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INTRODUCTTION

Quantitagon of DNA or RNA by the
PUR v 3 problem that 45 (‘m,ml\' i
der active investigation by many wor
ars, Noarly atl metods reported o 4 Ja:@
have used ce-gmplification of reporter
DA in the same tube and sonie form
of guantittion of the amplified rmate-
vial €34, 110 It s duswned thut the offi-
Sieney oi antplification of the reporta
DNA s the same as that of the farget
DINA, and calculation of the aramunt of
target DNA inftally present s based on
the amouat of reporter DNA added o
iginally prosent and on the ratio of
the guantities of targer amd mpuorter
PNA e determined in o the amplified
materiaf by various methods

We have been using the rotranged
wmnpneglobulin heavy <hain {Ig)
gene s tarzel DNA m the PCR 1o
study patients withracute Iymphoblastic
feukemia {ALLY In order to detect and
quantitate & minor poapudation of
feukemic cells within a larger popula-
tion of normal bhmphoid and now- iy
phowd celis (520 In a particular patient,
all lakemic cells will have: the same
wearcanged g geoe that oo 0t as &
genete marker w distinguish Jeukemic
cells front normal son-bymphoid oelly
and T vinphecytes, which bave ot re-
arrm;z:ed their It genes, and from
nove] B iymp hocyies, which kave up-
df’a gum: various and different seserange-
ments of thelr IgH genes. Quantitation
of the wigue rcarrangement of the
leakemic clone poses two problems.
First, onbv a few copies may be present

ol pero-tine Tl genes from cells,
nther than B Tvrophooyies, and rear
ranged Tul gones from noomal B lyoe
ph\mk’a will be preseat and, owing o
hornology with the lenkenuc sequence,
may-eompate with i g the PR, Ouwr
approach W guantitation has differed
from that of other workers m avouding
ase of reporter IENA and quantitation
of araphibed raserial, Rather, we have
used the principle of Hvdting dilotios,
wihtich is based oo the use of a gualitas
tye dll-ormony ond potat and on the
proavise that ope oF mote {rgets o the
reaction g give dee & a posiiive
endd poinl, Ascumate quaniitation
achieved by performmng multiple reph-
cates-at sertal dilotions of the mudenal
t0 be nssayed. At the bmit of dilotion,
where some -end points sre positive and
some are negatives e number of &
grts present san be salealated fronyth
propastion of negative end paints by
waine 4534 \tatisth,\
Tn this paper we iHostrate the use
§imiti‘sw dih‘iion anadyshs 10 suanti
ot for the PCR, using the mu
o’ - frove it I“ﬁixu’f‘ic ch
5 an exan ple, Wealse disouss fow

b
tated fssues: opimisation of the POR

deteer oneor a few DINA taspots; 8
offect of excess eompeting targels
the PUR; intesference in te PCK
primers for an umrelated DNA segm
and the pmi-'s’en‘ of DNA degrada
i the sginp xhh@uor data from
smiyall ﬂumba}r wi patients are incle
i this puper, the clirdoad soad bio
miformudion obtained by lmiting
tion 3}_;3}3‘*\&»’ ﬁsm; a Lnﬂc uurrtz\"
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MATERIALS AND METHODS

DNA Samples

PRI DNA was ebiioed {root nor-
mal Bood cells separated by Lympho-
pep™ (Nycomed }’*mm a AR, Osl
Nopway  to contain predominantly pors
mal hymphooytes, and Ho DNA was
from & bone marow sapipie of a pa-
gt with ALY oltained wt dagnosis.
Ho DA provided 4 ssurne < spegifie
lsukernic IoH wrgers and novmad Neras
frrgets, and PBLI DNMA provided =
sourve of moynwal gl and Neras tar-
gets. He DNA copwdned virtually
HI0% fewkemic sells, wheress PRLY
wis estimated. 10 contxin approst
S%. pwreal B Iyraphonyies,

o experiments relivd
gragion of the Ho DNA
saraple (90 ng/uly to estirnate the num-
her of PCK targets present i the dihe
tings. Duee o the soall amount of mate-
rigd  avsilable, an QD was oot
possiblee The conceniration of the
DNA was obiained by ethidinm beg-
mide spotting againgt known DNA
standards (Reference 8, Appendix E,
p.8). Becauseoone human diplowd gell
contains & pgoof DNA (5), 1 pg of
PRLT DA wonld oostaln spprast-

nately 3.3 % HF Nopas genss, appronts
maicly 24 ¥ 104 rearranged 1gH geues
and 3 x 4 unrmzmﬂs‘ed Tgt penes,
NA from 7 oother patiends with
~\¥ Loowan extraced from fresh bone
NEAFTOW aspmt(‘ samples for patents 1,
2, 3 and 7, from frozen Foeol-Pa q"'
xcpamim fvaphocytes tm patient 4
and from steined, Sixed bose mirow
shides for paticats 3 and 8, The DINA
coneetteation of sampkes 1 2, 3, 4 and
T oway deternsingd by Oggn and for
patients 5 and f by ethidium beontide
spotting,

-

PCR

PCRy (7 coptaingd 166 M
(NS0, 67 mM TR HOL pH &R,
Hmb {5 meseaptocthanod, 2 fpimd
gefatin, 2 md MgCly, 8.3 mddeach of
deoxyadenosing g )U@a}hniiu,, deoxy-
guanpsine phosphate, deoxyoytiding
iriphosphate.  and  deoxythymiding
triphusphate, 100 ng of cach primer,
varying amounty of ternplae DNA
(045 pg-1 gy, and 04 U of Tag BNA
Polvmerase (SophiTag®™  Porkin-BE
e, MNorwalk, CTh in a volume of 25
ul, overlatd with 25 (0 Heht mingral oil.
The ssmples were, subjected a9 by
itigd 9 min denaturstion st B0 fub

w10 14
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Figure L \umher B A-ras dad Holgld POR grodeets prodursd by 2 t‘i: «tqmﬂari POR after ey

bog POH oyele nusmiber, tn the prese

sex sndicats s avesaes aumbeof selvtaal PUR tars
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frsincr of cronpeting PREE BNA The sumbers i parentie-

sxpecied b single sampls v Hodilpled TINA.

fowed by varving nambers of eycles of
1 win soneabiag af 35°C, 1 nusg exfen-
siog ab 72°C and 1 muin desairation st
G4 A fmal 20 min exension ag 72°C
way perforned ot the end of eavh ronnd
of PCR.

I all experivends, sugative comrofs
containing 0o tmplate DNA were sub-
jetied 1o the same prodedures o detect
anry possible vontamination.

PUR Primers

Privwers wore xynthesized on w
Applind Biosysterns Maedal 371 anto-
sasied syrthesizer (Foster Cliy, CA)
Comsensus primes £2) used to amplify
all fp¥fenes i the frstmund of PCR.
were FRIA - ACATGGOI TRGICE
TGTATTAUTGT 3 for the ¥ end of

the Vorsgion: LIH -8 E‘f TAL x(n‘s{v ACG-
GTGATE 3 for the 3 end of the § e

NS

Paticatspactiic primers (1) sited bee
pwveen LA and FRAA were used whan-
phify Ho {gH genes only-in fhe second
round for the Ho DNA: Hot = 3 10T
GUGAAAGAATCIC EL:UL‘ & for the
Fead otV He2 CUAGTAG §‘ ClA-
AGOGTGGOTA 3 fos the § end
of 1.

Patieot-specific IpH primers for the
otfer seven patents Mli be: publishied
elsowhere.

Specitic primers were st For Y-

rav 1 hoth m:-ﬂ arud second sounds:

5 v

First round: {imgron 1y -
AAGT ’Fi‘“?&&AGT<\(‘T€§TAG‘A’T 3
NB2 fevon b« 8 UPCTATOE TC:L,-
QATUAT ATTCA I Second round:
NATZ fexon - ¥ ATCGACTGAGT A-
CARACTGOTOGOHTG ¥ that Hes be-
fween 330 amd KB-12 and i theane-
st rowssd i used with NB-1.2

For vngle-ramnd PR, Nows was
amphified by 231 and NBI2 and Ho
TeH by Hoel apd Had Fer'tsoaound
POR, Novow wit ampiifn:d by 231 and
NATD followed by NBIZ and NALZ
and leukersic TgH genes bw FRIA and
L, {altowed by patieat-speciic
peimers i the seoond round for pe
gien WTOPC
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{uantitation

Threefold difutions of samples wege
;,m sared in waier or PBLL DNA snd
fcates of each difution were ana-
wing the optimal PCR peotoond
prasented in this pape "i‘hc T AU
bwr of farges regnse
pradoct was dztuma;wd
method of Taswel] (18), w
the Poissan sdisteibniion that

the data and pro $ER ﬁ‘s"m“tc 2
foss i e sddta m-ﬁﬂm} m
thit ibstion:

RESULTS
Prefiminary Experiments

Although one or a few Nerasor IgH
megets coulid be deweeted by s opii-
e singlesstage PUR, & miing ox-
perirnent showsed et the addiion of
sig of PRET DNA & provide olcem
mmg)em & on- Jeuhemic teraplates de-
mon of Ho wemplates @
m ﬁmz othenwise obtainable. A
gwo-round PR steafogy usiing nested
primess was tharefre *w*?um'ii i Jen-
prosve sensitivity and speeticy of an
pitfivatics.

Recnnd-Boond PR — Number of
{voles Ruguired

Seral dilutions weye mudy 16 pre-
dites aliirots that condined varving
aumbers of Ho Tal wrpetsan §ougof
¥R ONAX. Bach aliquot was araphe
fivd for 45 oycles o the sy round, and
Wt ae WP dihwions: of the prodast
were mande i water o produce o dils-
Hon conjaiing oneor g few o ;
smphifisd ‘}\% as Marting templ
for @ seconid rouad of 2338 corles
3911 tegets ampified prodict vould be
cetected froms the 1004 dikios after 20
,w‘“x, froro the 105 dilution affer 30
fos and from the RO and 107 dilu-
tons after 40 Gwoles, Amplified prod-
Bt s:mwi not Be detected for the 168
ard WY dilotions. These results indi-
cated that appronimately 107 el e
gets: for the seoond round were being

??mix.w d by e Gostround PUR and
A PP FURORS X 28 SO RN

PATREES
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Fabiy 1. Sensitiviey of Doteetiva {Copiexhof Xorar or IgH e Prosencess Ao of Competing

Fenyplate
Numbser of i.«s}psas Actde” Numiber of Positbees in 10 Tubss
e N-ras Mras  IgHEPBLY) IgH («PBLT)
3750 7500 10 10 @
11.28 225 10 10 10
3.75 7.5 8 &
1,388 235 8 3
6335 G775 4 {
113 0.225 1
Rean No. coples detected 2% 33
“Eatimgted from DNA concentrations

Virsi-Rogad PUR ~— Nygnher of
Cyeley Reguiresd and Effeet of
Competing Tauplates

waw e
szg-; mxmiqu of Hao

i mmd P\ R wt* 2%,
31 1‘&3\ ~=>43a:~ ot R frsbvoned oy
cles were sufficiens o enabife an svers
ageaf L3 el orents o by detestad
The yuantistive @ Lepects of the first
et were then studied 4 more detasd
i vrder e determing both the ﬂ‘i’tis‘ra&
numiher of Cyoles and also the appropri
ate-dilntion iouse bopween the et &ﬁd
\a\ms:i ronsds of the POR, Serial 1@
ism zi Hatons of Ho DRA were made
il pgof PBLI BNAL Bee
ad Y gvoles of first-round
wrformad, cach aliguet of

fwaen dbw

POR were ¢

T3

& T B oY

&0 8

szii}iﬁiu i

HEH

P‘igrssw 2A An stined

brontde

116 zr u.wm i(\ A \m:'

war dilured 103w
sd-roud BOCR
o o cach di-

ad materiad

PS5 water and
of 48 cychos wan yerfon
hatton.

The ssolts s shiown in Bgaee |
B:‘uus‘{- ?Eu: 45 cx-‘"’i‘& ﬁccone;ivr(mmﬁ,
ol DINA
Tt nns:, oF @t L ; fzszb:‘ﬁ" i'}.e yaaxi
sisen dibron of the Srstronnd g
rial that stifl keads w ampiii’icask‘m
the second round indinasies the appros
e nuvober u}’ }i@s produced do ty
it . Acchbution v
1 AVErdgY 8
mi Lf ety and

soromes, in the fw- mum%
s.dtm map imvm of 2(}‘*;0

_N

wr W h“n f}thﬁ‘:r Egt \as‘g IS Were e
¢ been provided by difution

})Ei.{‘ica*m'-z of Ho DNA was 1
clant sod ondy 108 Yo 'igﬁri WENe
Guoed after 3G ¢ $ 3
Based on Lma‘ resal t%,
K 5 pveles for Host

Vi

i

45
sation and w 102 diteton of wraplifi
msaenial beteeen the Best and segont
round, Thess conditions \s\'mic‘ b{‘
peeted to produce appronimiiel HH
prgsts as starting materiad for ihs S
ond rounud.

Cuantitation by Limiting Dilutiog
smahﬁﬁis and F{;iz’smn St;x:&is&mx

miv‘inﬁ {: mp’-»\zwc were arly
the optisiiead, twa-

cles, {iiim%@n d‘*
tube was
X .
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Tabie 2, &

vasitividy of Dofection (Coplest in Dlagasstic ALL Putlent Samples Using Two-Round

tectabde (3.2 wrpetsd Howewsr, in the
ssenae of PRIA

ik . :
i S e - e DNA, IgH pamer
Minimurm Mean No. of Copies Detected Ratio Mrasiigh alupe were able fo deiect mean Heget
, _ . murnbers of 3.3 Inone expesment ard
R 3 ~ i <
Patiery Mras M PBLYY gl PBLY PRLT +PBLY Wi a seamd‘«_ whetsas with co-arapli-
PR 4 23 5.0 G.64 45 feating Wiﬂ; ‘*‘uurdsg‘as’iz\’ie)r@\ the: $pii
. - N wirngrs goudd ondy defpct mean tuegst
1 1.8 $.7 38 R TR \ .
v 3 v 62 nurbers of 18 e 79, This fect of -
o3 ERD 4 0 y Y. 43 AT "
@ LR P2 23 g8z G5 v presubiably resulted from
3 1.8 Qa7 0.8 218 178 the concarren ympliticatorcot the Y03
4 1:3 8 35 0.87 G3T fold oxoosy of Noray targets provided
; - i by the PRLL DNA,
5 BE 211 Gid L4 .14 :
& 541 85O 821 .98 087
7 23 3 2 var 108 DISCLIESEON
Geometric mean of ratios .80 &2 o E g&sm i
#10 roplicates of ditulions studied.
o - . . PCR sing the ;snm ; }x of mz m
S repiinates of diltiuns studind for patients 1 fatiens it o RS ci Pmmm Gy
“Reomelric mean of all axpavimenta in Mo are shawm i spproach it} ¥
iims,ea, 50 st amplif 1wl w&

ape shown in Table 1 by vwer expedts
moents, 17 aed 2.6 copiss of N S
could E\ detected, and in thren sxpx
ments, 15, & band Hionples of Ho igﬁ
sould by detecte d i it the pre: :
of PBLI DNA. The deaine
HDERL WEre © 01}“\5@‘-}5 \A-“:
riltion (077
“v‘w: smd:“d set

kS

~"l\.1

Hvity f}i ‘ =eiccumz
st -‘v L patisng
mmpi ga, T & samples
A s*un'amsfizw { }m‘ and thean
tegrity of thesc W\, '. &:aupiu was i
vesugated by ole exisona 1]
agarpse gof {(Flaure Z%“ iai s tabie, the
maglts i the cohany wlferring w©
wandmse: vwan pumber of copies de-
weoted we waloadand from the totd
nurober of copies present as based oo
the  senmated DNA
High mn\mv&& id‘ d
wd {gH g d i 5 opas
sents dili Eﬁ\\‘i‘!‘ se.m‘* iy i 3, ARE
gt 17, Recaise the nunber
N wf‘w detectas sends on
both the total sumber of COPIES x\‘m*
are present ad the proportion whic
are amplifiable, the rating of the e
by o ay tarpels detected o e
siher a)f fut wrgens deteoted give e
PrspOran of potentially csmsﬂiﬁ-a‘;\ie
IoH targets g were m.mﬁh anypli-
Hled, In th_ abzencg of compating nog-
feukenue Tel tepety, o provedx

o amintitv g mean of 80 ofahe

foay of N’~r’f1 5

_ ARM

I‘hi( i "’*aii«-:}s'--mme ¢ i-':is}siﬁn .snd

pi:fsét'i\fs presyl 3
diions ave known, argel oonoentya \i{)ﬂ
cant be astimaed by P' o sfatistios
apphed o the wsulid fooy replicate
tobes wtkery at the evdeof dilution
Limiring dibution mmdysis Iy widely
used for quantitation i cell biology but
i not commnonty used Jor mniw,u?xr
guantitation, by 1990 Sirmonds of &,
{9y reporred 6 wee o detect wd goan-
tiate aingle HIV owlecuydes. We were
nnaware of their repeit when we devel-

rmed - exten-
) Lxdu.tzm‘ in saoples 3‘= R
patierds 3 and 6 but pot In patent 7, n
whoern the resalis, although ‘e(;k()t"»’é’i.’if
variahie, suggestsd a lesser degree of
degradation. The DNA seen int ?“i 3
for patient 7, although funt, ap;_}m& iy
b farg ¥ 1ntact.

oped the method presentad hovein, and
B

Factars Affeciing Amplificative

Cfficiency &-‘A-'iew 0% he Pf ‘R__

mmm; FRgN ¢l g &i»\“-

Competing TeH twrgets, The offen
of these i redducing waplificating of
the spectiie eget has already eonals
hestratad (Fignee Land Table 11

Compelifion hetween priney palrs.
Severa]l mathods B quantitation of
POR targets wely on the use u‘ Wi
peimer patrsin e :
"iu SR W h“‘ncr -i

g tiiiﬁm; -rii}w:
. heen pers

 FSa0tion
«.ax*bi&rary

*m b@m
wnber o

Sk
\,&T.‘\

wnw m 3y

-‘.nd mms dm—» z.w.es
- Himtting dilation
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rgets against & background of highly

homslogous. targets, e, detection of
spectfic mutations i 4 populason of
novnal cells, The biglogical problemt in

ol study was the detscuon of rare
leukernie cellsina hage populatton of

normal celly, whichin melecalar terms
became the problem of detection of 4
rare unigue JeH sequence agalast g
background of numerots othey M se-
quences, The two-stage POR systém
that was developed proved capable of
detecting approximatsty o (g
potentiglly soplifiable Jeokemic Igh
seguences agatnst & background of ap-
proximately 160000 taal genomes,
These genoies would provide: &' vast
oxoess of sequences that would com
pete with the Teukemic TgH sequences
for the POR primers hecause they
would comaty approximately 24 ¢ 109
rewrranged IeH geees froge normal B
raphocytes and 3 x W¥
{4 genes, ench contdinioy multiple ¥
and T segments,

Quanttitation of POR wrzets by Hov-
iting difution can he ccsmjmxd with
other methods for guantitation which
use an added internal or esterndd stan-
dard, whick i cartied through the aoy
plification;, and which mvolve some
form of guantitativn of the ymplified
produci(sy (3411 Uuuptitation by
Hmiting dilution does not r“quife the
pse of an added @andard, with the e
frerent d’»aumptmn\ imvalvaed, and the
end potot i stmple, nonqmnmatm-
angd. nonradioastive.
end point Is based on an wllrnone
stgnal derived from the termingd. plas
teau phase of the PCR, abd the tech-
niqut‘ i3 therefore telativaly rebusy, ba-
ing able o cope with wide vaganions in
&mvlmmiwn efficioncy withoin affect-
ing: the estinmation of DINA farget myns
ber, One potential disedvantags i3 the
possibitity of contatnination, parkon
farly i3 wwo-dtage FCR is peitornied.
We ase the precautions reeommended
by Kwok et b (6) to-minimize the nisk
of vonsspdnatdon. Replicate negative
contrals are used but also, ia effect, di-
futions helow the critieal ot of dils-
ton act as addittonal negative controls,

When maolecidey arg qudntx&md by
PUR, 1 15 necessary torexpress the re-
sults ooy of a denomiastor such as

et TR A dnsdiod e enunbwse of
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gann-ling

Furthemmore, the

The assumpiion 1% that the extraction
prey does it moddy the DNAL
However, chentical medifications to
ENA, suchas strand breakage, depurnt-
nation or formation of adducts, may
renderthe DNA incapdble-of acting as
a femplate for the PCR, Quantitation by
Honiting dtlution may havea tnigoe ad-
vanags in Overcoming the potentisl
problem of DNA modificaion bacase
it 1 possible o also quantitate an endo-
genous gene vielding « POR [‘fcduu af
similar size which is presevtt it known
namber in all cells and which also un-
derpons the expracton provedure, In
the present study the Nosey gene was
selected as the endogenous gene fo car-
vect for de a*md(sn(m The 8 patwmtw
ssuddied felf dbto 2 groups (Table 23, 1
F patients, all ar nm,!) alf of the N
targels could be amplified, whereas in
I patienis 8 fedser propirtion-of tasgets
conbd he amphfied This suggested the
presence of & varisble :.ieymc of DNA
degrathetion o these 3 patients, arad tis
was contirmed i the 2 most obyious
cases by electrophoresis Figure 30,
MNevertheless, as seen in Table 2, in all
8 paticnty there was an approsinuitely
coastant ratio betwesn the number of
amp Hiable IgH wrgets and the number
an*zpimmic Neras targets. These data
,sugg.est that the nimber of amplifiable
Nergs genes, rither than the BNA con-
coentration, Is the best indicator-of the
number of amplifiable genomes pre-
sent, that vivtually all potentiadly ampli-
fiable ukemic JgH penes ate ampli-
fied 0 the ubsence of compsting
non-legkemic feH genes and that ap-
proximately half of the leskenmic IgH

gonps s sowplified 1o the presence of

conypeting genes. Cnaniitation. in the
presence of DNA degradation can thus

Figure 3 Extracted DN& from disgnostic
ALL patient eamples \n;xm\zr"&ix Iaing of
D‘\ Aowere yader 3 f 1
\ereamh 24 ngowere 8y

IR ».‘ N - N

be perforned based oriese dats. Dege
eachition can b a significant problem
especially where fresksamples are an-
available and to our knowledge this s
the first reported PCR dppmaeh that
enables correction 1o be made forit,

Limiting dilugion  guantitation i
simple, régoires fow’ manipulations of
samples wnd hag widespread applics-
tion. Our usual approach is tr perform
a prebovnary serial dilution cupest-
ment o deternting the  approximate
point at which some amplifications ars
fikely to be negative and some posiiive
and fhen perform a deiled exper-
ment, perhaps 40 mbes inall invalving
mipdtiple replicates of dilutions around
this point I guantitation. is 1o be per-
formed in terms of the number of ame
plifiabi mrwt«; of agother gene such as
Neryy, it should be noted that separate
amphification reactions oust be per-
forroed for each gene and that the van-
ance-of the foal valpe will berconurib-
ated wadditively by the varfanee of the
estimation for sach gene. \?m repli-
sates will therefore be required for a
given devel of precigion,
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