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STEP-UP METHOD FOR COLD-PCR 
ENRICHMENT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This patent application claims the bene?t of priority 
of Us. Provisional Patent Application No. 61/647,970, ?led 
May 16, 2012, Which is incorporated herein by reference in its 
entirety. 

FIELD OF THE INVENTION 

[0002] The invention pertains to improvements to the 
ampli?cation and enrichment of loW prevalence target 
sequences, e.g. mutations, in nucleic acid samples. In particu 
lar, the invention pertains to robust step-up methods for 
implementing full (With or Without a reference blocking 
sequence) or fast COLD-PCR (CO-ampli?cation at LoWer 
Denaturation temperature). 

BACKGROUND OF THE INVENTION 

[0003] A commonly encountered situation in genetic 
analysis entails the need to identify a loW percent of variant 
DNA sequences (“target sequences”) in the presence of a 
large excess of non-variant sequences (“reference 
sequences”). Examples for such situations include: (a) iden 
ti?cation and sequencing of a feW mutated alleles in the 
presence of a large excess of normal alleles; (b) identi?cation 
of a feW methylated alleles in the presence of a large excess of 
unmethylated alleles (or vice versa) in epigenetic analysis; (c) 
detection of loW levels of heteroplasmy in mitochondrial 
DNA; (d) detection of drug-resistant quasi-species in viral, 
bacterial or parasitic infections and (e) identi?cation of 
tumor-circulating DNA in blood of cancer patients (Where 
people are suspected of having cancer, to track the success of 
cancer treatment or to detect relapse) in the presence of a large 
excess of Wild-type alleles. 
[0004] COLD-PCR methods for enriching the concentra 
tion of loW abundance alleles in a sample PCR reaction mix 
ture Were initially described in a published patent PCT appli 
cation entitled “Enrichment of a Target Sequence”, 
International Application No. PCT/US2008/009248, noW 
U.S. Ser. No. 12/671,295, by Gerassimos Makrigiorgos 
Which is incorporated herein by reference. The described 
COLD-PCR enrichment methods are based on a modi?ed 
nucleic acid ampli?cation protocol Which incubates the reac 
tion mixture at a critical denaturing temperature “Tc”. The 
prior patent application discloses tWo formats of COLD 
PCR, namely full COLD-PCR and fast COLD-PCR. 
[0005] In full COLD-PCR, the reaction mixture is sub 
jected to a ?rst denaturation temperature (e.g., 94° C.) Which 
is chosen to be Well above the melting temperature for the 
reference (e.g., Wild-type) and target (e.g., mutant) sequences 
similar to conventional PCR. Then, the mixture is cooled 
(e. g., to 70° C.) to facilitate the formation of reference-target 
heteroduplexes by hybridization. In the basic full COLD 
PCR method, loWering of the temperature from the ?rst dena 
turing temperature (e. g., 94° C.) to the hybridization tempera 
ture (e.g., 70° C.) over a relatively long time period (e.g., 8 
minutes) or retaining the reaction mixture at the hybridization 
temperature for a relatively long time period (e.g., 70° C. for 
8 min) is required to assure proper hybridization. Once 
cooled, the reaction mixture contains not only reference 
target heteroduplexes but also reference-reference homodu 
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plexes (and to a lesser extent target-target homoduplexes). 
When the target sequence and reference sequence cross 
hybridize, minor sequence differences of one or more single 
nucleotide mismatches or insertions or deletions anyWhere 
along a short (e.g., <200 bp) double stranded DNA sequence 
Will generate a small but predictable change in the melting 
temperature (Tm) for that sequence (Lipsky, R. H., et al. 
(2001) Clin Chem, 47, 635-644; LieW, M., et al. (2004) Clin 
Chem, 50, 1156-1164). Depending on the exact sequence 
context and position of the mismatch, melting temperature 
changes of 0. 1 -20° C., are contemplated. Full COLD-PCR, as 
described in the above referred patent application, is pre 
mised on the difference in melting temperature betWeen the 
double stranded reference sequence and the hybridized ref 
erence-target heteroduplexes. After cooling doWn to form 
reference-target heteroduplexes, the reaction mixture is incu 
bated at a critical denaturing temperature (Tc), Which is cho 
sen to be less than the melting temperature for the double 
stranded reference sequence and higher than the loWer melt 
ing temperature of the reference-target heteroduplexes, 
thereby preferentially denaturing the cross hybridized target 
reference heteroduplexes over the reference-reference homo 
duplexes. 
[0006] The critical denaturing temperature (Tc) is a tem 
perature beloW Which PCR ef?ciency drops abruptly for the 
reference nucleic acid sequence (yet is su?icient to facilitate 
denaturation of the reference-target heteroduplexes). For 
example, a 167 by p53 sequence ampli?es Well if the PCR 
denaturing temperature is set at 87° C., ampli?es modestly at 
865° C. and yields no detectable product if PCR denaturation 
is set at 86° C. or less. Therefore, in this example the selected 
Tc should be —86.5° C. or less. After intermediate incubation 
at the critical denaturing temperature (T6), the primers are 
then annealed to the denatured target and reference strands 
from the denatured heteroduplexes (e.g., 55° C.) and 
extended by a polymerase (e.g., 70° C.), thus enriching the 
concentration of the target sequence relative to the reference 
sequence. One of the advantages of full COLD-PCR is that 
the same primer pair is used for both target and reference 
sequences. 

[0007] The above described full COLD-PCR method 
requires signi?cant cycle times to ensure suitable cross-hy 
bridization of reference-target heteroduplexes and has also 
otherWise proven to be someWhat inef?cient. To address these 
issues, Makrigiorgos has described the use of reference 
blocking sequences to improve the ef?ciency and reduce 
cycle time of full COLD-PCR, see Full COLD-PCR Enrich 
ment With Reference Blocking Sequence, International 
Application No. PCT/US201 1/027473, published as Publica 
tion No. WO2011/112534, ?led on Mar. 8, 2011, Which is 
also incorporated herein by reference. This modi?ed, full 
COLD-PCR method using reference blocking sequences is 
referred to as “RBS full COLD-PCR” for purposes herein. In 
the RBS full COLD-PCR method, reference blocking 
sequence is added at an excess concentration level to the 
ampli?cation reaction mixture. The reference blocking 
sequence is a nucleic acid sequence complementary With at 
least a portion of one of the strands of the reference sequence 
betWeen its primer binding sites, or partly overlapping the 
primer binding sites. The reference blocking sequence added 
to the reaction mixture is desirably single stranded (but can 
also be double stranded inasmuch as the initial denaturing 
step Will result in denatured, single stranded reference block 
ing sequences). The reaction mixture is subjected to a ?rst 
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denaturing temperature, eg 95° C., Which is above the melt 
ing temperature (Tm) of the reference sequence and also the 
target sequence, and results in denatured strands of the refer 
ence sequence and the target sequence. The reaction mixture 
is cooled to promote hybridization, for example to about 70° 
C. Since the cooling doWn occurs in the presence of an excess 
amount of reference blocking sequences, the reference block 
ing sequences preferentially hybridize With the complemen 
tary strand of the reference sequence, and also the comple 
mentary strand of the target sequence. For example, assuming 
that single stranded reference blocking sequence is added in 
excess at the beginning of the process, the reaction mixture at 
this point in the process Will contain heteroduplexes of the 
reference blocking sequences and the complementary refer 
ence (e. g., Wild-type) strand and heteroduplexes of the refer 
ence blocking sequences and the target (e.g. mutant) strands. 
The reaction mixture at this point also contains the denatured 
negative strands for the reference and target sequences. The 
formed heteroduplexes present in the RBS full COLD-PCR 
cycle are fundamentally different from the reference-target 
heteroduplexes formed in the unmodi?ed full COLD-PCR 
protocol. Supplying an excess amount of reference blocking 
sequence promotes faster hybridization (e.g., about 30 sec 
onds) than in the unmodi?ed full COLD-PCR protocol (e.g., 
about 8 minutes); and the cool doWn hybridization step in the 
RBS full COLD-PCR protocol is less than one minute in 
duration. 

[0008] In the RBS full COLD-PCR method, the reaction 
mixture is then subjected to a critical temperature (e.g., 
Tc:84.5o C.) Which is su?icient to permit preferential dena 
turation of the target strands from the reference blocking 
sequence. The melting temperature for the duplex of the 
reference blocking sequence and the target strands Will 
alWays be less than the melting temperature of the duplex of 
the reference blocking sequence and the complementary ref 
erence strand because the former contains a mismatch 
Whereas the latter does not. The critical temperature (Tc) is 
selected so that duplexes of the reference blocking strands 
and the complementary reference strands remain substan 
tially undenatured When the reaction mixture is incubated at 
Tc yet duplexes of the reference blocking strands and the 
target strands substantially denature. The term “substan 
tially” means at least 60%, and preferably at least 90% or 
more preferably at least 98% in a given denatured or undena 
tured form. 

[0009] After preferential denaturation, the temperature of 
the reaction mixture is reduced (e. g. 55° C.) so as to permit the 
primer pairs to anneal to the free target and reference strands 
in the reaction mixture. Again, assuming that single stranded 
reference blocking oligonucleotides are added in excess at the 
beginning of the process, at this point in the cycle there are, 
theoretically, tWo free strands of the target sequence com 
pared to the initial denaturation step and only one free refer 
ence strand. The other reference strand is hybridized With the 
reference blocking sequence, and is therefore unavailable for 
ampli?cation. The annealed primers are then extended (e.g., 
700 C.), thus resulting in exponential ampli?cation of the 
target sequence, While the reference strand is only ampli?ed 
linearly. Accordingly, the target sequence is gradually 
enriched relative to the reference sequence in the sample 
during the full COLD-PCR cycles. The above steps are likely 
repeated ten to thirty cycles or more. 

[0010] The reference blocking sequence is desirably at 
least several bases smaller than the target and reference 
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sequences, on each side of the sequence so that the primers do 
not bind appreciably to the reference sequence and so that the 
reference blocking sequence is not extended by the primers 
that amplify the target sequence. To this end, optionally the 3' 
OH end of the reference blocking sequence can be blocked to 
DNA-polymerase extension. Also, optionally, the 5'-end of 
the reference blocking sequence may be designed such that 
the nucleotide sequence partially overlaps the primer binding 
sites such that 5' to 3' exonucleolysis by Taq DNA poly 
merases (i.e. degradation of the hybridized reference block 
ing sequence) may be prevented. 
[0011] Fast COLD-PCR, as described in the above incor 
porated patent application, International Application No. 
PCT/US2008/009248, now US. Ser. No. 12/671,295, by 
Gerassimos Makrigiorgos, is premised on there being a dif 
ference in melting temperature betWeen the double stranded 
reference sequence (e.g., Wild-type sequence) and the double 
stranded target sequence (e.g., mutant sequence). In particu 
lar, the melting temperature of the target sequence must be 
loWer than the reference sequence. The critical denaturing 
temperature (Tc) in fast COLD-PCR is a temperature at or 
beloW Which PCR ef?ciency drops abruptly for the double 
stranded reference nucleic acid sequence, yet is still suf?cient 
to facilitate denaturation of the double stranded target 
sequence. During the fast COLD-PCR enrichment cycle, the 
reaction mixture is not subjected to denaturation at a tempera 
ture (e.g., 940 C.) above the melting temperature of the ref 
erence sequence as in the ?rst step of the full COLD-PCR 
cycle. Rather, the reaction mixture is incubated at a critical 
denaturing temperature (e.g., Tc:83.5o C.), Which is chosen 
either (a) to be less than the melting temperature for the 
double stranded reference sequence and higher than the loWer 
melting temperature of the double stranded target sequence, 
or; (b) to be loWer than the Tm of both reference and target 
sequences, Whilst still creating a differential betWeen the 
degree of denaturation of reference and target sequences. 
After incubation at the critical denaturing temperature (Tc), 
the primers are annealed to the denatured target strands and 
extended by a polymerase, thus enriching the concentration 
of the target sequence relative to the reference sequence. 
Again, the same primer pair is used for both target and refer 
ence sequences. 

[0012] The use of fast COLD-PCR is limited to applica 
tions in Which the melting temperature of the double stranded 
target sequence is suitably less than the melting temperature 
for the double stranded reference sequence. For example, 
mutations Will not be detectable in sequencing data for a 
sample With a loW abundance of mutant sequences that has 
been subjected to fast COLD-PCR if the melting temperature 
of the mutant sequence is the same or higher than the melting 
temperature of the Wild-type sequence. 

SUMMARY OF THE INVENTION 

[0013] The PCR methods summarized above require very 
precise temperature control during the PCR ampli?cation 
cycles to ensure that Well-to-Well variation is minimized. 
Provided herein are methods of minimizing Well-to-Well 
variation in methods of enriching the ampli?cation of target 
sequences in the background of related reference sequences. 
In particular, these methods alloW the use of PCR machines 
With block-based temperature control to be used With PCR 
enrichment methods. The methods are also useful to limit the 
differences in temerpature betWeen PCR machines or the 
effects of these temperatures When different reagents, ampli 
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?cation mixture amounts or plasticWare, such as PCR tubes 
are used to in PCR enrichment procedures such as those 
described herein. The methods provided herein compensate 
of Well-to-Well, PCR run-to-run and lab-to-lab variations in 
the PCR reactions and make the PCR enrichment as says more 
robust and amenable to Widespread use in a variety of labo 
ratory environments. 

[0014] Methods for enriching a target sequence in an 
ampli?cation reaction mixture are provided herein. The 
methods are referred to herein as step-up or touch-up PCR 
methods interchangeably. In one embodiment, the methods 
include preparing an ampli?cation reaction mixture With at 
least the folloWing constituents: a primer pair capable of 
amplifying a reference sequence and a nucleic acid sample 
having the reference sequence and also suspected of having 
one or more target sequences that are at least 50% homolo 
gous to said reference sequence and are also ampli?able by 
the same primer pair as said reference sequence and With the 
target sequence being less prevalent than the reference 
sequence. A critical temperature (Tc) is selected such that it is 
suf?cient to permit preferential denaturation of heterodu 
plexes of a strand of the reference sequence and a strand of the 
target sequence yet insuf?cient to denature homoduplexes of 
the reference sequence. Second denaturing temperatures 
(Td2) for multiple sets of ampli?cation cycles are selected 
such that the second denaturing temperature (Td2) for a ?rst 
set of ampli?cation cycles is less than the selected critical 
temperature (Tc) and the second denaturing temperature (T d2) 
for subsequent sets of ampli?cation cycles are progressively 
higher than the previous set of ampli?cation cycles. Then for 
each set of ampli?cation cycles, the folloWing steps are 
cycled through to enrich the target sequence in the ampli? 
cation reaction mixture. First, the ampli?cation reaction mix 
ture is subjected to a ?rst denaturing temperature (T d1) that is 
above the melting temperature (Tm) of the reference sequence 
and the target sequence to form reference strands and target 
strands. Then the temperature of the ampli?cation reaction 
mixture is reduced to permit formation of heteroduplexes of 
the reference strands and the target strands. The temperature 
of the ampli?cation reaction mixture is then increased to the 
selected second denaturing temperature (T d2). The tempera 
ture of the ampli?cation reaction mixture is reduced again to 
permit said primer pair to anneal to target strands and refer 
ence strands in the ampli?cation reaction mixture and the 
primer pair is extended to enrich said target sequence relative 
to said reference sequence. The ampli?cation cycle is then 
repeated a set number of times using said selected second 
denaturing temperatures (T d2) for the respective set of ampli 
?cation cycles. 
[0015] In another embodiment, the methods include pre 
paring an ampli?cation reaction mixture With at least the 
folloWing constituents: a primer pair capable of amplifying a 
reference sequence and a nucleic acid sample having the 
reference sequence and also suspected of having one or more 
target sequences that are at least 50% homologous to said 
reference sequence and are also ampli?able by the same 
primer pair as said reference sequence and a molar excess of 
a reference blocking sequence relative to the amount of ref 
erence sequence, the reference blocking sequence is fully 
complementary With at least a portion of the sequence of one 
of the strands of the reference sequence betWeen or overlap 
ping its primer binding sites, and the target sequence is less 
prevalent than the reference sequence. A critical temperature 
(Tc) is selected such that it is su?icient to permit preferential 
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denaturation of heteroduplexes of the reference blocking 
sequence and target strands yet insu?icient to denature 
duplexes of the reference blocking sequence and complemen 
tary strands of the reference sequence. Second denaturing 
temperatures (T d2) for multiple sets of ampli?cation cycles 
are selected such that the second denaturing temperature 
(Td2) for a ?rst set of ampli?cation cycles is less than the 
selected critical temperature (Tc) and the second denaturing 
temperature (T d2) for subsequent sets of ampli?cation cycles 
are progressively higher than the previous set of ampli?cation 
cycles. Then for each set of ampli?cation cycles, the folloW 
ing steps are cycled through to enrich the target sequence in 
the ampli?cation reaction mixture. First, the ampli?cation 
reaction mixture is subjected to a ?rst denaturing temperature 
(T d1) that is above the melting temperature (Tm) of the refer 
ence sequence and the target sequence to form reference 
strands and target strands. Then the temperature of the ampli 
?cation reaction mixture is reduced to permit formation of 
heteroduplexes of the reference blocking sequence and the 
complementary reference strands and heteroduplexes of the 
reference blocking sequence and the target strands. The tem 
perature of the ampli?cation reaction mixture is then 
increased to the selected second denaturing temperature 
(T d2). The temperature of the ampli?cation reaction mixture 
is reduced again to permit said primer pair to anneal to target 
strands and reference strands in the ampli?cation reaction 
mixture and the primer pair is extended to enrich said target 
sequence relative to said reference sequence. The ampli?ca 
tion cycle is then repeated a set number of times using said 
selected second denaturing temperatures (Td2) for the respec 
tive set of ampli?cation cycles. 

[0016] In another embodiment, the methods include pre 
paring an ampli?cation reaction mixture With at least the 
folloWing constituents: a primer pair capable of amplifying a 
reference sequence and a nucleic acid sample having the 
reference sequence and also suspected of having one or more 
target sequences that are at least 50% homologous to said 
reference sequence and the target sequence having a melting 
temperature beloW the melting temperature of said reference 
sequence and also ampli?able by the same primer pair as said 
reference sequence. A critical temperature (Tc) is selected 
such that it is su?icient to permit preferential denaturation of 
the target sequence yet insu?icient to substantially denature 
the reference sequence. Second denaturing temperatures 
(Td2) for multiple sets of ampli?cation cycles are selected 
such that the second denaturing temperature (T d2) for a ?rst 
set of ampli?cation cycles is less than the selected critical 
temperature (Tc) and the second denaturing temperature (T d2) 
for subsequent sets of ampli?cation cycles are progressively 
higher than the previous set of ampli?cation cycles. Then for 
each set of ampli?cation cycles, the folloWing steps are 
cycled through to enrich the target sequence in the ampli? 
cation reaction mixture. First, the temperature of the ampli 
?cation reaction mixture is increased to the selected second 
denaturing temperature (Tdz). Then the temperature of the 
ampli?cation reaction mixture is reduced to permit said 
primer pair to anneal to target strands in the ampli?cation 
reaction mixture and the primer pair is extended to enrich said 
target sequence relative to said reference sequence. The 
ampli?cation cycle is then repeated a set number of times 
using said selected second denaturing temperatures (T d2) for 
the respective set of ampli?cation cycles. 






























