably disctiminate between
wormsl and apeuploid samples. In the Hong Kong, examination
use was made botlﬁ of a SN locus and a gene desage approach,
obtaining results
Quak{: {(Frours 2).
What is of particular interest in these
observed the ability to detect th plp
was still possible even if the feral mate
of the total ¢FDNA examined, provid,

very analogous to -’bo.»f made by Fan and

studies is thag, t‘ne‘y
ce of a feral ane upl oidy
} oniv represented IG‘/U

d that 4000 individnal

events were exatnined 48], Hence, it ray be possible to use this
technology to detect fet al aneuploidies directly from cff-DNAIn
raaternal plasma. Since subsequent studies using digital PCR have
indicared that the amount of cf-DINA has been underestimated

using real-time PCR, and may be as high as 10%, this facet could

so0n b(’CO me a reality [51.

[t is also likely thar the digital PCR approach will be useful not
only for the dﬁ‘r_cu fe al a mup loidies, but may also permit
the noninvasive de'c rmination of single-gene disorders, such as

that this
able to other dlinical discipline

the hema;ﬂ()bmﬂpad}:cw [47,52).

technology may also be applic

such as oncology (53,
Although the carrent studies have focused on the use of

Onee again, ivis evident

such as those

m]cmﬁum:c devices,

developed by Fluidigm
a somewhat ‘cruder’ approach
> -ads, emulsion, ampiiﬁcation and mag-
In this procedure developed by [iehl
the input template DNA s &

o a strep

. §

netics, and colleagues,
sst preamplified and then goupkd
tavidin-coated bead via 2

tn tag (54].

2 primer containing a bio-
The second round of PCR is then carried out in
an emnulsion phase, following which ration of the two DNA
sequences of interest is monitored by flow cytometry using
finorescently fabeled primers. By the use of such means, Dichi
and colleagues have been able to monitor and quandfly cancer-
derived cf»-DNA 1551 Al»‘%mi?‘t‘- Lh me-‘hod is rechmca-lv more

Any expensive \.qmpmk.m or costly specm] mcd ml\,mh ii'*i'c reac-
tion chambers. [t may, hence, emerge as an alternative for those

with cash-strapped research budgets

Shot-gun Sequencing
Even though the digieal PCR approach i
clear that

18 gdltc prox [1‘8‘11}7, it is

the degree of accuracy required for the detection of a

fetal aneuploidy is at the lmit of current microfluidic devices, as

they only have space for 12,000 individual reactions per chip 471,
For this reason an alternative was sought that offered 2 higher

816
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(jﬁa Q{ Ud? At‘, hV "qumma more ar-

get molecules. Such a system was found
in the Solexa/Iumina platform for shot-
gun sequencing. In this system, very short
tapgs from the entire gcnnmf are amplified
and sequenced. In their p
Fan and colleagues obtainea an average of
10 million 25-bp sequence ¢

which contained an ave ‘r‘:g c o

ploneering s tudy,

s per sample,
65 000 tags
BV using

~
{
i

SP”‘(‘:‘ﬁG ﬁ'}r (l}]r()ﬂl')%‘ YL

these sequence tags for « i
measure, they were able to discern nine cases
of trisomy 21 from nine Pupioid cases with
}“ G accuracy, 1n a0 analvsis of fEDINA.L

They were furthermore able to detect two
ases of trisomy 18 and one case of trisomy
i3, Ina parallel report, Chiu and colleagues
were able to correctly discern 14 cases of
1. These
two pivotal studies, therefore, s cmgly sug-

»

trisemy 21 from 28 normal cases [s
gest that shot-gun sequencing may be the
muost suitable approach for the nontnvasive
detection of feral aneuploidies.

| Heterozvgous SN

'Fl“anscriptién
presence.as
fetai DNA

RE-PCRang
0L SNP allelic

Other allernatives: urinary DNA?
Although the presence of «f[DNA In

urine {58-40], ©

other than that of kidney ori-
gin {51}, has been a contentions issue, recent
publication does suggest that ‘transrenal DNA” may be another
e)p=10n for noninvasive prenatal diagnosis [¢2). In this report by
10 devect ¢fFDNA in
{25--88 bp),
{thatu rinary Cff DNA frag“n (LS WETE VEry :xmall, some
w and snalytic procedur\s needed to be used
DNA 1 78 out of detect them reliably @2
report, they were able w detect 82 saples from women
pre g,n(u twirth a 'l‘ldi fetus. On the other b
specific sipnals were detected in 11 out of 91 samples where the

Shektman and c'sl-“aguc:s, who were able

maternal urine by using very short PCR amplicons
0b< rved

in order to male cff
In their s
vand, Y-chromosome-

pregnancy was with a fernale ferus. Hence, care needs to be taken

to ensure that the maternal urine sample is not contaminated by
male cells/DINA, probably as the result of intercourse.

To the analysis by he Hong Kong group of Dennis Lo, who pur-
sued their investigations into cancer-desived cEDMNA in urine |63)
by examining bone rarrow- 1 this
new study [65,66) they determined that both tramplam’-—f‘crivc-:d
DINA and epithelial-like cells were present in recipient urine
3 conchided thar the
DMNA was derived from donor-derived stem cells, as these have
sevtled i

transpiant recipients [64].

Parthermore, they transplant-derived urinary

in renal rubule niches.

Ag the persistence of transplacental erafficking of feral cells
with stem cell-like character has been teported on numerous

occasions 57], and as these cell have bt@'l iound o conrribute to

ruaternal tissues, especially in the capacity of tssue re p;m 168,697, it
1s unclear whether such cells could ¢

of transtenal fE DNA.

niribute to the Eu CROMERON

Expert cammeniary & fwe year view
Of all the systems tested o date, shot
pseudodigital PCR mode appearsto o

A bpqu\nf‘mg used i
fle

er the most reliable detee-

tion of fetal aneu pmldmu, with truly arnazing discrimination

between affected cases and normal controls. T}- e current prab-
fem with this appr roach is time and money, in that the processing

and data analysis of each sample is a len
{~U Q‘L'”’Ou]:l(‘{) per case and only
instrument). This revolutionary methed

githy and costly affair
16 samples/week/Hiumina
. however, may offer the
pﬁsqu} ity of obtaining dewiled lmryowpir information by non-
mvasive means, 1t is, however, oot clear if it will be usefud for the
analysis of Mendelian disorders, as the method relies on the ana-

lysis of a vast amount of genetic loci per chromosome targeted (in
the erder of 60,000 for chromosome 21}, unlike the single/daal
mutation nvolved in disorders, such as the i,cr'xog)lubmop,amm
The optimization of digital PCR approaches by the employ-
ment of microffuidic devices that permit in excess of 30,000 single
PCR reactions on a single chip may offer a cheaper alternative to
the complex shot-gun sequencing approach A drawback of these
DNA needs to be estimared
quite aceurately 1o order to ensute Thar the temaplate concentratior
ze reguired for e
copy/reaction/well).
Even though the §

feta
extent by Sequeno

analyses is that the amount of off-

n the narrow ran fhcient digital PCE analysis

tal mRBNA approach has been propagated
clear how suitable this
E.O wide-scale a p:;,ii arion due to Proo ‘easmg amd shxppmg

i1y, it lb oL

issues, a major concern when dealing with a labile analyte, such

WWW.CHDEL t-reviews.com
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PCR

Coll-fre fetal DNA
“inplasma

chromosome A/B

Readout PCR
chromosome A

as mRMA. In this context, it is worth noting that recent corpo-
rate statements from Sequenom indicate a possible move towards

2 DNA-b

cach, perhaps involving epigenetic markers.
{ cells suggests that these have not
saried, but are seriously being considered by commercial
institutions. \5/}\1 e it is unhikely that fetal cells will be offered for
wide-spread screening, as could be done using ff-DNA/-RNA,
the ability to examine the entire feral g fers up a realm
of posmbli'-meo, which will not be possi b]e via the cfEDNA route.
As such, it is foreseeable that this route will be more restricred
and cosidy.

based appro

£ interest i

S

genoeme ¢

gics will emerge. In
offered that permits
rapid screening for the most common fetal ¢ nf*aploxdias (e.o
chromosomes 13, 18 and 21). This is Likely to occur using a

Asindicated earier, it is likely that two strat
one instance, a quick and simple test will be o

approach developed by Sequenorm that, by relying en its proprie-
is geared for high-thronghpur

tary mass specometty technology, |

analysis of several thousand samples per day. This

o
the test cost effective, w the extent where it can compete with
conventional screening approaches.

Even though digital PCR approac'-‘)ex‘ are promia‘ing and may
be useful for the analysis of smme—gc 1o disorders, they currently
require expensive equipment and analytic devices, wit h the micro-
fluidic chambers used for each analysis stli costing several hun-
dred US dollars a piece. Purthermore, the off-DNA sample needs
o be diluted in such manuoer that ap tely 0.6 copies are
present per reaction well, a tedious and time-consuming exercise.

Shot-gun sequencing approaches are even more costly and
time-consuming facets, which will restrict their use until a2 new

NTOXImE

m

generation of high-throughput devices becomes available. A
discussed, the use of fetal cells is [ar wly dependent on the speec

[

of current progress in microfinidic enrichment twols, auromared
celf detection and rewrieval, as well as analytic systems perraitring
whole-genome analysis from single or few cells.
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ing procedures, such as ultrasound and concomitant serum

As such, these latter options will be
offered o a select group, whilst the former en 1piovmg high-
throughput of FDNA/DINA mass spectrometry-based strate-

giﬁ‘S may ﬁﬂ\: up T&piﬂ&,)ﬁg or -._omplementmg current sCreen-

aualyte analysis.

immediate scope of th
is probably that of prowomics. Such apr-roach“s may lead to
ion of highly

sp
markers, which could be so effective hdt oah

s slways, it pays to be

development of a new generat

more costl

aware of developments outside the

v and only

become commercial

ity noviable. C
clinicians active in prenatal d
rapid changes and developments o *h

Cong 'cquﬂm v, researchers and

diagrosis need to be prepared for

next decade.
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Exhibit 17

@) Recent advances in the analysis of fetal nucleic
acids in maternal plasma

\LDPINOK,

Nanecy Bo Yin Tsu®P

and Yuk Ming Dennis Lo™®

Prenatal dldgﬁ()bl% has become an important part of
obstetric care. Conventionally, prenatal genetic test-
ing requires the collection of fetal genetic materials
through invasive procedures such as choriornic villus
sampling and amniocentesis, thus posing a risk of
miscarriage [1]. Cell-free fetal DNA in maternal
plasma has offered a noninvasive source of fetal
genetic materials that can be conveniently collected
by taking the mother’s blood. The clinical appli-
cations of circulating fetal DNA have been continu-
ocusly expanded since its discovery in 1997 (21
Currently, in addition to patex,x:a},‘ty inherited
sequences and mutations, circulatmg fetal DNA
can also be used for detecting maternal alleles inher-
ited by the fetuses, as well as fetal chromosomal

aneuploidies {3,4].

FATERNAL PLASMA

Maternal plasma contains both fetal and maternal
DNA molecules. Initial studies of circulating fetal

www.co-hematology.com
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DNA have focused on paternally inherited fetal DNA
sequences that are absent in the maternal genome
[2]. One such application is for noninvasive fetal sex
determiination. The positive detection of chromo-
some ¥ DMNA sequences in maternal plasma would
indicate a male fetus. The fetal sex information is
important for managing pregnancies at risk for
X-linked diseases {5}, If a woman carries a female
fetus, invasive diagnosis can be avoided because
X-linked diseases rarely manifest in female individ-
uals. Currently, noninvasive fetal sex determination
using circulating fetal DNA has been implemented
as routine service in a number of clinical centers
[6,7]. According to a recent meta-analysis on the
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published results between 1997 and 2011, the
sensitivity and specificity for fetal sex detection were
95.4 and 98.6%, respectively [6]. Efforts to attempt
to enhance the sensitivity of male fetal DNA detec-
tion i maternal plasma are still continuing 8] in
order to allow the test to be applicable to very
early pregnancies.

Fetal RhD blood group detection is another well
developed example of a diagnostic application for
circulating fetal DNA [9,10]. The presence of RHD
gene sequences in the maternal plasma of a RbD-
negative woman would indicate a RhD-positive
fetus. Maternal administration of anti-Rh DD immuno-
globulin would then be necassary in order fo prevent
sensitization. Clinical services for noninvasive fetal
RhD determination using maternal plasma DMNA have
heen available for over 10 years {11]. Recent reports
indicated that the accuracy of the test was close to

100% [12,13].

GE ARNALYSIE OF
The major challenge of circulating fetal DNA
analysis is caused by the large amount of back-
ground maternal DMA in maternal plasma. Fetal
DA constitutes approximately 10% of the total
DNA in maternal plasma {14,15]. Hence, it is tech-
nically challenging to detect maternally inherited
DNA sequences that are carried by the fetus.

TITATIVE DO

Fetal monocgenic diseases
To overcome this technical difficulty for fetal mono-
genic disease detection, an approach fermed relative

10656251 © 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins

mutation dosage {(RMD) was developed {16,17]. In
the maternal plasma of a woman heterozygous for
the disease-causing mutation, the contribution of
fetal DNA to the maternal plasma DNA pool would
lead to an increase in the total DNA concentration of
the allele inberited by the fetus. Hence, the over-
represented allele observed in maternal plasma
would be the aliele that the fetus is inherited. How-
ever, the low fractional amount of fetal DNA in
maternal plasma implies that the degree of over-
representation is very small (Fig. 1) {18%]. To obtain
an analytical precisiont that would allow discrimi-
nation of the small concentration difference
between the mutant and wild-type DNA, guantifi-
cation based ont molecular counting, such as digital
PCR, has been emnployed. Digital PCR performed on
a microfluidic platform involves the simultaneous
apalysis of thousands of PCHs, with each reaction
containing either a single or no template DNA
moelecude {191 The copy number of tempiate DNA
molecules in the sample is calculated by counting
the number of positive reactions.

The RMD approach was fist investigated in
autosornal recessive diseases by using -thalassemia
and hemoglobin E disease as models [16]. For a
pregnant womarn heterozygous for a disease-causing
routation, i the fetus is h()fno,_.y gous for the mutant
or the wild-type allele, an overrepresentation of the
correspornding allele would be observed in maternal
plasrna. If the fetus is heterozygous for the rnutation,
there would be a dosage balance between the
mutant and the wild-type allele (Fig. 1}. Recently,
the RMD approach has also been applied o deter-
mine the fetal inheritance of a sickie cell anemia
mutation noninvasively using maternal plasma
20}

The application of RMD was further explored in
X-linked recessive diseases [21]. As discussed above,
the detection of chromosome Y DMNA sequences in
maternal plasma has provided a noninvasive means
for fetal sex determination. Most of the female
fetuses would either be unaffected or are asympto-
matic carriers. However, the disease status of male
fetuses would still be unknown if the genotype for
the mutation cannot be confinmed. The RMD
approach has, therefore, been used to determine
whether the male fetus has inherited the X-linked
mutationn from the helerczygous mother. For
X-linked diseases, a male fetus possesses only one
chromosome X. Hence, there are only two obser-
vations in maternal plasma, that is, either the
mutant or the wild-type allele is overrepresented,
indicating an affected or a normal fetus, respectively
{Fig. 1). This approach was successfully used to
detect fetal mutation genotypes for bemophilia A
and B noninvasively using maternal plasma {21].
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Relative dosage in
maternal plasma
Disease type Mother Fetus
{fractional fetal DNA
concentration®= 10%)
[_?E_E i NN = 0.8201
B
i
MM . |
Au.'.caOma! [i LM ;i\( MR o= 101
disesses ] —l
i1
RALIRA
[o LTR MiN = 12201
6
'E' [ MIN = 0.8:1
T n
K -finked L?M?j Xy
X X [éﬂ]
] MiN = 11101
i
Xy
‘ @ E #R= 111
H E 2121 R R
Trisomy 21 E I [
o £ E it
2128 RR i
E l i 20 R = 1.05:1
212121 R R

2E 1. The relative dosage analysis in the scenarios of monogenic autosomal diseases, monogenic X

ked diseases, and

wrisomy 21, 21, chromosome 21; M, mutart allele; N, wilddype dllele; R, reference chromosome, that is, the chromosome
unaffected by aneuploidy; X, chromosome X; Y, chromosome Y. “A maternal plusma somple with fractional fetal DNA
concentration of 10% was used for Hlustration, {Modified with permission from [18*].

Fetal chromosomal abnormalities

In addition to monogenic diseases, the relative dos-
age analysis of maternal plasma DNA could theor-
etically be used for detecting the dosage of a
potentially aneuploid chromosome possessed by
the fetus. This strategy has been outlined for the
noninvasive detection of fetal trisomy 21 {19]. One
could compare the copy number of a locus on
chromosome 21 with the copy number of ancther
locus on an unaffected chromosome, that is, the
reference chromosome, in maternal plasma. An
overrepresentation of chiromosome 21 DNA would
indicate a trisomy 21 fetus, whereas a dosage bal-
ance would indicate a euploid fetus (Fig. 1). How-
ever, the deduction of fetal chromosome dosage 15
technically more difficult than fetal mutation
analysis. As fllustrated in Fig. 1, the degree of dosage
imbalance in the scenario of trisomy 21 is smaller
than that for the monogenic diseases. This suggests
that more DNA molecules have to be analyzed in

484 www.co-hematology.com

order to reach a precision that is able to discriminate
such small dosage difference. To detect fetal trisomy
21 using a maternal plasma sample with a fractional
fetal DNA concentration of 25%, it has been esti-
mated that 7680 digital PCRs would have to be
performed [19,22]. However, the amount of avail-
able template molecules is luniting due to the gener-
ally low concentration of cell-free DINA in maternal
plasma. In the above example, in order to capture
7680 template molecules, approximately 15mi of
maternal biood would need to be drawn, which is at
the limit of clinical acceptability. Hence, alternative
methodology that could generate extra genetic
information without additional input of DNA
molecules would be desirable.

Random sequencing of materna! plasma DNA
Although plasma DNA molecules are partially
degraded {23,24], they have been reliably analyzed
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by massively paralie] sequencing (MPS) {25,26]. MPS
analyzes billions of DINA molecules originating from
virtuaily the whole genome in a single run. By
retrieving sequenced DNA molecyles that are origi-
nated from the disease-relevant loci, noninvasive
prenatal diagnosis could be performed.

Fetal trisomy 21 detection

MPS can be used to measure the proportional repres-
entation of a potentially aneuploid chromosome in
maternal plasma and to determine whether the
representation is abnormally high (e.g., in frisomy)
or low {e.g., in monosomy). In prootf-of-principle
stadies, MPS has been shown to be highly accurate
for detecting the increased proportional represanta-
tion of chromosome 21 DNA sequences in the
plasma of pregnant women carrving irisomy 21
fetuses, when compared to those carrying euploid
fetuses [25,26].

The accuracy of the MPS approach for noninva-
sive prenatal aneuploidy detection has been con-
firrned in many large-scale studies [27-32,33%]. The
reported detection sensitivities range from 98.6 to
100% and the specificities range from 97.9 to 100%.
In order to increase the throughput of analysis for
clinical implementation, DNA molecules from
different plasma samples have been labeled with
unigue index sequences and analyzed by MPS in a
muitiplexed fashion. It has been shown that the
accuracy of noninvasive fetal aneuploidy detection
remained high even with such multiplexing {27,28].

Datection of fetal trisomies 18, 13, and othey

aneuploidies

in principle, fetal itrisomies 18 and 13 could be
detected noninvasively by the same approach using
MPS. However, initial studies showed that the pre-
cision for measuring the proportional representation
of chromosomes 13 and 18 in maternal plasma was
suboptimal [25,26,34]. Such a large variance has been
found to be related to the guanine and cytosine
contents of chromosomes 18 and 13 [34,35], inwhich
the number of sequenced reads obtained from the
chromosornes is affected due to the possible intrinsic
guanine and cytosine bias of library amplification
before MPS [36]. Researchers therefore developed
bioinformatic algorithms to correct for this guanine
and cytosine bias. After the guanine and cytosine
correction, the diagnostic sensitivities for noninva-
sive fetal tfrisornies 18 and 13 detection have
dramatically improved [30,34,37]. Besides using a
bioinformatic mieans, the dmpimcatmnmssomated
guanineg and cviosine bias could potentially be elinw-
inated by a single molecule sequencing approach;, in
which DNA molecules are sequenced without prior
{ibrary amplification [36]. We envision that with the

1045-6251 © 2012 Woellars Klowar Health |
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advancement of new single molecule sequencing
platforms, such as nanopore sequencing [38,39],
the MPS of circulating nucleic acids would become
simpler and more accurate.

In addition to aneuploidies involving an extra
chromosome, the MPS approach has recently been
demonstrated to be useful for the noninvasive
prenafal diagnosis of monosomy X {32} Besides
the detection of supernumerary whole aneuploid
chromsome, MPS has also been used to detect
fetuses with trisomies 21 and 13 with robertsonian
transiocations [32,40], as well as a microdeletion on
chromosome 12 {41]. Recently, the feasibility of the
MPS-based noninvasive prenatal aneuploidy detec-
tion has also been tested in twin pregnancies [42].
Altogether, as most of these fetal aneuploldy situ-
ations were investigated only in a few individual
cases (apart from tdsornies 21, 13, and 18 men-
tioned above), their diagm}s*ic accuracies would
need to be confirmed in large-scale studies.

Fetal polymorphism and mutation delection
By analyzing maternal plasma DNA using MPS,
researchers have been able to identify DNA sequences
originated from the whole fetal genome [43,44]
Lo et al. {437 first demaonstrated that with the use of
the paternal genotype and maternal haplotype, a
genome-wide genetic map of a fetus could be
deduced from the maternal plasma DNA sequencing
results. Recently, thi’a apprmch has been confirmed
by Kitzmarn ef gl | Through the use of parental
genetic maps of mbreasui resolution and deeper
matemal plasma DNMNA sequencing, Kitzman ef al.
[44] have shown that the general approach described
by Lo ef al. {43} is scalable. Dhue to the increased

resolution of the fetal genomic map that is deduced,
i(ltzman etal. [44] also attempted to demonstrate that
the appreach could be used, in principle, to detect
fetal de-novo mutations with reasonable sensitivity
but with a very low specificity. The most important
message from the studies by Lo efal. [43] and Kitzman
et al, [44] is that matemal plasma camies genetic
information of the entire fetal genome, indicating
that the noninvasive prenatal diagnosis of multiple
genetic diseases in a single assay is theoretically
possible. Indeed, Lo ef ¢l [43] have demonstrated
that the noninvasive prenatal diagnosis for B-thalas-
sernia is possible using such an approach.

ENRICHING SELECTED REGIGHNE FOR
TARGETED MASSIVELY PARALLEL
SEQUENCING

The precision, and hence the accuracy, of mneasuring
fetal chromosome and haplotype dosage depends
on the number of DNA molecules analyzed by MPS.
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The diagnostic accuracy could, therefore, be
enthanced by sequencing more DNA molecules in
maternal plasma. However, this approach is less
suitable for clinical use because of the high sequen-
cing cost and low throughput. In fact, in most of the
current MPS studies on matermnal plasma, the whole
genome was randomiy sampled. As the disease-
refated regions usually represent only a proportion
of the genome, one could make the argument that it
might perhiaps be more cost-effective to selectively
enrich DNA molecules originating from these target
regions before MPS.

Liao et al. {45] demonstrated the use of targeted
MPS for analyzing maternal plasma DNA, using
3 Mb of exonic regions on chirornosome X as amodel
systern. Sequence-specific nucleic acid probes were
used to capture and enrich DNA molecules of the
targeted regions. The authors showed that with
12 million DNA reads sequenced, the reads covering
the targeted regions were enriched by 213-fold.
More importantly, the proportional amount of
maternal and fetal DNA did not alter afier envich-
ment, suggesting that the quantitative dosage infor-
mation was not significantly distorted by the
enirichment process.

Recently, the feasibility of targeted MPS for non-
invasive prenatal ancuploidy detection has been
investigated [46,47]. To detect fetal trisomies 13
and 21 with maternal plasma, Stumm ef al. [46]
utilized a commercially available target-capturing
probe set to capture DMNA sequences fron: the exonic
regions along the whole genome. However, the
enrichment efficiency of using this probe set would
depend on the relative lenigth of the targeted regions
that are located in the relevant chromosomes. The
authors have not reported whether the sequenced
reads covering the aneuploid chromosomes were
enriched by this method [46]. As an alternative
approach, Liac ef al. [47} designed a probe set to
enrich chromosome 7, 13, 18, and 21 DNA sequen-
ces in maternal plasma. They have, thus, increased
the read coverage of the targeted chromosomes by
225-fold [47]. The authors then explored an allelic
ratio strategy for noninvasive fetal trisomv 21 detec-
tion. They analyzed informative single nucleotide
poymorphisms (3NPs} in which the mother was
homozygous and the fetas was heterozygous for
the SNP genotypes. Theoretically, in the matemal
plasma of a4 woman camrying a irisomic fetus, the
relative amount of the fetal allele to the allele shared
by the mother and fetus would deviate from thatofa
cuploid pregnancy. The accuracy of this method
depends on the availability of sufficient allelic read
counts in the piasma sarnples [47].

In yet another targeted MPS strategy, Sparks
et gl. [48] used a target amplification method to

486 www.co-hernatology.com

selectively amplify hundreds of locl on chromo-
somes 18 and 21 prior to MPS. The authors have
applied this method to calculate the risk for triso-
mies 18 and 21 noninvasively using maternal
plasma. They developed a risk-scoring algorithm
that adjusted the MUPS result with fractional fetal
DNA concentration of the plasma sample, and inte-
grated the risk factors of maternal age and gesta-
tonal age {48,491 The relative contributions of the
DINA sequencing results, the fractional fetal DNA
concentrations, and integrated risk factors {o the
performance of the final test result are not entirely
clear {48]. It would be interesting to compare the
relative robustness of the method described by
Sparks ¢f al. {48] with methods based on random
sequencing 127,29], as the latter methods do not
appear to require the incorporation of the fractional
fetal DNA concentration and integrated risk factors
to arrive at a robust prediction of ancuploidy risk.

Owing to the promising diagnostic pecformance,
the MPS-based noninvasive fetal aneuploidy
detection has been rapidly introduced as a clinical
service in the United States, Mainland China, and
Hong Kong. Currently, despite the continual cost
reduction, MPS is still a relatively expensive tech-
nology. Hence, a balance between the running cost
and the rate of aneuploidy cases being identified
has to be considered for clinical roplementation. In
practice, oue implementation option is to provide
the MP3-based noninvasive prenatal diagnosis
to high-risk women as identified by biochemical
and ultrasound screening. Women who are sub-
sequently positive for the noninvasive diagnosis
are indicated for invasive confirmatory tests. This
new screening pathway could significantly reduce
the namber of invasive procedures and the associ-
ated miscarriages {33%,50].

CORCLUSION

in sumrnary, with the development of very precise
quantitative dosage analysis by molecular counting
technologies, the noninvasive prenatal diagnosis
of monogenic diseases and fetal aneuploidies has
progressed rapidly in recent years. Such progress has
allowed a genome-wide fetal genetic map and
indeed the entire fetal genome to be assemnbled non-
invasively. We foresee that noninvasive prenatal
diagnosis would play an increasingly important role
in future prenatal testing. In this regard, ethical and
social issues concerning the clinical practice of
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noninvasive prenata i diagnosis should be actively
discussed [51,52].
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e the assay sanples of the set are ther analyzed o determine a fest number of

assay samploy which contaim the selpoted govetin soquance und a segond

4f~£

nurnber of assay samples which contain & reference gevetiv sequence, The first
b iy then compared to the socond namber o ascortam a ratio which
reflecis the pomposition of the blologest sample.

Another smbodimont of the ivention v a victhed for determuning the
vatic of a selected gonotic sequence ina popubaion of genetic seguenies,
Template roolecules within g set covaprising & plurslity of assay saraples are
ampiificd © form & population of smplifisd molocudes 1 cach of the assay
samples of the set, The amplificd melecules by the assay sanples of the set are

anagbvzed to dotornting o st numbor of assay sumples which comtain the

sedocted ponehic segpence snd & sccond number'of assay savnples which

coutain a veferonce pouctie sequenee, AU least one-fiftioth of the assay saniples
fre the sot comprise & vurvber (N} of molocules sueh thay N v largerthanthe
ratio of selected govoliv sequences o total genctic sequences retquired {o

deternuine the presence of the seiected ;;gersetic seguencs, The fivst nuwmber is

cal sample

According to anpther ombodumnent of the vention, a meleaudar beavoy
profie is provided. 1 conpeises an oligonuclentide with & sfony-looy structure
having & photoluminescont dye at one of the §7 or 37 ends and & quenching
agent st the opposite 87 or 37 end, The loop consists of 16 base paivs which
hasa Ty of S-51 O The dom consists of 4 Base paivs having g seqguence 37~

CAQGE
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A seconsd type of moleoniar beacon proebe v provided i another
entbodiment. It comprises an cligoneleotide with a steme-oop struenire
having g photohaninescent dye 4t one of the 5 or Yends snd a guenching

&y g P

3,

agent af the opposite 3 or 3 end. The loop comdsts of 1920 base peirs and

has s T, of 84-58 € The dom consists of 4 base pairs having v segnence 3%

Apother cotbodiment provaios the two types of moleoniar bosean

probes, either mixed together or provided in a divided container ax a kit

The mvention thus provides the st with the rocans 1o obtain
guantitative asseasmonts of pariondar DNA or RN A segaenoss i mixed
poputations of soquences using digital {hinary ) vignaly,
BRIEE DESCRIFTION OF THE DRAWINGS
Froo LA IR, W0 Scherastic of experimental destgn, (Fig, 18 The basic teo

steps mvolved: POR on dilutod BINA sunyples iy foblowed by addition of

Huorssoent proboes which disorimunate bebwoeen WT and rwoutant alleles and
subssquent fuorometry, (Fig. 18} Principle of molecular bevcow analvay, In
the steneloap configuration, Suoresconce fren o dyear the M end i the
oligonncleotide probe 1s quenched By a1 Daboy] group ¢t the 37 end. Upon
hybridization o a foraplate, the dyve is separated from the quencher, resulting in
wnereased Theorescenes, Modifiod from Marras o2 ol (Fig. 1O
Oligonuckeetde design, Prinwes F and R are used 0 srupdidy the gonomis
rogion of miorest. Privoer INT fxased to produge single stranded DNA from
the origingl POR products during & sulweguent asvmmetrie POR step (see
Muatertsls and Methods) MB-RED 1 & Moleoular Bogoors which aofects sny
apprapviate POR product, whether it is WT or auutant af the queried codons,
ME-GREEN is ¢ Moloculsr Beacon which preferentially detects the WT PCR

prochaet,

oS
ey
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Fro, 20 Disorimunation betweon WT and nutant PCR products by Moleonlar

Beacons,  Ton separate PUR produnts, cuch gonerated from ~28 gonowe

equivalgnts of gonomic BNA of calls contaimng the indicatod wmutations of

o-RE-Ras, weore anatvned with the Molecuiay Boacon probes described in the
fext, Represordative oxanples of the POR prodacts used for Moleoular
Beavon analysis wore pwiﬁm and divectly sequonced. In the vases with

Gy 12Cys (SEQ Y NG FD and Glyl24rg (BEQ W NOk 10} mutations,
contamdnating non~neoplastic colls withm the ey presumably acoounted for

I8er {SEQ 1 NX 8) and

the rolatively low ratios, T the cases with GRy
Glyl2Asp (SEQ ID NOY 12), thore were apparently twvo or mare alleles of
mutant o-KERas for pvery WT allede (SEQ 1D NQ: 71 both thest tumues were

ancnploid, Analysis of the Gly 3 &sy mutation i also shown (SEQ I MO

Fio. 30 Dotecting Dig-POR products with MB-RED, Speaific Flunresconse
Uity of reprosentutive wells frony an exporiment enployving colorectal sancey

colin with Gy 124sp or Gy 134&sp mutations of the & KR gone, Wells sith

viglues > LG are shaded vellow, Polvaoryla

ctrophoratio
anatyses of the POR products from selectod wills arg shows. Wells with
fluoroscence vahaes <G 5H had no POR product of the corrset s while wells
with flunrescence values » 10,000 SFU shways contained PUR produgts of 128

by Nopespeafio products gonorated dunog the large nuber of oyeles
reguited tor Dig-POR did not affpct the fgorosconos analysis, M and M2 are
moleoalar welght markers wsed o deterraing the swe of fragments indioated on

the left {in huse paush

Fioiod, Discriminativg WT from mutant POR products obtamed o Dhg-PCRL
REDVGREEN ratins ware detormingd from the floorescence o MB-RED gud
MEBCGREEN as deseribed in Materiuls and Methods, The wells shown are the

same as those tHustrated In Fig. 3. The segnences of BFOR products from the
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fndicated wellowere dotermined as desertbed tn Materials dand Mathods, The
welly with REIVGREEN ratios »3.0 cach contained mutant sequonees while
those with RED/GREEN ratios of ~1.8 contained WT seguences, WT oK

Rus {SEQ D NI 7}

O TZASE (SEQID NG 13), and Glv13Asp (SEQ D

DY BY weere analyzed,

e, 50 Dig-POR of DNA from g steed sample. The 384 wells used o the
expersment are displaved. Those codored blae contaimed 25 genome

p
M.\

guivalonts of INA from noveal colls, Bach of these rogisterad positive with

,,.,.5

ME-RED and the REDVGREEN ratios weore 1.0+ 8.1 {mean +~ 1 standard
doviation)., The wells coloved vellow contained no tomplate DNA and cach
was negative with MB-RED (Lo, fluarescenee <3508 Huoregscenee units.).
The other wolls contained difuted DNA from the stool seauple, Those
registering as poditive with MB-RED were coloved either ved or groen,

depending on thetr REIVGREEN ration. Those reg

ASICRIRG noERitve with

ME-RED were coloved white, PUR products frov the indicatod wlls werg
used for automated sequence analysis. The sequenos of WT oo KeBas in wall
{SEG I RO 7, and sostant oo K7-Rag mowells CHL B, MG and L12 (8EQ
I NG My and well F2UESER DX 18 wore analyzed.

RETALED DESCRIPTION QF THEIKVEN

The wethod devized by the prosont inventors involves s

araphifying small pumbers of template molecndes so that the resultant products
have a proportion of the sualvie ssquonce which s detectable by the detection
means chosen. At it Bt single tomplate modocnios can be smplitied so that
the products are comploiely mutant or complately wildetyps (WTL The

homogeneity of these smphification products mskes thom twivial to distinguish

through existing techniguos,
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The method roquires anabyeing g lavee ouraber of amplified products

simply and relabdy. Tooluigques for such assossments were doveloped, with
the oulpyt providing g digtal readoutof the Baction of matant gifcles in the
aralyzed poplation,

The Mological sample 1s diloted to g point at which & practically usable

number of the dituted samples contain a proportion of the selected gonetic
sequence {analvte} relative to totel template misleculos such that the angdyzing
techmigue bemg used can deteot the analyie. A practically wable numberof
diluted samples will depend on costof the analysis method, Typically B would
he destrable thab at foast 1580 of the dibuted sampley have a duoteotable
proporiion of sasbyto, Alloast M, VS, 300, 2748, V2, 375, 7010, 478, 914
o the dilnted sawaples may have a detectable proportion of analyte. Thoe higher

b

the fravtion of saplos whigh

st

poc

will provide usefud information, the mwore

g

,«»\

seononncal will be the oversll assay, Over-dilution will slso lead it g oss of

epenomy, as mny semples will be snalyeed snd provide no signal, A

co of ditution s i & point where each of the sssay

partioularty preforred dog

saraples has on aversge one-hall of o templute, The dilution can be porformed

from maore concettrated samples. Altormaiively, diliste sources of tomplate
nuckac acuds cun bowsed. Al of the samples way contan amphifiable
terpate molecules. Destrably cack assay sarople prioy o sropiification will
contain foss than o hundred or foss than ten template molecudes
Digital amplification oan be ased o defont mutations prosent &

relatively low Jovele i the samples to be analyzed. The tanitof deteetion 18

cfined by the munter of wells that can be anabyzed snd the intvinsic mutation
ratg ofthe ¢ m»E}mtmmse usert for amplification. 384 well PUR plates are
commercially avatlabde and 1336 woll platos uro on the horizon, theoreticaily
altowing sensifivibios for mutstion dolection at the ~0.196 Tovell Risalso

possible that Digitad Amplification can be performed in microarray formal,

potontially increasing the sonsttivity by another order of maguitude, This

B
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ity mny ultimately be Bmited by polymerase orvovs, The effective error
rate i POR s portormsd under our conditions was 1 1%, Lo fourout of 3581
POR products dertved from WT DINA sequence appearcd to contalt s routabon

by REDVGREE

N opatto oriteria, However, any individual mutation {sch as s

(3 Tt ransvi Sraton at iif.'{i.? K&

cond position of coden 12 of ¢-85-Ravy, are
exponted toocour i < 1 in 30 of those pelvimerase-genernted mutunts {ther

are at foast 34 base substitutinns within or surrownding codons 12 and 13 that
shoald vield high BETVGREEN rattos). Detorminmyg the sequence of the
ptative mutanty i the posttive wells, by dirsct soguencing as perforraed hor
op by any of the other technigues, provides waequiveeal validation of s
prospestive mutaticn: & significant fraction of the mutations found in
idivisal wells should be identical i the mutation ocourved i vy
Stgnificance can b ostablished through vigorous statistical analyaiy, as positive
signals should be distnibuted according 1o Potsson probabiltbios, Moreover, the
ervor rate in particular Dhigital &mpliftcation experimends can be procisely
deterniined floough performance of Digitad Amplification on BNA ronplates

o

froum nornsal cella,

Digital Amplification 15 as casily apphied to RT-POR praducts
generated from BMNA toraplates ax it s to gonomie DNAL Foroxample, the
Fraction of altornmtively splived or routant franscripts fram s gene san be casidy
dedormingd ssing photolomnescont probes apocific for each of the POR

.

products gonsrated, Siratlarky, Dhigital Amplification can be used to quantitate
relative lovels of gone sxpreasion within an KNA popalistion. For thus

amplification, cach well would contatn primees which are used o amplify a

reforence transeript exprossed constitutively as well as primers specific for the
exporimontsl t,a'afmscriyst‘ One photolumingscont probe would then be used to

etect ROR products from the veferonce transenipt and a seoond
-gho taminescont probo used for the tost tunseript. The aumboer of wells in

which the tost wansoript is amplified divided by the number of wells o wlach

K
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sevipt is avophified provides & gosniitative measure of gone

cxprossitat.  Aunnthor group of examples Involves the is‘fs'vestigatz ons of allelic

two maiationy arg it

orved upon sequence analysis ol a stands

stains ovne

DON& sampie To distinguaish whether ove variant s prosent i cach allole (us

Formied,

both cecurning b one alicle), cloming of POR products i generally pe
The approach doseribed bere would simplify the analysis by oliminating the
nead for cloning, Other potential applications of Digital Amplification are

fisted in Table 1. When the goal (8 the quantitation of the proporion of fwe

p2s

retativedy ponanon allelos or tragseripts rather than the detection of rare slieley,

fechaiques such as thase srploving TagMan sud real e POR provide an

b

excotont abomative wouse o molecuhar besdong, Advants

pox of real e
POR methods mehnte thelr siraphicity saud the ability o analyze wouliiple
sanples simutsneousty, However, Digitsl Amphification may prove usefud tor
these applications when the oxpecied ditforonces are sl (e g, oudy ~2-fald,

such as pecurs with allelic imbalaness

SRR oo s

fvmph o
i sransioesiod silele

fiy

§
i (‘,‘u\‘th [N

NPRBIIL

SRR SRS

st tonseriy vefin |

Fipsk muntatiog

alatag

CASCIE LSS

REN T AN

3 : ST Trasker Serprenes

‘mm tHeation heg in By abiliy

The ulmate wiby o? Drigi lzi

the miviasically exponential natpre of POR fo a linecar ong. | should thereby

prove nseful for exporiments soquining the investigation of individusd allels,

~

rare varianty/malations, or gnavitaiive snalysis of POR producis,
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I one proferred embodiment edch dilnded sample has on average ong

ko

half a tomplate mclecnls, This i the same as one hulf of the diluted samples

having ong tomplate voolécnle, This can be empirically determined by

- -

amplification. Either the analvie {selected gonetic sequencs) or the reforenss

3

genetic sequence can bo userd for s doderrmnation. I the snalvsis mothod

2
":;

being wied can doteet analyte whon prosent at s Iovel of 20%, then one mast

dilute such that g significant pumber of diluted assay samples contain more

than 0% of analvie. 1 the anabysis mothod boing used reguives 1H0% analvie

o deteet, then dilution dewn 1o the stngle toapdate moleoule fevel wilt be
reguived.

Ty achipv i dilution o approximstely a single tomplate molctuie
tovel, one can dilnde such that bobeecen 0.1 and 0.9 of the sssay samples vield
ary amphification product, More proforably the dilustion will be to betwoen 8.1
aredd 4.6, more prefovably fo between 83 and 835 of the assay savoples vieiding
an amphification produet,

The digitad saphification method reguires aralysis of a targe nombey of
samples o get meaningful results. Proferably at loast ten diluted wasay samples
are wgelifiod and analyeed, Move proforably atfoast 15, 20,25, 30, 40, 56, 75,
100, 5B, or 1000 diluted assay samples are amplificd and snalyzed. Asinany
methd, the acoyrsey of the dotermunation will ioprove ax the number of
sarnplos Increases, up 1o @ point. Beoamwe o lavge number of saraples mast be

anafyzed, Wis dostrable 1o reduce the manipulative stops, espootally saraple

framator stepy. Thus it s prefeored that the steps of amphfiang and aualyzing

3’-':

{;

are performed in the sume rocopiacte, This makes the mothod an fo adiy, o

“one-pot” racthod.

The munbor of difforont situations i which the digital siaplification
method seill find applicaiion s large. Some of these are Hsted in Table 1 Ag
shown i the examples, the method can be used to find v tumor mutation m g

poputation of colls which & st purely turmor colls, As deseribod i the

i
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exaraples, a probe for a perlicalyy routation need ret be used, but diminution in
binding to & wild-type probe can Do wsed as an fndicator of the proscnce of one
or e mutations, Chrorsosomad fransiocations swhich sre charsetéristicof
feukemins or lymphomas can be detectad as u mossure of the efficacy of
thevapy. Gone amplifications are charationstic of corfain discase states, Thaese
cun be mcaswrnd vsing digttal snplification. Alternatively sphived forms of g
transeript oan be detected and quantitated relative to other forme ufthe
franserip using {_‘i’i_g.u 1 amplification oy eDNA made from mBNAL Simlarly,
uxing cENA made fom RNA one can doterraing rebative lovels of
framsoription of twe difforent gones. One can use digital amplificadion o
distinguisit between a situation where one alizle carrtes ey niutationy and oug

mutation is cariod on cach of tve alleles by an individual. Alehc mmbalances
ofteny rosult frony & disoase state. These can be deteoted wsing digital
aropitfication,

Bindogical sumples which cun be used as the starting muterial for the
anulyses may be from any ssue or body sample Bom which DNA armBNA
can be solated, Preferrd sourees tnclude stool, blood, and lymph nodes.
Proterably the Biological sample wa colb-froe hysate,

Maolecular boavon probues according tothe proseut invention can utihize

¥

any photoluminesoont medety ss a detectable modety, Typicalby those are dyes

{Hion those are fluorescent dves. Phodohuninoseencs 1s any process m whigh
matorial is exclted by radiation such as light, 8 raised 0 an excited glocthonic

or vibronie state, wd subsequenthy re-omits that oxcitalion snergy a8 4 photon
of light. Sach procgsses mehude fuorescencs, which dopotes omission

3

pR3

acoompanying desceat from an exeited state with patved clectrons {a Vsinglet’

stute) o unpaired cloctrons (& “iriplet” stute) to a lowar state with the same
rultiplicity, Le, s quantumemechamcally “alowed” travstbion,
Photchumnesconcs alxe invludes phosphorosoonce which denetes cnission

accempranying doscont from an excited tiplet or singlst state o a lower state of
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difforent mulaplioiy, Le, s quantum mechanically “forbidden™ bravsition.
Compared to “shownd” trunsitions, “frbidden”™ wansitions are associsted with
refatively fonger excited siate hiotimes.

The quenching of photelwminescsnee way be analyeed by & variety of

3

Sovary primartly i o of signsl ransducton, Cuenclong may

N}

miethods whic
be transduosd as chanpes tuy the intensity of phatoluminescenss or s changs

1 the ratio of photoluninesconce mionsitizs at twe difforent wavelongths, vr as
changes i photohmuinesconce hfetimes, or oven as changes in the polarization
{amsotropy ) of photelununescence. Skilled praciitioners will recognize that
instrumentation for the sraarenent of thess varisd photolaminesesat
rosponsey are kreswn, The partiondsr raticmetrio mothudy for the anslysiy of
gquenching in the istant oxavoples should not be construed as hmiling the
invention to any particntar form of signal transducton. Ratiometric

mieasureinents of photoluminescence miensity can include e megsuroment of

changes v inteasity, photoluminesconce hifetimes, or even polarization

{anisotropy
Althoush the working exanples demonstrate the wse of molonular
boacon probes ax the mbans of analyss of the amiplificd ditution sarples, other

fechniques can bensed ay well, These tnclede sequoncing, gelelee 'mc:g_?}s0rf::«f,»;’i,;ﬁS

hybwidization with pthay types a}i‘m's;ﬁ)cm mchding TagMan™ {dual-labeled

fluorsgenic} probes Porkin Bler Corp/Applied Brosystoms, Fastor Olty,

d probes, and other biochemical assays,

The above disclosure gevorally desenbesthe proseut invention, & move

conaplute waderstanding can b obtamed bor refe o the fellowing spevific

exumples which are provided herein S purposes of illastration ovdy, and are

-~

aot intended & it the scops of the invention.
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Step Ir POR smplifications, The optimal conditions for PUR dosertbed w this
sechion were dotermmed by vanving the parametors dosevtbed in the Besunlts,
BOR was perioemesd in 7 ul volumes i 80 well polypropyling POR plates
(RED. The composition of the reactions was: &7 M Tos, pH &8, 16 mM
MHGSGy 8.7 M Mgl 10 oM Bomercaptocthanol, 1 oM dATP, T M
GUTP, FaonM JGTE, DM TTE, 6% DMSO, e pamer BL T o primer

s,

R, G035 unin/al Platimom Tag polymerasy (Ll Tochooiogics, ne ), and

ane-hall geneme equivalont™ of DNAL To determine the amount of DNA
covresponding 1 ove-half gonome cquivalont, DMNA sampdes wore soviully
diluted and tostod via PUR. The amount that viclded araplification producis o
halt the wells, wsually ~ 1 pp of totad DNA, was defived ax “one-hall gonome
equivalent” and used in cach woll of subseguend Digital Amplification
expermmenty. Fifty ul hight rainoral oft (Nigma Me3516) was added w cach well

and reactions perforoed fna HybAld Thermal oycler at the following

tomperatires, donaturation at 94° for ono miin 60 oycles of 947 for 18 see, 85°

ks

s
P
L

for 13 seg., 7O for 18 sccongds; 707 for Hve minutes. Reactions were read
imrnediately or stored At oo tomperature Torup 1o 36 bours before

Huorescence analyss.

EXAMPLEZ

Step 30 Fluorescencs analysiv. 3.5 ul of a solution with the following
composttion was added o sach wells 67 md Tris, pH SR, 166 mM KH B0
6.7 M MOl oM ﬁvrmrcaagatf}m?im.mt}ET UM dATE T oM AT, T oM
GUTE, UM TR, 696 MBSO, § uM primer INT, | aM fa\»'iﬁ»{}RiiEi‘Ny FaM

o

ME-RED, 8.1 unitafud Platinum Tag polywmerase. The plates wore contiifuged
For 20 seconds &b 6000 ¢ angd Huoresoonee read al oxctlatigrdomission
wiavelongths of 4835 noy' S30 vom for MB-GREEN and 30y’ 390 min

K

MB-RED, This flucrssconee in wells without template was typically 18,080 ©
0
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20000 fluorescence Mwraty”, with shout 75% emanating from the Huoromgter

background and the remainder fromy the MB probes. The platey were then
pharced i athevmal oyeler for axyimractrie amphification gt the following

temporatares: 47 R one vaimatgg 1~ 13 oveles of 94° for 15 seq, 35°
son., T foe 18 soconds; 07 fr five mitnutes. The platosowere then fncubated
at room omporature Tor st loast 20 minutes and Huorseconoe measursd ay
desceribed above, The fluorescence roadings obtaingd were stable for several
hours, Npecific Hhugrsaconce was defined as the difference in Humrssesngs
betore and aftor the asymmiettic amplification, REIVGREEN mibios we

dufined as the spocitic fluorescence of MB-RBED duaded by thatof
MBSGREEM, REDYGREEN ratins were normalized to the vatio oxhibited by
the positive vontrols {25 gonome cquivalents of TA from normal colls, as
detined i Materials snd Mothadsy, We found that the shility of MB probes to
diseriminate botweoen WT and muotant sequences nader aur condifons could

were tosted by

aot Do rolubly detormined from experivnents in which the)

"@"

hyhridization fo relatively short complomentary single stranded

oligpnucieotides, and that actual PCR products had to be used oy validution.

EXAMBLES
Qligenuclestides and DNA seguencing, Primer FIs

FUATOTTOTAATATAGTCALCATTITTOAAY {8 3 RUE T h Posr RL
SETOTGAATTAGUTOGTATCLGTCAAGLG-Y (SEQ I NG, 2) Primer INT:
SLTAGCTGTATOGTOAAGGUAGS (SEQ Y NO 3y MB-RED
SLOVI-CACGUGUOTGOTGARAATGACTGUGTG-Daboy - 37 (SEQ 1D
M dy MB-GREEN:

S Flunreseeite-CALGGUAGUTGUTGLUGTAGCUT G- Daboyh-37, (SEQ HD
N S

“gae

Molecular Bescons were syuthesized by Midland Sciontific sud othey

oligonpclootides were synthesized by Gene Link, All wore dissobved at 30 uM

4
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e TE (10 mM Trig, pH 8001 ol EDTAY and keopt frozen and by the dark

antil use. POR produots wore paritied wimg QlAguick PR purification iy

Xy

{{lageny. o fhe relovant oxperirnents desertbed inihe text, 200 of the product

~

frovn single wells wins used for gl clectrophoresis and 40% was used for eash
soquencing reaction. The privaer nsed for soquoncing wis

CTATTTTTATTATAAGOOOTGLY {SE&Z{} HD NGE: 63 Sequancing

was p{:fi‘fcmmc ustng Heoreseentiv-labeiod ABI Big Dye torminators and an

ABLITT mstomated soquener

Principlex underiving experiment.  The experiment ts outlined wm Fig. 14

Fipst, the DNA i diluted indo maliiwell plates so that theve 15, on gve

FHEE, N
teraphate molecnls peor tive wells, snd POR w porformed. Second the
individual wells are analyzed for the presenge of PCR products of mudant and

WY sequonoe unsing fhovescons prabes,

s

As the POR products rosulting Hom the amplification of single

template melecnies should be homey oo, it varioty of standard

techatgues conld be used 1o assesg
fechnologies, whiach can be porformed on the POR. g}rmius:i};“.éé-s s e iy
the sane wells} ave particularhy wallsutted for this application. We chascto
explore the ptiliy of one such techoology, invobving Maoleeular Boacons (MRB),
for this purpese, MB probes are oligonucioatides with stormvloop strustures
that contain a Huorescont dys at the 8 ond and a guenching agent (Daboyl) af
the 3" ond {Fig, 18 The degres of quonching via Hugresconoe suorgy
resonanes fransfor s mversely proportional to the g powver of the distance
botween the Daboyl group sad the fluoescont dye, Aftor hoating and cooling,

MB probes reforrn g stem-loop strachure which queaches the Haorescent signsl

rom the dye. Ha PCR product whose sequence is complomentary to the loop

sequenee 1 presont durmg the hoating/cooling ¢vile, hyboidization of tho MB
i3
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1o one strand of the PUR product will inorease the distance between the Dabeyd
and e dyve, rosulting i tnoreased Huorescence:

& sehomatic of the ohigonuciootides used for Digital AmphBcations
shown in Fig, 180 Two snmodified sligonucleotides are used sy primers for
the POUR renction. Two MEB probes, cach labeled with a diforerd Toorophore,
are used o dotect the POR products, MECGREEN has & looy region that is
comploveentary to the pertion of the WT PUR prodluct this is gueried for
mgations, Mutations within the coreesponding sequence of the POR product

should sipnihartly fropede the hybudization ol to the MB pebe. MBRED
has it loop region that s complomentary to a difforen portion of the POR
produsct, ong notexpected 1 he mutam. Tt thus should produce a signal
whenever wowell comains 1 PUR product, whether that product s Wl or
mstant i the vegion queried by MB-GREEN. Both ME probes are used
together o sioultaneousty detodt the presence of a POR prodoct snd s

mutational status.

Practical Considorations,

MNuracrous condiions were aptinized o defiue conditions that could be
reproducibly and gonerally apphod. As outlined in Fag. BA the fust step
involves anplificetion from singly emplate molecudes. Mast proteceds for
amplification o small numbers of tomplate molecudes use a nosting
procedurs, whereln a product resalung from eng set of privecns vased a8
femplate in a socond reaclion employing ntomal primers. As wany
apphications of digital amplification are expedted 1 require ndreds or
thousands of sepsrate avaplifications, such nesting wonld be inconvenicat and
could load to contantination probloms. Hones, conditions wors sought that
would achiove robast arpplification without nesting. Tho roost imporiat of
those copditinns involved the wse of a ps)?\ml;:w that was activated onby aftor

heating and optimized concentrations of ANTER s, primers, buffer compeononts,

16
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Ay .

ard tomperature, The conditions spectfied o Examplos 123 were defined sfier

individually optimizing gach of these components and proved sutiable for

ampiification of soversl dilferont hurnan genomic DNA sequences. Though
the time required for POR was not particularly long (235 by, the vunber of
cyclogused was high and excessive corapared forthe mumber of oyoles
required to armplify the “aversgs” singls enplate malenule, The targe ayvele

nuymber was necessary begsuse the tomplate in some wells mught not begin to

o

b avaplifiod watd soveral POR oveles )

wd besn completed. The large sunber
of cyvchos snsured that every well {net stmply the average welly wenld gonerate
a mubstamial and roughly egual ameant of POR product if a tomplate mologude
wire prosent withan b
The second step in Fig LA lovolves the detestion of these BOR

products. Jwas neccssary to coasidorably modify the standard M8 pro
gpproach i order for i o fanction efficiently i Dhgtial Amphification
apphvaticny.  Theoretizally, one sepavste MB probe could beweed to detoot
cach apectiic mutation that might occnr within the gqueried sequence. By

inclosion of one MB cowssponding to W sequencs and snothar

wet would be

;‘,

covrsponding o muant sequence, the netwre of the POR prod
reveslod, Though this strategy couldd obviously be used effectively i some
sttuations, wbeoomes conplox when several dufforent mutations are expacted

o actur withan the same querniad sequenes. For example, in the - RERay gene

exaropio exploved hore, twelve ditforont base substitutions rosulting

miinsenss mudations could theorstically seour within codons 12 and 13, and at
fzust soven of thess are obsorved in migursliveocourning umsn cancors, To
detect gl vwebve mutations as well ss the WT sequonee with individuad
Molocular Bescows would roquire 13 (ifforat probes. Inclusion of such #

farge number of MB probes would not only ratse the backgroand Buorescongce
but would be expensive. W therefore atternpled to dovolop a single proby that

wonid resot with WT seguences bottor thar any mutant sogueney within the
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gueried sequence. We found that the longth of the loop sogunence, it meliing

o~

P

temperature, and the longth and soquency of the stom wers caeh paportant in

determimag the officaey of such probes, Loops rangog From 14 1o 26 base
arsd stemy vanging from 4 10 6 bases, 33 woll Ay Mumoreus $equence varations
of botl stems and loops, were igsted during the optimization procedurs. Por

diseriminstion botwoon W and nugaut seqionces (MB-GREEN probe), wo

fovnd thai a 16 ba

patr loop, of moliing towperature { T} 3517, and 2 4 by
atean, of segeenee 3-CACGYYwore optimal, For MB-RED probes, the sume
steny, with @ 19220 bp looy of Tra 54-367, proved pptimnal, The difforanwes in
the nop stes and melting temporatures betwoen MEBCGREEN and MB-RED
protes reflocted the ot that only the GREEN probe & destgnad o
diseriminate hetween closely related sequences, with w shorter region of
homctoey faciitiating sueh disorimivution,

Examples of the ratios obtained i rephoste wells {:mﬁ.ainmg ONA
templates from colorectal tumor colls with nugationy of oK &8y are shown in
Fig. 2. In fhis eiponiment, Hfty copies of genorare BNA equivalends wore
dituted fnte sech well prior s amplifioation. Each of six testod muotunts
viglded ratis of REDVGREEN fluorzsconce that word sigrdficantly n extoss

o 3.4 i the mostanis

s

of the rato ebtwined with DNA from oot colly (4.

compared 1 1.0 in normal DNAp < 60001 1n cach case, Student s t-Test).

»,,/

The reproduacibiliy of the ratios can be sbserved in this flpure. Tirect IINA
soquencing of the POR products nsed Hir Huorssoones suaiveis showed that the
REDAGREEN ratios wore dependont on the roluttee fraction of muant goney

within the g\‘s ate population (Flg, 23 Thuy, the IINA from cells containing

;,,‘

¢
one mufant C-K-Ras aliele per every two WT ¢ &7-Ras alicle viclded »

RELVGREEN ratic of 1.3 {Gly I2Arg mutation} while the colls contsining

[

thres mtant o 8-8axr alieicv per WT sliole exhibvited 8 tallo of 3.4

b

{Ghv12Asph These daty sugpested that wells contsining only mutant allcles
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{no WTrwould vicld ratios Brogcess of 3.0, with the exact value dependent on

o~

the speoific mutation,
Though this mode s the most convenient formany applications, we

faund 1 useful to add the MB probes afior the POR-amplification wus

covapete { This allowed us 1o wse & standard malibwell plate

finorometer o soquentially anabyes 8 lavge runvber of nonltieest] plates
contatning pre-formed PUR products and bypassed the reguirement for
muttiple veal e PR dnstrpmenty. Additionally, we found that the
Huergscont sigeals obtained conld be conviderably cabanced iF sevoral gyvcies
of waymmmetrie, Huear moplification were performed in the presence of the MB
prots, Asvametric amphification was achivved by ineluding sn excess of »
sivgle bernal privoer {privmer INT in Big, 1O at the thme of addition of the

MB probes.

‘,
g
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Ansbysis of OMNA frony tumor celly, The principles und practical
considerations desertbed above wag doemonstvaterd wish DINA from fwo
coloroctsl cancer coll Bugs, one with a nustation i o-8-8as codon 12 and the

;}
>

other invodon 10

fative exangples of the MB-RED flnorescencs
vahues obtained wre shown in Fig, 3. There was a cloar biphasic distribution,

R

with “postitee™ wells vickling values v oxccss of 10,000 speotfic Hunresceonee
wiits (8P s defived in Matenals sod Mothods} and ““mg&tive"’ wells
vielding values foss than 35300 8FL Gel olectrophoreses of 127 such wells
demonsipated that all positive wells, but no nogative wells, contwned POR.
produsts of the expectad stee (Fig, 33 The REDVOREEN flusrescencs vatias of
the postiive wells are shown fn Fig 4. Agai ¢ biphasic distribution was
ahserved, I the exporiment with the tumor containing 3 Oly12Asp mutation,
4% of the positive wells exhibitod RED/GREEN ratios inoxeess of 3.8 while

the other 36% of the positive wells oxhibited ratios ranging from %10 L1 In

the case of the tumor with the Glvi3asp rutation, 5495 of the posiuve wells
exbibitod REIVGREEN ratios »3.0 while the othor pradtive wells vielded
ratios ranging from 8.9 10 11 The POR praducts from 18 positive wells wre
psed ay sequoncing templates Frgo4), Al the wells vielding aratio 1 oxeos
of 3. ware found t contain nustant ¢-Fi-Ras fragnvents of the oxpected

sequenes, whils W sequence was found i the other POR prodocts. The

prosones of homppenonus W ormutant sequence condirmed that the

arphification products were useally destved from sing

G LF
3

sdo template molecules,

The ratios of WT o mutant POR products dotermd

Amphification sssay was also consistent with the fraction of mutund ableles

.

inforred from diveot soqueney anabysis of gonomic IINA from the twva lumeor

hnes (Fig. 21
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Digital Analysiv of DINA frowm stonl Asa more practical exarsple, we
anabyzed the DNA from stool spegimens from eolorsoial cancer pattents, &
representaiive resudt of such an oxpeviment 18 Hlustrated 1o Big S0 From
pravious suabyses of stool specines from pationts whose tumers contained

o Ri-Rav @

1 rations, woe egpected that 19 o 10% of the o 8Bax

purifiod frony stood would bo mutant. We thorefore set up & 384 well Digisal

4-}»

Amphification exporiment, AL positive contrals, 48 af the wells contained 28

genome squivatonts of DNA {defingd m Matenals wnd Mothods) from normaad
colly, Avother 4% wolls servad ay nogative peatrels (oo DNA wmplate addedy
The other 28R wells contained an wppropriare difutton of stoo] DINAL

RAB-RED luprestenes inglivated that 102 of these 28

experivacntal wells
contaned POR producis {fmem +esd of 47 000+ IR SPL Yy while the
atfrer EXO wolls did not (2600 -+ 1300 SFUY  The REDIGREEN rstios of the

ted that fee contaied moiant ¢Ki-Rayv penes, with
a2 »

ration rapging frome 2.1 o 810 The other 97 wells exinbued ratios runuiog
from 0.7 60 L2, iderticsl o those obsorved in the positive control wells, To
duterming the nature of the mutant o-Ki-Ras genes in the five positive wlls

from stool, the POR products wore direotly sequenced. The four wiells

v

exhibiting RED/GREEN ratios in oxcass of 3.8 wore completely composed of
mutant o-Ki-Ras sequenee {Big, 381 The seguonce of thuee of these FOR
prodocts revealed Gly I2A L mutations (GOT o GUT at codon 12}, while the
sequencs of the tourth thivated & stlont Chio T transition at the third position
ofvodon 13 This transttion ;;n*e:,:x_z';.rmi‘si}s vesutiod frorw g POR grvor during the
fivst productive ovele of smplification fronta W template. The well with o

ratic 0of 2.1 contained 2~ v of WT and Giv124%8 routant segoonces, Thas

Py

3% (4100 of the o Ki-Bay allelos prosont i thiy stool sample contatned &
Glyl3Ake nmistion,  The notant alleles i the stool presamably arose Bom the

colorovtal cancur of the patient, ay direvt sequencing of POR products
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Digital PCR

BERT VOGELSTEIN® AND KERNETH W, KINZLER

The Howard Hughes Medical Institute and the Johns Hopkins Greology Cel

Confributed by Bert Vogelstein, fune 9, 1999

ABSTRACT The identification of predefined mutations
expected to be present in a minor fraction of a cell population
is important for a variety of basic research and clinical
applications. Here, we describe an appreach for transforming
the exponeatial, analog nature of the PCR indo a linear, digital
signal suitable for this purpose. Single molecules are isolated
by dilution and individually amplified by PCR; each product
is then analyzed separately for the presence of mutations by
using fluorescent probes. The feasibilily of the approach is
demonstraled through the deteclion of a matant ray oncogene
in the stool of patients with colorectal capcer. The process
provides a reliable and quantitative measure of the proportion
of variant sequences within a DNA sample,

In classical genetics, only mutations of the germ line were
considered important for undcmtmdmg discase. With the real-
ization that somatic mutations are the pnm'lw cause of cancer (1)
and may also play a role in aging (2, 3}, new genelic po -upia&
have arisen. These discoveries hcm, provided a M,ai[] of oppor-
tunities for patient management as well as for basic research into
the pathogenesis of neoplasia, However, many of these oppor-
touities hinge on detection of a small number of mutant-
containing cc;is among a large excess of npormal cells. ,xump les
include the detection of neoplastic cells in urine (4), stool (5, 6),
and sputum {7, 8) of patients with cancers of the bladder,
colorectum, and lung, respectively. Such detection has been
shown 1"1 some cases 10 be possible at a stage when the priraary
e o stifl curable and the patients asymptomatic. Mutant
chuwcm from the DNA of neoplastic cells have also been found
in the blood of patients with cancer {9-11). The detection of
residual disease in lymph noedes or surgical marging may be useful
in predicting which patients might benefit most from further
therapy {12-14). From a basic research standpoint, analysis of the
eatly effecis of carcinogenesis often depends on the ability to
detect small populations of mutant cells (15-17}.

Because of the iraportance of this #sue B sO many ei’ii*\gs
many useful techniques have been developed for the detection of
mutations. DNA sequencing is the goid standard for the detectior
of germ-line mutations but is usefud only when the fraction of
wtated alleles is greater than ~20% (18, 19). Mutant-specific
oligonucleotides sometimes can be used to detect ruutations
present in a minor proportion of the cells analyzed, but the
signal-to-noise ratio distinguishing mutant and wild-type {WT)
templates is variable (20-22). The use of mutant-specific po
and the digestion of PCR producis with specific
cndumdmmﬂ are extremely sensitive methods for detecting such
mutations, but it is difficul to quantitate the fraction of mutant
molecules in the starting population with these techniques (23~
28). Other innovative approaches for the detection of somatic
mutations kave been reviewed (28-32). A general problem with
these methods is that it is difficult or mlpossible to confirm
independently the existence of any niutations that are identified,
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We therefore sought to develop an approach to the problem
that would overcome some of the aforementioned difficulties.
The strategy descubed in this paper invelves separately amplify-
ing individual template molecules so that the resultant PCR
products are completely mutant or completely WT. The homo-
geneity of these PCR products makes them easy to distinguish
with existing techniques. Such separate amplifications are ouly
usefud in a practical sense, however, if a large number of them can
be assessed simply and reliably. Technigues for such assessmients
were developed, with the output providing a digital readout of the

o
fraction of mutant alleles in the analyzed pn)pl‘ldimn, A varety of

applications for this technology are foreseeable.

MATERIALS AND METHODS

Step 1: PCR Amplifications. The optimal conditions for PCR
described in this section were determined by varying the param-
eters described in Results, PCR was performed (o 7-pd volomes in
9t-well polypropyvlene PCR plates (Marsh Biomedical Products,
Rocthester, NY). The composition of the reactions was 67 mM
Tris (pH 8.8), 16.6 mM NHSO, 6.7 mM MgCh, 10 mM
B-maercaptoethanal, 1 mM dATP, I mM dCTP, 1 mM dGTP, 1
mM dTTP, 6% (vol/vol) DMSO, 1 uM primer F1, 1 pM primer
RY, 0.05 units/ud Plavnom Teg polymerase (Life Technologies,
Ururd Island, NY), and one-half genome equivalent of DNA {see
below for ddcn'\uor of primers). To determine the amount of
DNA corresponding to one-half genome equivalent, DNA sam-
ples were serially diluted and tested via PCR. The amount that
vielded amplification products in haif of the wells, usually =~ 1.5 pg
of total DNA, was defined as one-half genome equivalent and
used in each well of subsequent digital PCR (DigPCR) experi-
menis. Light mineral oil (50 pd; Sigma M-3516) was added toeach
well, and reactions were performed in a HybAid Thermal cyeler
{Middlesex, 1J.K.) at the fol nwing temperatures: denaturation at
94° for 1 min; 60 cyeles of 94° for 155, 55% for 155, 70° for 1S 5;
and 707 for 5 minutes. Rc,actl(\m Were ana lvzed immediately or

stored at room temperature for up to 36 b before flucrescence
analysis,
Step 2: Finorescence Aaalysis. The following solution (3.5 ul)

was added to each weli: 67 mM Tris {(pH 8.8}, 16.6 mM NH4SO,,
6.7 mM MgCh, 10 mM S-mercaptocthanol, 1 mM dATP, I mM
dCTP I mM dGTP, I mM dT'TP, 6% {(vol/vol} DMSO, 5 uM
primer INT, 1 uM molecular beacon \:‘V’EB)-{JR}:EN, I uM
MB-RE.D, and 0.1 units/pl Platinum Tog polymerase. The plates
were centafuged for 20 s at 6,000 X g, and fluorescence was read
at excitation/emission way 'ckng hs of 485/530 nm for MB-
GREEN and 330/590 nm for MB-RED. he fhuorescence in
wells without template was typically 10,000 to 20,000 specific
{lnorescence units (SEU), with about 75% emar Jatmfr {from the
fluorometer background and the remainder from the ) 'EB probes,
The plates were then p"iced i a thermal eycler for asymumettic
amplification at the following te 1pcxami es: 94° for 1 mirg 1015
ﬁ,ys.,]cs o= 94% for 158, 55% {or 15 5, 700 {or 15 s 94° for 1 mifu; and
60° for 5 min. The plates were then incubated at room temper-
aime fo 10--60 min, and fluorescence was measured as described

Z\Ub]"‘/ic.iu' .0 Dig-POR, digital PCR; MB, molecnlar beacon; SFU,
sp{.u fic flyorescence unit; W T, wild-type.
#To whom reprint requests should bé addressed. Fomail: vogelbe@
welchlinkwelch jhn.edu.
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above, "?pec‘lﬁc fluorescence was defined as the difference i
fluorescence before and after the asyrumetnce amplification
RED/GREEN ratios were defined as the specific fluorescence of
MB-RED divided by that of MB-GREEN. RED/GREEN ratios
were normalized 1o the ratio of the positive controls (25 genome
equivalents of DNA from normal cells, as defined above), We
found that the ability of MB probes to discriminate betweenn W'T
and muiant sequences under our conditions could not be deter-
mined reliably from experiments in which they were tested by
hiybridization to relatively short conplementary single-stranded
ohgonucleotides and that actual PCR products | had to be used for
validation.
QOligonucleotides and DNA Sequencing, Primer F1 was 5'-
CATGTTCTAATATAGTCACATTTTCA-3; primer R was
SCTCTGAATTAGUTGTATCGTCAAGG-3; primer INT was
5 TAGCTGTATCGTCAAGGCAC-3s MB-RED was 5-Cy3-
CACGGGCCTGCTGAAAATGACTGOGTG-Dabeyk-37: MB-
GREEN was 5'-[Tuocrescein-CACGGGAGCTGGTGGCG-
TAGCGTG-Dabeyl-3". MBs (33, 34) were synthesized by Mid-
land Scientific, and other oli gunudcoudes were synthesized by
Gene Link (Thovxﬁwoud NY). Al were dissolved at 50 pMin TE
buffer (10 mM Frh. pH 8.5/ /Ut EDT A) aud kept frozen and
in the dark until use. PCR nmdubta were purified with QI Aquick
PCR purification kits ({J HdGLIE Chatsworth, CA). In the relevant
experiments described in ih(. text, 209 of the produc* rom single
wells was used for gel electrophioresis, and 40% was used for each
SeQUencing reaction. hc primer used {or Qeq\lﬂ](.‘l\’-ﬂ was §'-
CATTATTTTTATTATAAGGCCTGC. Se quencing was
performed by using {luorescently labeled Appled Biosysterns Big
Dyi., terminators and an Applied Biosystems 377 automated
sequencer.

RESULTS

Principles Underlying Big-PCR. The two steps comprising
Dig-PCR are outlined in Fig. 14. First, the DNA is diluted into
maltiweli plates so that there {s, on average, one template
molecule per two wells, and PCR is performed. Second, the
individual wells are analvzed for the presence of PCR products
of mutant and WT sequence by using [luorescent probes.

As the PCR products resulting {rom the amplification of single
template molecules should be Emm(‘-g@neous; i sequence, a
variety of st :md(nd techniques could be used to assess their
presence {see Introduction). Fluorescent probe-based ich’)Io-
gies, Whl\h can be perfor m&.d on the PCR pmduc “(ie
in thﬂ same wel S), are particularly well suited for this upphca‘[m
{31, 33-40). We chose to explore the utility of one such techno-
ogy, ‘molvmg MBs, for this purpose (33, 34). MB pm bes are
Hgonuclectides with bté,m--lu()” structures that contain a {luoe-
1c,1M,nE dye at the 5" end and a quenching ageni (Dabcyl) at the

end (Fig. 18). The degree of quenching via Fluorescence energy
rescnance transfer is inversely proportional to the sixth power of
the distance between the Dabeyl group and the fluorescent dye
{41}. After heating and cooling, MIB probes reform a stem-{oop
structure that quenches the fluorescent signal from the dye. If a
PR product whose sequence s complementary to the loop
sequence is present during the heating/cooling cycle, hybridiza-
tion of the MB to one strand of the FCR product will increase the
distance between the Ddbcyi aud the dye, resuiting in increased
{hiorescence.

A schematic of the oligonucleotides used for THg-PCR is shownt
in Fig. 1C. Two unmodified oligonucleotides are used as primers
for the PCR reaction. Two MB probes, each labeled with a
different fluorophiore, are used to detect the PCR products.
MB-GREEN has a loop region that is complementary to the
portion of the WT PCR product that s tested for mutations.
Mutations within the corresponding sequence of the PCR prod-
uu should impede its hivbridization 1o the MB probe significantly
(33,34). MB- RED has a loop region that is complerseniary o a
different portion of the PCR product, one not expected to be

mutant. 1 thus should produce a signal whenever 3 well containg
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F1G. 1. Schematic of Dig-PCR. {4) The basic two steps involved:
PCR on diluted DNA samples is followed by addition of {Inorescent
probes that discriminate between WT and mutant alleles and subse-
quent fluorometry. (B) Principle of MB analysis. In the stem—ioop
configuration, fluorescence from a dye at the 5" end of the oligonu-
cleotide ptoh\ is quenched by a Dabeyl group at the 3’ end. On
hybridization to a template, the dye is separated from the quencher,
resulting in increased fluorescence {modified from Marras ef al.; ref.
56). (C) Oligonucleotide design. Primers F1 and Bl are used fo
amplify the genomic region of interest. Primer INT is used to produce
single-stranded DNA from the original FCR products dhri*lg a sub-
sequent asymmetric PCR step (sce Marerials and Methods). MB-RED
is an MB that detects any appropriate PCR product, whether it is WT
or mutant at the queried codons. MB- GREEN is an MB that
preferentially detects the WT PCR pmduct,

1 PCR product, whether that product is W'T or miutant in the
region tested by MB-GREEN, Both MB probes are used together
o detc,(:t the presence of a PCR product and its mutatlondl status
raulianecusly.
Pra(:iicai Considerations, Numerous conditions were opti-
wized 1o define conditions that could be reproducibly and

o
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generally applied to Dig-FCR-based projects. As cutlined in Fig,
14, the first step of Dl“‘ PCR involves PCR-amplification from
smg,lc template molecules, Most protocols for amplification from
small numbers of template molecules use a nesting procedure,
whierein a PCR product resuling from one set of primer‘s 15 used
as template in a second PCR cmph‘mo miernal primers (42,43
Because many applications of Dig-PCR are expected to require
hundreds or thousands of separate amplifications, such nesting
would be fnconventent and could lead o contamination prob-
lems. Hence, conditions were sought that would achieve robust
amaplification without nesting. The most important of these
conditions mvolved the use of a polymerase that was activated
only after heating (44, 45) and of optimized concentrations of
dNTPs, primers, bulfer components, and temperature, The con-
ditions specified in Materials and Methods were defined after
individually optintizing each of these components and proved
suitable for amplification of several different human genomic
DNA sequences. Though the time required for PCR was not
particularly long (~2.5 h‘,, the number of cycles used was high and
excessive compared with the number of eycles required to amplify
the “average” single template molecule. The large cycle number
was necessary because the template in some wells might not begin
to be amplified untll several PCR oycles had been completed. The
large number of cycles ensured that every well {(not simply the
average welly would generate a substautial and roughly equal
amount of PCR product if a temiplate molecule were present
within it

The second step in Dig-PCR involves the detection of these
PR products. Itwas necessary to modify the standard MB probe
appr(‘uct‘ in order for it to function efficiently {n DHg-PCR
applications. Theoretically, one separate MB probe could be used
to detect each specific mutation that might occur within the tested
sequence. By inclusion of one MB corresponding to WT se-
gquence aud anocther ()rres‘pnndm~ to mutant sequence, the
nature of the PCR product would be identified. Ihm‘m this
steategy could obvicusly be used effectively {n some situations, it
hecomes complex when several different mutations are expected
o occur within the same tested sequence. For example, in the
¢-Ki-Ras gene exarnple explored here, 12 different base subst-
tutions resulting in missense mutations could theoretically occur
within codons 12 and 13, and at least 7 of these are observed i
naturally occurring human cancers. To detect all 12 mutations as
well as the WT sequence with individual MBs would require 13
different probes. Inclusion of such a large number of MB probes
would raise the background Tluorescence and the cost of the

assay. We therefore attempied to develop a single probe that
WT sequences better than any mutant sequence

would react with W

Red/(’:‘ireen

Slyt2he

Giyd IZCys

Wiid Type Gly‘iZSer

P
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within the tested sequence. We found that the length of the loop
sequence, its meling temperature, and the length and sequence
of the stem were each m'port:ant in determining the efficacy of
such probes. Loops ranging from 1416 26 bases and stems ranging
from 4 to 6 bases, as WE,H as nuUMercus sequence variations of both
stems and loops, were tested during the optimization procedure.
For discrimination between W and mutant sequences (MB-
GREEN probe), we found that a 16-bp loop with a melting
temperature of 50-51° and a 4-bp stem of sequence S’ -CALG-3
were optimal. For MB-RED probes, the same stem with a 19- to
20-bp loop with & melting temperature of 54-56° proved optimal.
and mielting temperatures
between MB-GREEN and MB-RED probes reflected the fact
that only the GREEN probe is designed to discriminate between
closely related sequences, with a Shmmr region of homology
faciiitating such discriminaticn.

Exampks of the ratios obtained in replicate wells contaming
DNA templates from calorectal turnor cells with mutatons of

c-Ki-Ras are shown in Fig. 2. In this experiment, 50 genome
equivalenis of DINA were added into each well before amplifica-
tion. Each of six tested mutants yielded ratios of RED/GREEN
fluorescence that were significantly in excess of the ratio obtained
with DNA from normal cells {1.5 to 3.4 in the mutants, compared
with 1.0 in normal DNA; P <2 0.0001 in cach case, Student’s 7 test),
The reproducibility of the ratios can be observed 1 Fig, 2. Direct
DNA sequencing of the PCR products used for fluorescence
analysis showed that the RED/GREEN ratos depended on the
relative fraction of mutant genes within the template population
{Fig. 2. Thus, the DNA from cells containing one mutant c-Ki-Ras
'11‘:,1(3 per every two WT ¢-Ki-Ras alleles vielded a RED/GREEN
ratio of 1.5 (k;lylEAt’g mutation), whereas the cells containing
three mutant -Ki-Ras alleles per WT allele had a ratio of 3.4
{Glyl2Asp). These data suggested that wells containing only
mutan- alleles (no WT) would vield ratios in excess of 3.0, with the
exact vaiue dbpcx dent on the specific mutation.

Fluorescen! probes such as those of the MB type are generally
included in the PCR mix and followed in real time. Though this
mode is the most convenient for many applications, we found i
usefud to add the MB probes alter the PCR amplification was
a)mp lete {(Fig. 1) This procedure allowed us to use a standard
multiwell pt(.!e lnorometer {6 aunalyze sequentially 2 large num-
ber of multiwell plates containing prctorrncd PCR ;)ruducts and
bypassed the requitement for multiple real-time PCR instru-
ments. Additionally, we found that the fluorescent signals ob
tained could be considerably enbanced if several cycles of asym-
metric, linear amplification were performed in the presence of the
ME probes. Asymmetric araplification was achie ved! by including

The differences in the loop sizes

e %

Fro. 2. Diiscrimination between WT and mu-
tant PCH products by MBs. Separate PCR prod-
ucts (n = 10), cach generated from ~50 genome
equivalents of DNA of cells containing the indi-

Giyi3Asp

e

cated mutations of ¢-Ki-Ras, were analyzed with
the MB probes described above. Representative
examples of the PCR products used for MB anal-

ysis were purified and sequenced directly. In the
ses with Gly12Cys and Glyl2Arg mutations,

contaminating nonneoplastic cells within the tu-
mor presumably accounted for the relatively low
ratios. In the cases with GlyiZSer and GiviZAsp,
there were apparently two or more alleles of

St

wi mutant c-Ki-Ras for every WT allele; both these
EN Mut
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an excess of a single internal primer (primer INT in Fig, 10) at
the tirne of addition of the MB probes.

Pig-PCR on DNA from Tumer Cells, The principles and
praciical considerations described above were ilustrated with
DNA from two colorectal cancer cell lines, one with a muiation
n ¢-Ki-Ras codon 12 and the other in codon 13. Representative
examples of the MB-RED fluorescence values obtained are
shown i Fig. 3. There was a clear biphasic distribution, with
“positive” wells yielding values in excess of 10,000 SFU and
“pegative” wells vielding values less than 3,500 SEFU. Gel elec-
trophoreses of 127 such wells indicated that all positive wells but
o negative wells contained PCR products of the expected size
{Fig. 3). The RED/GREEN fluorescence ratios of the positive
wells are shown in Big. 4. Again, a biphasic distribution was
cbserved. In the experiment with the tumor containing a
GlviZAsp mutation, 64% of the positive wells had RED/
GREEN ratios in excess of 3.0, whereas the other 36% of the
paositive wells had ratios ranging from 6.8 1o 1.1. In the case of the
taypor with the Gly13Asp mutation, 549 of the positive wells had
RED/GREEN ratios >3.0, whereas the other positive wells
vielded ratios rangiog from 0.9 to 1.1, The PCR products from 16
positive wells were used as sequencing templates (Fig, 4). All the
wells vielding a ratic in excess of 3.0 were found ic contain youtant
c-Ki-Ras fragments of the expected sequence, whereas WT
sequence was found in the other PCR products. The presence of
homogeneous WT or mutant sequence confirmed that the am-
plification products usually were derived from single template
molecules, The ratios of WT to mutant PCR products deter-
mined from the DNg-PCR assay were also counsistent with the
fraction of mutant alleles inferred from direct sequence analysis
of genoruic DNA from the two tumor Iines (Fig. 2).

Dipg-PCR on DNA from Steol. As a more practical example of
the wtended vse of Dig-PCR, we analyzed the DNA from stool
specimens of patients with colorectal cancer. A representative
resilt of such an expenment is iHosteated @ Big. 5. From previous
analyses of stocl specimens from patients whose timors con-
tained ¢-Ki-Ras gene mutations, we expecied that 1-10% of the
c-Ki-Ras genes purfied from stool would be mutant. We there-
fore set up a 384-well Ing-PCR experiment. As positive controls,
48 of the wells contained 25 genome equivalents of DNA {defined
in Materials and Methods) from normal cells. Another 48 wells

c-Ki-Ras

140t
' POR Produst

100~ |

1o, 3. Detecting Dig-PCR products with MEB-RED. SFU of
representative wells from an experiment empioying colorectal cancer
celis with Glyl2Asp or Glvi3Asp mutations of the ¢-Ki-Ras gene.
Wells with values >10,000 SFU are shaded yellow. PAGE analyses of
the PCR products from selected wells are shown. Wells with fluores-
cence valies <<3,500 SFU had no PCR product of the correct size,
whereas wells with fhuorescence values > 10,000 SEFU always contained
PCR products of 129 bp. Nonspecific products generated during the
farge number of cycles required for Dig-PCR did not affect the
fhaorescence analysis. M1 and M2 are molecular length markers used
to determine the size of fragments (indicated on the left in base pairs}).
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served as negative controls {(no DNA template added), The other
288 wells contained an approprate dilution of stool DNA.
MB-RED f{luorescence indicated that 102 of these 288 experi-
mental wells contained PCR products (mean + 5D of 47,000 =
18,000 SFU), whereas the other 186 wells did not {2,600 = 1,500
SFU). The RED/GREEN ratios of the 102 positve wells sug-
gested that five contained mutant ¢-Ki-Ras genes, with ratios
ranging from 2.1 10 5.1, The other 97 wells had ratios ranging from
0.7 16 1.2, idewtical (o those observed in the positive-controb wells,
To determine the nature of the mutant ¢-Ki-Ras genes from stool
in the five positive wells, the PUR products were sequenced
directly. The four wells with RED/GREEN ratios in excess of 3.0
were completely composed of mutant ras sequence {Fig. 5). The
sequence of three of these PCUR products indicated Glyl2Ala
mutations (GGT to GCT at codon 12}, whereas the sequence of
the fourth indicated a sient Cto-T trausition at the third position
of codon 13, This transition presumably resulted from a2 PCR
error during the first productive eycle of amplification fromea WE
template. The well with a ratio of 2.1 contained an ~1:1 mix of
WT and Glyi2Ala mutant sequences. Thus 3.9% (4 of 102) of the
¢-Ki-Ras alleles present in this stool sample contained a Gly12Ala
mutation, The mutant alleles in the stool presumably arose from
the colorectal cancer of the patiend, as direct sequencing of PCR
products penerated from DNA of the cancer identified the
identical Gly12Ala mutation (not shown).

DESCUSSION
Dig-PCR represents another example of the power of PCR, in
combination with more recenily developed detection technol-
ogies, to provide opportunities for genetic analysis. There are
several precedents for the approach described here. For ex-
ample, PCR-amplification from single cells isolated by physical
separation or dilution has been used to address a variety of
interesting biologic questions {46--49). Gel electrophoretic and
sequence analysis of single aileles, produced by amplification
of diluted DNA or from cloning of PCR producis, has also
proven useful in several areas of investigation (43, 48, 56-53).
In sitn amplification of single alleles by using rolling-circle
amaplification represents another exciting strategy for extraci-

&l

standard analyses of bulk DNA populations (54}

Dig-PCR can be used to detect mutations present at rela-
tively low levels in the samples to be analyzed. The linit of
detection is defived by the number of wells that can be
analyzed and the intrinsic mutation rate of the polymerase
used for amnplification. The 384-well PCR plates are commer-
cially available, and 1,536-well plates are on the horizon,
theoretically allowing sensitivities for mutation detection at
the =0.1% level. It is alsc possible that Dig-PCR can be
srmed in microarray format, potentially increasing the
sitivity by another order of maguitude. This sensitivity may
ultimately be limited by polymerase errors. The effective error
rate in PCR as performed under our conditions was <<0.3%,
i€, in control experiments with DNA from normal cells, none
of 340 wells containing PCR products had RED/GREEN
ratios >3.0. Anv individual mutation (such as a G-to-C
trausversion at the second paosition of codon 12 of ¢-Ki-Rug) is
expected to oecur in <<l in 50 polyroerase-generated mutants
{(there are at least 50 base substitutions within or surrounding
codons 12 and 13 that should yield high RED/GREEN ratios).
Determining the sequence of the putative mutants in the
positive wells, by direct sequencing as performed here or by
any of the other technigues described in the Introduction,
provides unequivocal validation of a prospective mutation; a
significant fraction of the mutations found v individual wells
should be identical if the mutation cceurved in vivo. Signifi-
cance can be established through rigorous statistical analysis,
as positive signals should be distributed according to Poisson
probabilities. Moreover, the error rate in particular DHg-PCR
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mance of Dig-PCR on DNA templates
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through
from normal
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Dig-PCR is as easily apph’ d 1o RT-PCR products generated
from RINA templates as it is 1o genomic DNA. For cx;mp'c the
fraction of alternatively spliced or mutant transcripts from a gene

could be
cach of the

could be

for

detery

iined easily by using fluorescent probes specific
PCR p'oducts generated. Similart y, Dig-FCR
used to quantitate relative levels of gene c,xpression

within an RNA population. For this amplification, each well

Fic. 4. Discriminating WT from mutant PCR
products obtained in Dig-PCR. RED/GREEN
ratios were determined from the fluorescence of
MB-RED and MB-GREEN as described in Ma-
terials and Methods. The wells shown are the same
as those iljustrated in Fig. 3. The sequences of
PCR products from the indicated wells were de-
termined as described in A iuls and Methods.
The wells with RED/GREEN ratios >3.0 each
contained mutant sequences, & whereas those with

34
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Fig, 5. D'ig PCR of DNA from a stool sample. The 384
wells used in the experiment are displayed. Those colored
biue contained 25 genome equivalents of DNA from nor-
mal cells. Each of these registered positive with MB-RED,
and the RED/GREEN ratios were 1.0 = 0.1 {mean =1
81). The wells colored yellow contained no template DNA,
and cach was negative with MB-RED (ie., fluorescence
< 3,500 SFUL). The other 288 wells contained difuted DNA
trom the stool sample, prepared by alkaline extraction (57).
Those registering positive with MB-RED were col
either red or green, depending on their RED/GREEN
ratios. Those registering negativs with MB-RED were
dored white. PCR products from the indicated wells were

or

3
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for automated ac,qheme analysis.
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Table 1. Potential applications of DHg-PCR

Proc. Natl. Acad. Sci. USA 96 (1999}

Application Example

Frobe 1 detects Probe 2 detects

Base substitution mutations
nodes

Chromosomal translocations
Gene amplifications Determine presence or exie
Determine fracti
from same gene (RN/\)

Alrernatively spliced products

S
oy

Changes in gene expression

el

{(RNA)
Allelic discrimination
of two alleles
Aliglic imbalance

1 of alternatively splic

Cancer gene mukations in stool, blood, and lymph
Residual Jeukemia cells after therapy (IDNA or RNA)

nt of amplification

Determine relative levels of expression of two penes
Two different alleles mutated vs. one mutation in each

Quaniitative analysis with nonpolymorphic markers

Mutant or WT alleles  WT FCR products

Normal or iranslocated  Transiocated allele

alleles
Sequence within Sequence from another part
amplicon of same chromosome arm

Minor exons Common ¢xons

First transcript Reference transcript
First mutation Second muiation

Marker from reference
chromosome

Marker from test
chrormosome

status when two muiations are observed in the sequence analysis
of astandard DNA sampie. To distinguish whether one variant is
present in each aliele {vs. both occurring in one allele}, cloning of
PCR products generally 13 performed. The approach described
here would qunpht‘/ the analysis by eliminating the need for
clouing, Other poisf\hai <.pp]4:anous of Dig- PCR are listed in
Table 1. When the goal is the guantitation of the proportion of
two relatively common alleles or transcopts rather than the
d')tec"'on of rare alleles, i }‘PKIUC‘; such as those employing

FagMan and real time PCR (31, 33-38, 40} provide an excellent

alternative to Dig-PCR. Advan ta e of real time PCR methods
include their simplicity and the dblhty 0 analyze multiple samples
simultaneously. However, Dig-PCR may prove useful for these
applications when the expected differences are small {e.g., only
=2-fold, as with allelic imbalances; refl 55).

The ultimate utility of Dig-PCR lies in its ability to convert
the intrinsically exponential nature of PCR to a linear one. |t
should thereby prove useful for experiments requiring the
fnvestigation of individual alleles, rare varianis/mutations, or
quantitative analysis of PCR products.
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PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
In re Ex Parte Reexamination: Group Art Unit: 3991
U.S. Patent No. 7,915,015 Docket No. 001107.00988
Control No. 90/012,896 Confirmation No: 8361
Reexam Filing Date: June 17, 2013 Examiner: Bruce R. Campell

For: DIGITAL AMPLIFICATION

e’ N N S S N N N N N

DECLARATION OF STANLEY N. LAPIDUS

I, Stanley N. Lapidus, declare:

1. I am the President, CEO, and Founder of SynapDx located at Four Hartwell Place,
Lexington, MA 02421.

2. Thave a Bachelor of Science degree in Electrical Engineering from The Cooper Union for the
Advancement of Science and Art.

3. A true and correct copy of my curriculum vitae is attached to this Declaration as Exhibit 1.

4. Thave been retained as an expert consultant by Esoterix Genetic Laboratories in connection
with the reexamination of U.S. Patent No. 7,915,015 (the ‘015 patent).

5. Iam inventor on certain patents at issue in a related litigation matter in the United States
District Court for the Middle District of North Carolina, Greensboro Division (Esoterix
Genetics Laboratories v. Life Technologies Corporation, Case No. 12-CV-411).

6. Laboratory Corporation of America is a minority investor in SynapDx.

7. 1was a Founder and former President and CEO of Exact Sciences Corporation, and I
currently own a small number of shares in Exact, which I purchased on the open market.

8. Ihave reviewed the ‘015 patent, including the claims, which I understand is related to
determining an allelic imbalance of a first allelic form of a marker and a second allelic form
of a marker in a biological sample using a method generally referred to as digital polymerase

chain reaction (PCR), a term coined by Dr. Bert Vogelstein and Dr. Kenneth Kinzler and
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U.S. Patent No. 7,915,015

Control No. 90/012,896
Declaration dated August 25, 2014
Page 2 of 3

adopted by the industry.

9. Thave been actively engaged in the field of biotechnology research and development for over
27 years. 1 was recently elected to the College of Fellows of the American Institute of
Medical and Biological Engineering, an organization whose Fellows are said to represent the
top 2% of the medical and biological engineering community.

10. I was conducting research in this area at the time that Drs. Vogelstein and Kinzler invented
and first presented their research on digital PCR.

11. Digital PCR was a brilliant innovation that made a tremendous impact on the field,
particularly for generating quantitative data concerning rare genetic sequences. When Drs.
Vogelstein and Kinzler first described digital PCR, 1, and others skilled in the art, were
genuinely surprised by the success of the method and even considered it to be an audacious
method to try. Digital PCR was not obvious at the time of its invention to those of us skilled
in the art. Researchers in this area immediately appreciated the significance of this invention
and its capabilities.

12. Digital PCR rhet a previously unmet need in the art. Many publications were directed to how
to determine mutant to wild-type genetic ratios and the like, but none suggested digital PCR,
which allowed for the quantification of rare sequences, including rare mutations or alleles, in
a population of sequences, through the use of digital enumeration by spatial separation.

13. Digital PCR was a substantial improvement over other methods used at the time to determine
the ratio of mutant or rare sequences to wild type sequences in a sample. Methods in use at
the time included cytometry, fluorescence in situ hybridization (FISH), counting,
amplification-refractory mutation system (ARMS), and gel-based methods. These methods
are distinctly different than digital PCR, which worked better than the methods in use at the
time Drs. Vogelstein and Kinzler invented digital PCR.

14. Digital PCR is still in use today. A number of companies have marketed or are currently
marketing products for use in digital PCR methods, including, for example, Life
Technologies.

15. All statements made herein of my own knowledge are true, and all statements made on
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Control No. 90/012,896
Declaration dated August 25, 2014
Page 3 of 3

information and belief are believed to be true; and further that these statements were made

with the knowledge that willful false statements and the like so made are punishable by fine
or imprisonment, or both, under Section 1001 of Title 18 of the United States Code, and that

such willful false statements may jeopardize the validity of the patent.

Full Name of Declarant: STANLEY N. LAPIDUS

Declarant’s Signature:

Date: August 25, 2014
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Ex Parte Reexamination: Group Art Unit: 3991

)

)
U.S. Patent Nos. 6,440,706; ) Docket No. 001107.00989
7,824,889; and ) 001107.00990
7,915,015 ) 001107.00988

)

)

)

)

)

Control No. 90/012,894, 90/012,895, 90/012,896 Confirmation No: 8361

Reexam Filing Date: June 17, 2013 Examiner: Bruce R. Campell

For: DIGITAL AMPLIFICATION

DECLARATION OF IE-MING SHIH

1. My name is Ie-Ming Shih. I make this declaration based on my personal
knowledge. Iam over 21 and otherwise competent to make this declaration.

2. TIam currently the Richard W. TeLinde Distinguished Professor in the Department
of Gynecology and Obstetrics at the Johns Hopkins University Medical School in
Baltimore, MD. I have secondary appointments in the departments of Oncology
and Pathology. A copy of my Curriculum vitae is attached as Exhibit 1 that

details my training background and research experience.

3. As my Curriculum vitae indicates, [ obtained my M.D. from Taipei Medical
University in Taiwan, obtained my Ph.D. in pathology from University of
Pennsylvania. Thereafter I finished my residency training in anatomic pathology
and did further clinical and research fellowships at the Johns Hopkins Medical
Institutions until I became a member of the faculty.

4. As can be gleaned from my Curriculum vitae, I have been engaged in medical

-1-
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research since about 1989. My current research is focused on cancer genes and
markers of gynecological cancers. Throughout my career I have followed new
developments in the field by reading of the scientific literature, active research,
and interactions with colleagues. Because of my training and experience, |
consider myself knowledgeable in various aspects of nucleic acid amplification.
This includes technologies that are used to analyze DNA sequences and variations
in DNA sequences.

In 2004 I co-authored a review article on digital PCR that appeared in Expert
Reviews in Molecular Diagnostics, appended as Exhibit 3. I draw from that
review as well, as applications of digital PCR more current than at that time with
which I am familiar.

I have also been informed that Johns Hopkins University (JHU) owns U.S. patents
7,915,015 (““015 patent™) 7,824,889 (“’ 889 patent™) and 6,440,706 (“’706
patent”) and has licensed them to LabCorp (Esoterix), and Exact Sciences.

I have reviewed the ‘015 patent, the ‘889 patent, and the ‘706 patent, including
the original claims and the amendments filed July 9, 2014, (attached as Exhibit 2).
I have been asked to review and summarize the state of the digital PCR field. The
statements that I make include my reading and interpretation of the statements as
represented in the exhibits. The readings and interpretations are my own, and I
have no stake in the outcome of the re-examination proceedings.

I understand that the “digital PCR” methods described in the claims of the three

subject patents involve (1) analysis of two different analytes and (2) comparing



10.

11.
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the number of assay samples containing one of the analytes to the number of
assay samples containing the other analyte. While 1 understand that the inventors
coined and applied the term “digital PCR” to their methods, I understand that
many in this field subsequently adopted the term “digital PCR” and use it more
broadly. I have attempted in this declaration to refer only to examples of digital
PCR that share the two features stated above, rather than the broader usage.

As an illustration of the different ways that the term is often used in the field,
Day et al., Methods 59:101-107, 2013, describes two types of digital PCR as
those which (1) calculate absolute abundance of a target sequence and those
which (2) obtain a relative abundance by comparing to an internal reference
sequence. Exhibit 12, paragraph spanning pages 101-102. Day refers to the latter
type as the more common use. Ibid. The latter type is what I understand is
described in the claims of the three subject patents.

The study of DNA sequence variation is important for many areas of research. Prior
to digital PCR, conventional PCR did not allow the identification and quantification
of rare molecular genetic changes because conventional PCR amplifies a pool of
DNA templates from the starting material. Digital PCR is useful for amplifying a
single DNA template from limiting dilution samples, therefore transforming the
exponential, analog signals from conventional PCR to linear, digital signals,
allowing statistical analysis of the PCR products. Digital PCR has been applied in
the quantification of muant alleles and detection of allelic imbalance in clinical
specimens, providing a useful molecular diagnostic tool for cancer detection.
Exhibit 3, page 46, col. 2, text box. Digital PCR has also been applied in the
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quantification of muant alleles and detection of allelic imbalance in fetal
abnormalities.

In 2004, in our review article, we noted twelve different examples in twelve
different scientific publications in the scientific literature in which digital PCR
had been used for molecular analysis of clinical samples. These involved
detection of cancer mutations, detection of allelic imbalance, detection of loss of
heterozygosity, quantitative detection of tumor suppressor gene expression.
Exhibit 3, Table 1.

The digital PCR technique is especially powerful in experiments requiring
quantitative investigation of individual alleles in DNA samples isolated from a
mixed cell population. Exhibit 3, page 46, col. 1, last full paragraph.

Vogelstein and Kinzler published their original scientific paper on digital PCR in
Proc. Natl. Acad. Sciences USA 96: 9236-9241 (1999). Exhibit 19. I understand
that the paper served as the basis for the application underlying the three subject
patents, as its text and figures appear to have been incorporated entirely in the
application. Exhibit 18.

Recognition in the Art

According to Google Scholar™, the original digital PCR publication of inventors
Vogelstein and Kinzler, Proc. Natl. Acad. Sciences USA 96: 9236-9241 (1999),
has been cited in 532 scholarly publications in its archive from 2009-2014.
Exhibit 4. That is an indication of its unusually high impact in the scientific

community. According to the Altmetric™ score, this article was in the 88th
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percentile of a sample of the 1888361 tracked articles of a similar age published
within six weeks on either side in al journals. Exhibit 4, page 2.

I am aware of a number of scientific conferences on digital PCR that have been
organized in the US and in Europe. One, put on by Cambridge Health Tech
Institute, October 6-8, 2014, the third annual such conference, describes digital
PCR as “creating waves acréss the diagnostic landscape” in its conference
announcement. Exhibit 5, emphasis added. One of the featured presentations at
last year’s conference was titled “Use of digital PCR in Oncology: Changing the
paradigm for systemic therapy.” Exhibit 6, emphasis added. The organizers of
the 2013 digital PCR conference in San Diego, CA, stated that digital PCR “has
already shown potential to be a disruptive technology in many areas of
diagnostics.” Exhibit 7, emphasis added. The existence of these conferences as
well as the descriptions they use are indications of the high importance of digital
PCR in the scientific community.

Another conference, put on by an organization called Global Engage, will hold its
second annual event in Europe on “qPCR and digital PCR.” Exhibit 8. The first
such congress in 2013 reportedly had 150 attendees, and over 200 attendees are
expected in 2014. Global Engage indicates that “increasing numbers of real-time
PCR users [are] purchasing digital PCR [machines] due to its reduction in cost,
absolute quantification, improved sensitivity, precision and greater robustness.”
Exhibit 8. This reflects the growing adoption of digital PCR (broadly used) in the

scientific and diagnostic communities.
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Hahn et al., Expert Rev. Mol. Diag. 9:613-621, 2009, describes non-invasive
detection of Down syndrome as a “long-sought goal.” It further teaches that
application of digital PCR or shot-gun sequencing to analysis of cell-free fetal
DNA may be the fulfillment of this goal. Exhibit 16, abstract, lines 1-3. Hahn
further refers to these techniques as providing a paradigm shift in prenatal
diagnosis. Exhibit 16, abstract lines 3-6.

Tsui et al., Current Opinion in Hematology 19: 462-468, 2012, reviews analyses
of fetal nucleic acid in maternal plasma. Exhibit 17. Tsui indicates that digital
PCR has enabled high quantitative precision for maternal plasma DNA analyses.
Abstract, lines 7-9. Tsui further touts the importance of digital PCR in detecting
fetal monogenic diseases, stating, “To obtain an analytical precision that would
allow discrimination of the small concentration differences between the mutant
and wild-type DNA, quantification based on molecular counting, such as digital
PCR, has been employed. Exhibit 17, page 463, col. 2, lines 11-16. Tsui refers to
this as a “technically challenging” determination to which digital PCR has
provided one approach to address. See “Key Points” at Exhibit 17, page 463.
Advantages

A later review article than mine, by Vlkova et al., Med. Sci. Monit. 16:RA85-91,
2010, describes digital PCR in Figure 2. Exhibit 9. Vlkova indicates the
advantages of Digital PCR over real-time PCR. Vlkova asserts that “DigPCR
outperforms real-time PCR in precision which is needed especially in the

screening and detection of aneuploidy. Digital PCR has been proven an effective
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approach in noninvasive prenatal diagnostics of trisomy 21.” Exhibit 9. RA87,
last paragraph, citations omitted. Vlkova also asserts that for detecting
monogenic diseases the “advantage lies in the digital relative mutation dosage
approach. Effective quantification of allele frequency by digital PCR makes
possible the precise evaluation of balance/imbalance between mutant and wild-
type alleles.” Exhibit 9, RAS88, first paragraph, citation omitted.

Lo et al., Proc. Natl. Acad. Sciences USA 104:13116-13121, 2007, explored the
use of digital PCR “to achieve finer degree of quantitative discrimination” than
possible with real-time PCR. Exhibit 10 at page 13116, col. 2, last paragraph.
The technique could successfully detect aneuploidy even when the fetal fraction is
a minor population of a sample. Exhibit 10, page 13121, column 1, lines 3-4.

Lun et al., Clin. Chem 54:1664-1672, 2008, demonstrated a higher degree of
precision of the digital PCR to real-time PCR for detection of amounts of X and Y
chromosomes using the ZFX/ZFY loci. Exhibit 11, page 1664, column 1,
paragraph 3.

Sedlak ef al., Expert Rev. Mol. Diag. 14:501-507, 2014, teaches that digital PCR
is superior to gPCR (quantitative or real-time PCR) for ratiometric assays.
Exhibit 15, page 504, col. 2, lines 43-46. Sedlak uses the assay to detect both
replicating viral DNA and chromosomally integrated viral DNA. Exhibit 15,
page 502, col. 2, first full paragraph.

Day emphasizes the sensitivity and ability to achieve quantitation of rare variants

of digital PCR. Exhibit 12, page 102, first full paragraph. Day lists the positive
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attributes of digital PCR as including rare variant detection, estimating copy
number variation, minimal template requirements, ease of analysis, and
integration with next generation sequencing. Section 3, spanning pages 102-103.

Commercial Activities

It is my understanding that, a number of apparatus manufacturers have developed
products to carry out digital PCR. These include Fluidigm Corp. Life
Technologies, Bio-Rad Laboratories, and RainDance. These and other platforms
for PCR are compared in Table 1 of Day et al., Methods 59:101-107, 2013.
Exhibit 12.

Global Engage in announcing its digital PCR and qPCR conference, reported that
“the gene amplification market [is] predicted to grow to $1.9 billion by 2015.”
Exhibit 8. This prediction is not limited to digital PCR, or relative digital PCR,
but may nonetheless suggest substantial commercial activities.

Baker, Nature Methods 9:541-544, 2012 surveys the commercial digital PCR
offerings. Exhibit 13. The machines offered by Fluidigm and Life Technologies
can run either digital PCR or qPCR (real-time PCR). Exhibit 13, page 542-543,
spanning paragraph and page 543, second full paragraph. Digital PCR is more
accurate and less ambiguous but more expensive than qPCR. Exhibit 13, page
541, col. 3, last paragraph. The RainDance and Bio-Rad machines perform only
digital PCR but not qPCR. Exhibit 13, page 543, col. 2, last paragraph. Baker
compares the four instruments in Exhibit 13, Table 1.

Roche also markets an apparatus which employs digital PCR for genotyping.



Exhibit 14. The Light Cycler™ is used to detect /DHI mutations. See Fig. 4.
Although many different techniques are part of the workflow, Roche describes the
digital PCR as the “all important second step” which “allows relative
quantification of mutant tumor cell DNA in a blood sample.” Page 5,
“Conclusion,” col. 2, lines 3-5.

29. Ideclare that all statements (prepared by Sarah A. Kagan) made herein of my
own knowledge are true and that all statements made on information and belief
are believed to be true; and further that these statements are made with the
knowledge that wiliful false statements are punishable by fine or imprisonment, or
both, under §1001 of Title 18 of the United States Code and that such willful false

statements may jeopardize the validity of the claims or the patent.

—

Ie-Ming Shih

August 6, 2014
Date
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Litigation Search Report CRU 3999

8

TO: BRUCE CAMPRBELL
Location: CRU

Art Unit: 3981

Date: 08/15/2014

From: Shanette Brown
Location: CRU 3999

MDE 4B15

Phone: (571) 272-6632
Shanett.Brown@uspto.gov

RE: 90/012,896 —Litigation was found for US Patent Number: 7,915,015

......................................................................................................................................................................................................................................................................................

| . s Docket . Date
Patent Class:Subclass Description Court | Filed .
Number Retrieved
7915015435  91.2 Bsoterix Genetic Laboratories, Llc Et Al V. US-DIS- 1:12cv1173  110/31/201219/14/2014

5 ! : iLife Technologies Corporation, Et Al INCMD  iOPEN : !

Sources:

1) I performed a KeyCite Search in Westlaw, which retrieves all history on the patent including any
litigation.

2) I performed a search on the patent in Lexis CourtLink for any open dockets or closed cases.

3) I performed a search in Lexis in the Federal Courts and Administrative Materials databases for any cases
found.

4) I performed a search in Lexis in the IP Journal and Periodicals database for any articles on the patent.

5) I performed a search in Lexis in the news databases for any articles about the patent or any articles about
litigation on this patent.
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Client Identifier: SB

Database: KEYCITE-HIST

Citation Text: US PAT 7915015

Service: KeyCite

Lines: 144

Documents: 1

Images: 0

The material accompanying this summary is subject to copyright. Usage is governed by contract with Thomson Reuters,
West and their affiliates.
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Date of Printing: Sep 15,2014
KEYCITE

£ US PAT 7915015 BIGITAL AMPLIFICATION, Assignee: The Johns Hopkins University (Mar 29, 2011)

History
Direct History
= 1 DIGITAL AMPLIFICATION, US PAT 7915015, 2011 WL 1142818 (U.S. PTO Utility Mar
29, 2011)
Patent Family

2 DETECTING MUTANT NUCLEIC ACIDS IN A MIXED POPULATION, USEFUL E.G. FOR
DETECTING TUMOR-ASSOCIATED MUTATIONS, BY AMPLIFICATION OF DILUTED
SAMPLES TO GENERATE A LINEAR DIGITAL SIGNAL, Derwent World Patents Legal
2001-182981+

Patent Status Files
.. Request for Re-Examination, (OG DATE: Jul 30, 2013)

Docket Summaries

4 ESOTERIX GENETIC LABORATORIES, LLC ET AL v. LIFE TECHNOLOGIES CORPORA-
TION, (M.D.N.C. Oct 31, 2012) (NO. 1:12CV01173), (28 USC 1338 PATENT INFRINGE-
MENT)

Prior Art (Coverage Begins 1976)

& 5 ACCURATE QUANTITATION OF RNA AND DNA BY COMPETETITIVE POLYMERASE
CHAIN REACTION, US PAT 5213961 Assignee: Brigham and Women's Hospital, (U.S. PTO
Utility 1993)

e 6 DETECTABLY LABELED DUAL CONFORMATION OLIGONUCLEOTIDE PROBES, AS-
SAYS AND KITS, US PAT 5925517 Assignee: The Public Health Research Institute of, (U.S.
PTO Utility 1999)

o 7 DIGITAL AMPLIFICATION, US PAT 7824889Assignee: The Johns Hopkins University, (U.S.
PTO Utility 2010)
& 8 DIGITAL AMPLIFICATION, US PAT APP 20080241830Assignee: The Johns Hopkins Uni-

versity, (U.S. PTO Application 2008)

& 9 DIGITAL AMPLIFICATION, US PAT APP 20050130176Assignee: The Johns Hopkins Uni-
versity, (U.S. PTO Application 2005)

© 2014 Thomson Reuters. All rights reserved.
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10 DIGITAL AMPLIFICATION, US PAT 6753147 Assignee: The Johns Hopkins University, (U.S.
PTO Utility 2004)

11 DIGITAL AMPLIFICATION, US PAT 6440706Assignee: Johns Hopkins University, (U.S. PTO
Utility 2002)

12 DIGITAL AMPLIFICATION, US PAT APP 20020090629 (U.S. PTO Application 2002)

13 METHOD AND ASSAY FOR DETECTION OF THE EXPRESSION OF ALLELE-SPECIFIC
MUTATIONS BY ALLELE-SPECIFIC IN SITU REVERSE TRANSCRIPTASE POLY-
MERASE CHAIN REACTION, US PAT 5804383 Assignee: The Regents of the University of,
(U.S. PTO Utility 1998)

14 METHOD FOR DETECTING CELL PROLIFERATIVE DISORDERS, US PAT
6291163 Assignee: The Johns Hopkins University School of, (U.S. PTO Utility 2001)

13 METHOD FOR THE DETECTION OF CLONAL POPULATIONS OF TRANSFORMED
CELLS IN A GENOMICALLY HETEROGENEOUS CELLULAR SAMPLE, US PAT
5670325Assignee: Exact Laboratories, Inc., (U.S. PTO Utility 1997)

16 METHOD FOR THE RAPID AND ULTRA-SENSITIVE DETECTION OF LEUKEMIC
CELLS, US PAT 5858663Assignee: Life Technologies, Inc., (U.S. PTO Utility 1999)

17 METHOD OF SAMPLING, AMPLIFYING AND QUANTIFYING SEGMENT OF NUCLEIC
ACID, POLYMERASE CHAIN REACTION ASSEMBLY HAVING NANOLITER-SIZED
SAMPLE CHAMBERS, AND METHOD OF FILLING ASSEMBLY, US PAT
6143496 Assignee: Cytonix Corporation; The United States of America as, (U.S. PTO Utility
2000)

18 METHODS FOR ADAPTING NUCLEIC ACID FOR DETECTION, SEQUENCING, AND
CLONING USING EXONUCLEASE, US PAT 5518901 (U.S. PTO Utility 1996)

19 METHODS FOR THE DETECTION OF LOSS OF HETEROZYGOSITY, US PAT
6020137 Assignee: Exact Laboratories, Inc., (U.S. PTO Utility 2000)

20 METHODS FOR THE DETECTION OF LOSS OF HETEROZYGOSITY, US PAT
5928870Assignee: Exact Laboratories, Inc., (U.S. PTO Utility 1999)

21 PASSIVE INTERNAL REFERENCES FOR THE DETECTION OF NUCLEIC ACID AMPLI-
FICATION PRODUCTS, US PAT 5736333 Assignee: The Perkin-Elmer Corporation, (U.S. PTO
Utility 1998)

22 WAVELENGTH-SHIFTING PROBES AND PRIMERS AND THEIR USE IN ASSAYS AND
KITS, US PAT 6037130Assignee: The Public Health Institute of the City of, (U.S. PTO Utility
2000)
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. |  CONFIRMATION NO.

90/012,896 06/17/2013 7915015 001107.00988 8361

11332 7590 10/03/2014 |

. EXAMINER

Banner & Witcoff, Ltd.

Attorneys for client 001107 CAMPELL, BRUCER

1100 13th Street N.W. T o —
Suite 1200 | |

Washington, DC 20005-4051 3991

| MAIL DATE | DELIVERY MODE
10/03/2014 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.
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TINITED BTATES PATENT AND TRADEMARK, OFFICE

Corarmissioner for Patents

Linited States Patent and Trademark Office
P.C. Box 1450

Alexandria, WA 2231 31480

gy JSEEIT G, G o

DO NOT USE IN PALM PRINTER

(THIRD PARTY REQUESTER'S CORRESPONDENCE ADDRESS)

LIFE TECHNOLOGIES CORPORATION

ATTN: IP DEPARTMENT
5791 VAN ALLEN WAY

CARLSBAD, CA 92008

EX PARTE REEXAMINATION COMMUNICATION TRANSMITTAL FORM

REEXAMINATION CONTROL NO. 90/012,896.

PATENT NO. 7915015.

ART UNIT 3991.

Enclosed is a copy of the latest communication from the United States Patent and Trademark
Office in the above identified ex parte reexamination proceeding (37 CFR 1.550(f)).

Where this copy is supplied after the reply by requester, 37 CFR 1.535, or the time for filing a
reply has passed, no submission on behalf of the ex parte reexamination requester will be
acknowledged or considered (37 CFR 1.550(g)).

PTOL-465 (Rev.07-04)
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Control No. Patent Under Reexamination
Notice of Intent to Issue 90/012,896 7915015
Ex Parte Reexamination Certificale | Examiner Art Unit AlA (First Inventor to File)
Status
BRUCE CAMPELL 3991 No

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address --

1. [X] Prosecution on the merits is (or remains) closed in this ex parte reexamination proceeding. This proceeding is
subject to reopening at the initiative of the Office or upon petition. Cf. 37 CFR 1.313(a). A Certificate will be issued
in view of
(a) X Patent owner's communication(s) filed: 09 September 2014.

) [ Patent owner’s failure to file an appropriate timely response to the Office action mailed:

) [ Patent owner’s failure to timely file an Appeal Brief (37 CFR 41.31).

) O The decision on appeal by the [] Board of Patent Appeals and Interferences [] Court dated

(e) [ Other: .
2. The Reexamination Certificate will indicate the following:
(a) Change in the Specification: [ Yes [X] No
(b) Change in the Drawing(s): [ Yes [X] No
(c) Status of the Claim(s):

(b
(c
(d

1) Patent claim(s) confirmed:

Patent claim(s) amended (including dependent on amended claim(s)): 1-3,5-16 and 18
Patent claim(s) canceled: 4, 17.

Newly presented claim(s) patentable:

Newly presented canceled claims:

Patent claim(s) [] previously [ currently disclaimed:

(

(2
3
(4
(5
(6
(7) Patent claim(s) not subject to reexamination: ___

~— s D

3.0 A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on .

4. X Note the attached statement of reasons for patentability and/or confirmation. Any comments considered necessary
by patent owner regarding reasons for patentability and/or confirmation must be submitted promptly to avoid
processing delays. Such submission(s) should be labeled: “Comments On Statement of Reasons for Patentability
and/or Confirmation.”

5. [ Note attached NOTICE OF REFERENCES CITED (PT0O-892).
6. [X] Note attached LIST OF REFERENCES CITED (PTO/SB/08 or PTO/SB/08 substitute).
7. [J The drawing correction request filed on is: []approved [ disapproved.

8. [] Acknowledgment is made of the priority claim under 35 U.S.C. § 119(a)-(d) or (f).
a)lJAIl b)[JSome*  ¢)[] None of the certified copies have
[ been received.
[ not been received.
[] been filed in Application No. .
[] been filed in reexamination Control No.
[] been received by the International Bureau in PCT Application No.

* Certified copies not received: ___
9. [ Note attached Examiners Amendment.
10.[] Note attached Interview Summary (PTO-474).
11.[J Other: ___.

All correspondence relating to this reexamination proceeding should be directed to the Central Reexamination Unit at
the mail, FAX, or hand-carry addresses given at the end of this Office action.

Bruce Campell
Primary Examiner
Art Unit: 3991

cc: Requester (if third party requester)

U.S. Patent and Trademark Office
PTOL-469 (Rev. 08-13) Notice of Intent to Issue Ex Parte Reexamination Certificate Part of Paper No 20140925
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Application/Control Number: 90/012,896 Page 2
Art Unit: 3991

STATEMENT OF REASONS FOR PATENTABILITY AND/OR CONFIRMATION
The following is an examiner's statement of reasons for patentability and/or
confirmation of the claims found patentable in this reexamination proceeding:

Bischoff does not anticipate the claims because it does not disclose analysis of
nucleic acids by distributing isolated or cell free nucleic acids to produce a set of assay
samples. Bischoff, alone or in combination with Jeffreys or Woudenberg, does not
render the claims obvious. The experiment described in Bischoff (Fig. 2 and Table 1) is
a method for demonstrating an allelic imbalance (paternal isodisomy) by detecting, in
individual cells, the presence of two paternal copies of a genetic marker sequence
rather than one paternal sequence and one maternal sequence. Bischoff does not
suggest any method for making this determination by isolating “bulk” DNA from a
population of cells, distributing isolated DNA into a set of assay samples, and
determining the relative number of assay samples containing the maternal and paternal
marker sequences. Jeffreys diluted bulk DNA into samples containing the equivalent of
a single genome and showed that it is possible to amplify a single copy of a DNA
sequence. However Jeffreys’ main concern appears to have been testing the limits of
PCR sensitivity. Jeffreys did not appreciate that a set of assay samples produced from
isolated bulk DNA could be analyzed to determine the relative frequency of two alleles
(and hence any possible allelic imbalance) in the biological sample from which the DNA
was isolated. Jeffreys does not suggest any way to analyze the data he produced so as
to determine the relative frequency of two sequences in a population of nucleic acid
sequences. Jeffreys was concerned with DNA fingerprinting, i.e. comparing two DNA
samples to determine whether they are identical, which is not analogous to the claimed
method. Woudenberg teaches a method for real time PCR, but does not suggest a
method for determining an allelic imbalance in a biological sample.

Further evidence of non-obviousness (i.e. “secondary considerations”) has been
presented in the declarations under 37 C.F.R. 1.132 filed with the response of
September 9, 2014.
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Application/Control Number: 90/012,896 Page 3
Art Unit: 3991

Stanley Lapidus declares that digital PCR was a “brilliant innovation” which met
an unmet need in the art, and whose success surprised those skilled in the art (Lapidus
declaration 4 11-12). (The term “digital PCR” is not used in the claims, but the claimed
process is one application of digital PCR. See Table 1 of the ‘889 patent.) Mr. Lapidus
further declares that digital PCR is an improvement over other methods in use at the
time of the invention and that companies have marketed products for use in performing
digital PCR (49 13-14).

le-Ming Shih declares that digital PCR, as the term is used in the ‘889 patent,
has been used clinically to detect and quantify mutations, to detect allelic imbalances
and loss of heterozygosity and to quantitatively detect gene expression in tumor tissues,
blood and stool samples (Shih declaration, §4 11-13 and exhibit 3). The PNAS
publication upon which the 706 patent is based is frequently cited by others and
scientific conferences devoted to digital PCR methods have been held (9 14-17 and
exhibits 4-8). Digital PCR has enabled the detection of fetal genetic abnormalities by
measuring allelic imbalances in fetal DNA circulating in maternal plasma (9 18-20 and
exhibits 9-11, 16, 17). A number of researchers report that digital PCR is more
sensitive and more precise than other PCR methods ({9 21-24 and exhibits 12-15).
Several manufacturers have developed and marketed instruments designed to
implement digital PCR (§§ 25, 27, 28 and exhibits 12-14).
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Application/Control Number: 90/012,896 Page 4
Art Unit: 3991

Any comments considered necessary by PATENT OWNER regarding the above
statement must be submitted promptly to avoid processing delays. Such submission by
the patent owner should be labeled: "Comments on Statement of Reasons for

Patentability and/or Confirmation" and will be placed in the reexamination file.

/Bruce Campell/
Patent Reexamination Specialist
Central Reexamination Unit 3991

/Padmashri Ponnaluri/
Patent Reexamination Specialist
Central Reexamination Unit 3991

/Deborah D Jones/
Supervisory Patent Examiner, Art Unit 3991
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ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /B.C/

Doc code: IDS PTO/SB/08a (01-10)
Doc description: Information Disclosure Statement (IDS) Field Approved for use through 07/31/2012. CMB 0651-0031
U.S. Patent and Trademark Office; U.S5. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of infermation unless it contains a valid CMB control number.

Application Number Unknown
INFORMATION DISCLOSURE Filing Date June 17, 2013
STATEMENT BY APPLICANT - ;
{Not for submission under 37 CFR 1.99) First Named Inventor | Bert Vogelstein
Art Unit Unknown
Examiner Name
Sheet 1 of 1 Docket Number LT00831 REX 3
U.S.PATENTS
Examiner Cite Patent Kind Issue Date Name of Patentee or Applicant of Pages, Columns, Lines, Where
Initial* No Number Code’ cited Document Relevant Passages or Relevant Figures
Appear
U.S.PATENT APPLICATION PUBLICATIONS
Examiner Cite Publication Kind Publication Date Name of Patentee or Applicant of Pages, Columns, Lines, Where
Initial* No Number Code' cited Document Relevant Passages or Relevant
Figures Appear
FOREIGN PATENT DOCUMENTS
Examiner Cite Foreign Country Kind Puklication Name of Patentee or Pages,Columns,Lines where T®
Initial* No Document Code? Code? Date Applicant of cited Relevant Passages or Relevant
Number® Document Figures Appear
NON-PATENT LITERATURE DOCUMENTS
Examiner Cite Include name of the author {in CAPITAL LETTERS), title of the article (when appropriate), title of the item (book, T
Initial* No magazine, journal, seral, sympesium, catalog, etc.), date, page(s), volume-issue number(s), publisher, city and/or country

where published.

C1 BISCHOFF, FARIDEH et al., "Single cell analysis demonstrating somatic mosaicism involving
11p in a patient with paternal isodisomy and Beckwith-Wiedemann syndrome", Human
Molecular Genetics, Vol. 4, No. 3, 1995, 395-399

c2 KALININA, OLGA et al, "Nanoliter Scale PCR with TagMan Detection”, Nucleic Acids
Research, Vol. 25, No. 10, 1997, 1999-2004

Cc3 RUANO, GUALBERTO et al., "Direct haplotyping of chromosonal segments from multiple
heterozygotes via allele-specific PCR amplification”, Nucleic Acids Research, Vol. 17, No. 20,
10/25/1989, 8392

EXAMINER SIGNATURE

Examiner Signature Bruce Campell Date Considered 05/06/2014

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw
line through a citaticn if not in conformance and not censidered. Include copy of this form with next
communication to applicant.

! See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. ? Enter the office that issued the document, by
the two-letter code (WIPC Standard ST.3). 3 For Japanese patent documents, the indication of the year of the reign of the Emperor must
precede the serial number of the patent document.

* Kind of document by the appropriate symbols as indicated on the doecument under WIPO Standard ST.16 if possible. 8 Applicant is to
place a check mark here if English language translation is attached.
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BIB DATA SHEET

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450
WWW.Uspto.gov

CONFIRMATION NO. 8361

7915015, Residence Not Provided;
JOHN HOPKINS UNIVERSITY, THE, BALTIMORE, MD;

LIFE TECHNOLOGIES CORPORATION, CARLSBAD, CA
*k CONTINUING DATA kkkkkhkkhkhkhkkhhhhhkhhhkhhd

which is a CON of 10/828,295 04/21/2004 ABN

which claims benefit of 60/146,792 08/02/1999
** FOREIGN APPLICATIONS *******stitttsbksrisrii
** |F REQUIRED, FOREIGN FILING LICENSE GRANTED **

which is a DIV of 09/981,356 10/12/2001 PAT 6753147
which is a CON of 09/613,826 07/11/2000 PAT 6440706

LIFE TECHNOLOGIES CORPORATION (3RD PTY REQ.), CARLSBAD, CA;

This application is a REX of 12/617,368 11/12/2009 PAT 7915015
which is a DIV of 11/709,742 02/23/2007 PAT 7824889

SERIAL NUMBER FILINgAgrrE 371(c) CLASS GROUP ART UNIT ATTORN'\IJE(\)(.DOCKET
90/012,896 06/17/2013 435 3991 001107.00988
RULE
APPLICANTS
INVENTORS

Foreign Priority claimed U ves Wno STATE OR

35 USC 119(a-d) conditions met D Yes D No D Met after COUNTRY

Allowance
Verified and /BRUCE R CAMPELL/
Acknowledged Examiner's Signature Initials

SHEETS TOTAL |(INDEPENDENT
DRAWINGS | CLAIMS CLAIMS
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12 EX PARTE REEXAMINATION CERTIFICATE (10357th)

United States Patent

Vogelstein et al.

(54) DIGITAL AMPLIFICATION

(75) Inventors: Bert Vogelstein, Baltimore, MD (US);
Kenneth W. Kinzler, Baltimore, MD
Us)

(73) Assignee: The Johns Hopkins University,
Baltimore, MD (US)

Reexamination Request:
No. 90/012,896, Jun. 17,2013

Reexamination Certificate for:

Patent No.: 7,915,015
Issued: Mar. 29, 2011
Appl. No.: 12/617,368
Filed: Nov. 12, 2009
(*) Notice:  This patent is subject to a terminal dis-

claimer.

Related U.S. Application Data

(60) Division of application No. 11/709,742, filed on Feb.
23, 2007, now Pat. No. 7,824,889, which is a
continuation of application No. 10/828,295, filed on
Apr. 21, 2004, now abandoned, which is a division of
application No. 09/981,356, filed on Oct. 12, 2001,
now Pat. No. 6,753,147, which is a continuation of
application No. 09/613,826, filed on Jul. 11, 2000, now
Pat. No. 6,440,706.

(60) Provisional application No. 60/146,792, filed on Aug.
2,1999.
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CI2P 19/34 (2006.01)
CO7H 21/04 (2006.01)
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(58) Field of Classification Search
None
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(56) References Cited

To view the complete listing of prior art documents cited
during the proceeding for Reexamination Control Number
90/012,896, please refer to the USPTO’s public Patent
Application Information Retrieval (PAIR) system under the
Display References tab.

Primary Examiner — Bruce Campbell

(57) ABSTRACT

The identification of pre-defined mutations expected to be
presentin a minor fraction of a cell population is important for
a variety of basic research and clinical applications. The
exponential, analog nature of the polymerase chain reaction is
transformed into a linear, digital signal suitable for this pur-
pose. Single molecules can be isolated by dilution and indi-
vidually amplified; each product is then separately analyzed
for the presence of pre-defined mutations. The process pro-
vides a reliable and quantitative measure of the proportion of
variant sequences within a DNA sample.
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1
EX PARTE
REEXAMINATION CERTIFICATE
ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the
patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT:

Claims 4 and 17 are cancelled.

Claims 1, 5, 8, 10, 11 and 16 are determined to be
patentable as amended.

Claims 2, 3, 6, 7, 9, 12-15 and 18, dependent on an
amended claim, are determined to be patentable.

1. A method for determining an allelic imbalance in a
biological sample, comprising the steps of:

distributing isolated nucleic acid template molecules to
form a set comprising a plurality of assay samples,
wherein the nucleic acid template molecules are isolated
from the biological sample;

amplifying the isolated nucleic acid template molecules
within [a] #he set [comprising a plurality of assay
samples] to form a population of amplified molecules in
[each of the] individual assay samples of the set],
wherein the template molecules are obtained from the
biological sample];

analyzing the amplified molecules in the assay samples of
the set to determine a first number of assay samples
which contain a first allelic form of a marker and a
second number of assay samples which contain a second
allelic form of the marker, wherein between 0.1 and 0.9
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ofthe assay samples yield an amplification product of at
least one of the first and second allelic forms of the
marker,

comparing the first number to the second number to ascer-

tain an allelic imbalance in the biological sample; and
identifying an allelic imbalance in the biological sample.

5. The method of claim 1 [wherein between 0.1 and 0.9 of
the assay samples yield an amplification product as deter-
mined by amplification of the second allelic form of the
marker] wherein the step of distributing the isolated nucleic
acid template molecules is performed by diluting.

8. A method for determining an allelic imbalance in a
biological sample, comprising the steps of:

distributing cell-free nucleic acid template molecules from

a biological sample to form a set comprising a plurality
of assay samples;

amplifying the template molecules within the assay

samples to form a population of amplified molecules in
the assay samples of the set;

analyzing the amplified molecules in the assay samples of

the set to determine a first number of assay samples
which contain a first allelic form of a marker and a
second number of assay samples which contain a second
allelic form of the marker;

comparing the first number of assay samples to the second

number of assay samples to ascertain an allelic imbal-
ance between the first allelic form and the second allelic
form in the biological sample.

10. The method of claim 1 or 8 wherein between 0.1 and 0.6
of'the assay samples yield an amplification product of at least
one of the first and second allelic forms of the marker.

11. The method of claim 1 or 8 wherein between 0.3 and 0.5
of'the assay samples yield an amplification product of at least
one of the first and second allelic forms of the marker.

16. The method of claim 8 wherein [between 0.1 and 0.9 of
the assay samples yield an amplification product as deter-
mined by amplification of the first allelic form of the marker]
the step of distributing is performed by diluting.

#* #* #* #* #*



