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Cancer biomarkers in blood plasma

• Cancer cells release short DNA fragments (150 ~ 250 bp) into 
circulation system: cfDNA.

• Some mutations (TP53; KRAS etc) are tumor specific and thus can 
be used as biomarkers.

• Detecting these mutants in blood plasma is useful for cancer 
diagnosis and prognosis.

• Challenge is: there is also overwhelming amount of wt DNA in 
plasma.

• Solutions:
– Enrich mutant DNA -> COLD-PCR
– Use highly sensitive detection methods -> Digital PCR



COLD-PCR: how it works

http://en.wikipedia.org/wiki/COLD-PCR



COLD-PCR: various protocols

http://en.wikipedia.org/wiki/COLD-PCR



COLD-PCR: full Vs. fast

J. Li, et al. G.M. Makrigiorgos, Nat. Medicine 2008, 14, 579



Ice-COLD-PCR

C.A. Milbury, et al. G.M. Makrigiorgos, Nucleic Acid Research 2011, 39, e1 



Ice-COLD-PCR

C.A. Milbury, et al. G.M. Makrigiorgos, Nucleic Acid Research 2011, 39, e1 



COLD-PCR: Tc

• Definition:

• Experimentally:

• Empirically: 

J. Li, et al. G.M. Makrigiorgos, Nat. Medicine 2008, 14, 579

C.A. Milbury, et al, G.M. Makrigiorgos, Clin. Chem. 2009, 55, 2031



COLD-PCR: Computation

• Computation methods like MeltSim and Poland 
Algorithm can help to generate melting profile.

Z. Zuo, et al, R. Luthra, Modern Pathology. 2009, 22, 1023



COLD-PCR: detection

• COLD-PCR is an enrichment technique. We need to pair it with 
another assay for detection.

• Restriction fragment length polymorphism (RFLP). 
– Offline detection by gel or HPLC.
– COLD-PCR can improve detection limit by 10~20 fold (HPLC), 

which means 5% -> 65%.
• DNA sequencing and MS.

– Not available in lab.
• COLD-PCR with Taqman

– Online detection with the PCR machine
– Can detect ~ 0.8% mutant among wt DNA.

• High resolution melting analysis (HRMA).
– Online detection with PCR machine

• Digital PCR. (Will discuss later)



COLD-PCR with RFLP

J. Li, et al. G.M. Makrigiorgos, Nat. Medicine 2008, 14, 579



COLD-PCR with RFLP

J. Li, et al. G.M. Makrigiorgos, Nat. Medicine 2008, 14, 579



Taqman qPCR technology

http://www.lifetechnologies.com



COLD-PCR with Taqman

J. Li, et al, G.M. Makrigiorgos, Clin. Chem. 2009, 55, 748



High Resolution Melting Analysis (HRMA)

http://cgs.hku.hk/portal/files/GRC/Events/Seminars/2009/20090512/pmelt_customer_vf_04-31-09_ray.pdf



COLD-PCR with HRMA

C.A. Milbury, et al, G.M. Makrigiorgos, Clin. Chem. 2009, 55, 2031



COLD-PCR with RFLP (Sudha’s results)



COLD-PCR with HRMA (Sudha’s results)



COLD-PCR Clinical application 1

Z. Zuo, et al, R. Luthra, Modern Pathology. 2009, 22, 1023
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COLD-PCR Clinical application 1

Z. Zuo, et al, R. Luthra, Modern Pathology. 2009, 22, 1023



COLD-PCR Clinical application 2

P. Liu, et al, X. Jiang, Experimental and Therapeutic Medicine. 2012, 4, 109



COLD-PCR Clinical application 3

J. Li, et al, G.M. Makrigiorgos, Hum. Mutat. 2009, 30, 1583



COLD-PCR Clinical application 3

J. Li, et al, G.M. Makrigiorgos, Hum. Mutat. 2009, 30, 1583



COLD-PCR Clinical application 3

J. Li, et al, G.M. Makrigiorgos, Hum. Mutat. 2009, 30, 1583



COLD-PCR alternatives

http://en.wikipedia.org/wiki/COLD-PCR



Digital PCR: how it works



qPCR Vs. Digital PCR



qPCR Vs. Digital PCR

C.M. Hindson, et al, M. Tewari, Nat. Methods 2013, 10, 1003



qPCR Vs. Digital PCR

C.M. Hindson, et al, M. Tewari, Nat. Methods 2013, 10, 1003



Digital PCR: Instrumentation

M. Baker, Nat. Methods 2012, 9, 541



Digital PCR: Enzyme concentration

• 1U enzyme ~ 2X10-4 nmol.
• 5U enzyme in 200 uL reaction ~ 5X10-9

nmol/nL.
• For BioRad ddPCR: 1 nL per droplet.
• So ~ 5X10-18 mol, or 2.5X10-5,  or 3X106

molecules of enzymes in one droplet.



Droplet-based digital PCR

D. Pekin, et al, V. Taly. Lab Chip 2011, 11, 2156



Droplet-based digital PCR

D. Pekin, et al, V. Taly. Lab Chip 2011, 11, 2156

• Detection of KRAS mutation among 200,000 fold 
excessive wt background



Digital PCR: rare allele detection

B.J. Hindson, et al, B.W. Colston. Anal. Chem. 2011, 83, 8604



Digital PCR: rare allele detection (con’t)

B.J. Hindson, et al, B.W. Colston. Anal. Chem. 2011, 83, 8604



Digital PCR: clinical application

• Non-invasive pre-natal diagnosis
• Quantification of viral DNA
• Detection of rare allele
• Detection of mutants in free circulating DNA



Digital PCR: clinical application 1

V. Taly, et al, P. Laurent-Puig. Clinical Chem. 2013, 59, ASAP
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Digital PCR: clinical application 1

V. Taly, et al, P. Laurent-Puig. Clinical Chem. 2013, 59, ASAP



Digital PCR: clinical application 2

F. Diehl, et al, B. Vogelstein. Gastroenterology. 2008, 135, 489
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Digital PCR: clinical application 2

F. Diehl, et al, B. Vogelstein. Gastroenterology. 2008, 135, 489



Digital PCR: clinical application 3

T.K.F. Yung, et al, Y.M.D. Lo, Clin. Cancer Res. 2009, 15, 2076
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Digital PCR: clinical application 3

T.K.F. Yung, et al, Y.M.D. Lo, Clin. Cancer Res. 2009, 15, 2076



Digital PCR: Patents

R. Zeillinger, WO 2013113816A1



COLD-PCR and Digital PCR

• COLD-PCR is enrichment technique; digital PCR is for 
detection.

• They can be used in tandem for maximal sensitivity.
• Pre-amplification may impair accuracy for quantification 

by digital PCR.



COLD-PCR and digital PCR

Up to 5 different alleles.Up to 10 different alleles using 
HRMA for detection.

Multiplexity

10-60.1% (~100 fold enrichment)Sensitivity
(mutant/wt ratio)

- No need of external detection.

- Works equally well with all 
types of mutations.

- Can enrich unknown mutation.Advantage

- Must know the mutation.- Need to fine-tune Tc.

- Works better for certain 
mutations than others.

- May need off-line detection.
- No quantification.

Disadvantage

8 samples / chip96 well plateThroughput

$3 per sample (BioRad)~ $3 per sampleCost

1 – 3 h2 – 7 hRun time

Digital PCRCOLD-PCR



B. Boisselier, et al, M. Sanson, Neurology 2012, 79, 1693



B. Boisselier, et al, M. Sanson, Neurology 2012, 79, 1693

COLD-PCR and digital PCR



B. Boisselier, et al, M. Sanson, Neurology 2012, 79, 1693

COLD-PCR and digital PCR



What can we do?

• Enhancing reagent for COLD-PCR (HRMA or HPLC).
• Enhancing reagent for Digital PCR.

– Would the organic solvent disturb the water-in-oil droplets?

• Tandem COLD-PCR with digital PCR.
• Mltiplex detection.
• Optimal control.
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Optimal Control of DNA Amplification:

noncompetitive problems

R. Chakrabarti et al. Optimal Control of Evolutionary Dynamics, Phys. Rev. Lett., 2008

K. Marimuthu and R. Chakrabarti, Optimally Controlled DNA amplification, in preparation



Preliminary Results of the OCT
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Competitive hybridization of mismatched primers



� Optimal control: critical to determine annealing/extension profile.  Maximize target species, 
minimize nonspecific hybrids. 

� Requires controllability over higher dimensional subspace than noncompetitive problems

Optimal Control of DNA Amplification: competitive problems
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Competitive amplification example 2: mutation 

enrichment

� Mutation Enrichment : 
competition between mutant DNA 
causing cancer and wild-type  
DNA amplification. 

� A competitive amplification 
problem in diagnostics that has 
been addressed w/ only 
equilibrium cycling strategies

� State-of-the-art approach: 
COLD PCR (licensed by 
Transgenomic from HMS)



� For: metastasis (blood, primarily detection); diagnosis (tumor cells)

� K-ras, p53  are tumor suppressors: mutations strongly correlated w prognosis

� COLD PCR reduces detection limit from 10% to 0.1-1%

� COLD PCR deals with the competition by introducing an additional step (heteroduplex hybridization). Slows down the 
PCR procedure.

� Optimally controlled PCR: for fixed time per cycle, solve the problem of maximizing single stranded mutant DNA 
concentration while minimizing double stranded wild-type concentration, through kinetic modeling and OCT.

Competitive amplification example 2: COLD PCR mutation enrichment
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Trinucleotide repeats in Human Genetic Diseases

C.A. Ashley, S.T. Warren, Annu. Rev. Genetics 1995, 29, 703



Fragile X syndrome and (CGG) triplet expansion

Gene Function Phenotype

Loss of gene function   Fragile X Syndrome

Decreased gene expression Males: ~38% incidence of FXTAS after age 50

Females: ~20% incidence of premature 

ovarian syndrome

Normal Not affected

Normal Not Affected



Neurodegenerative disease FTLD/ALS

I. Gijselinck, et al., C.V. Broechhoven, Lancet Neurol 2012, 11, 54



C9orf72 (GGGGCC) expansion

I. Gijselinck, et al., C.V. Broechhoven, Lancet Neurol 2012, 11, 54



C9orf72 (GGGGCC) expansion

• In the normal population, non-expanded C9orf72 repeat sizes range 
from 2 to 24 G4C2 units. 

• The size distribution of pathologically expanded alleles is not well 
defined, but generally exceeds 60 repeat units, the detection limit of 
the commonly used repeat-primed PCR technology. Southern blot 
hybridization experiments in a limited number of repeat expansion 
carriers suggested somatically instable sizes of 700 to 4400 units.

• Apart from rarely observed alleles between 24 and 60 repeat units, a 
significant size gap seems to exist, which might suggest that repeats 
larger than 24 units are prone to rapid further expansion.

• The C9orf72 gene is transcribed as three major messengers 
(transcript variants 1 to 3) encoding two protein isoforms (C9orf72a 
and b). 

• C9orf72 is widely conserved in the animal kingdom but none of the 
orthologous genes have a known function. 

M. Cruts, et al., C.V. Broechhoven, Trends in Neoroscience 2013, 36, 450



C9orf72 (GGGGCC) expansion: mechanism

M. Cruts, et al., C.V. Broechhoven, Trends in Neoroscience 2013, 36, 450



Detection Methods: repeat-primed PCR

http://www.abbottmolecular.com/products/genetics/sequencing/pcr-tools-for-fmr1.html



Detection Methods: repeat-primed PCR

C.V. Broechhoven, M. Cruts. WO 2013/041577 A1



Detection Methods: repeat-primed PCR

C.V. Broechhoven, M. Cruts. WO 2013/041577 A1



Detection methods: Sudha’s work on FMR1

mRNA start
13681 cagcgggccg ggggttcggc ctcagTCAGG CGCTCAGCTC CGTTTCGGTT TCActtccgg
13741 tggagggccg cctctgagcg ggcggcgggc cgacggcgag cgcgggcggc ggcggtgacg
13801 gaggcgccgc tgccaggggg cgtgcggcag cgcggcggcg gcggcggcgg cggcggcggc
13861 ggaggcggcg gcggcggcgg cggcggcggc ggctgggcct cgagcgcccg cagcccacct
13921 ctcgggggcg ggctcccggc gctagcaggg ctgaagagaa gatggaggag ctggtggtGG

protein start
13981 AAGTGCGGGG CTCCAATGGC GCTTtctaca aggtacttgg ctctagggca ggccccatct
14041 tcgcccttcc ttccctccct tttcttcttg gtgtc

mRNA start 
13681 cagcgggccg ggggttcggc ctcagtcagg cGCTCAGCTC CGTTTCGGTT TCACTTCCGG
13741 Tggagggccg cctctgagcg ggcggcgggc cgacggcgag cgcgggcggc ggcggtgacg
13801 gaggcgccgc tgccaggggg cgtgcggcag cgcggcggcg gcggcggcgg cggcggcggc
13861 ggaggcggcg gcggcggcgg cggcggcggc ggctgggcct cgagcgcccg cagcccacct
13921 ctcgggggcg ggctcccggc gctagcaggg ctgaagagaa gaTGGAGGAG CTGGTGGTGG 

protein start
13981 AAGTGCGGGG CTccaatggc gctttctaca aggtacttgg ctctagggca ggccccatct
14041 tcgcccttcc ttccctccct tttcttcttg gtgtc

mRNA start
13681 cagcgggccg ggggttcggc ctcagtcagg cgctcagctc cgtttcggtt tcacttccgg
13741 tggagggccg cctctgagcg ggcggcgggc cgacggcgag cgcgggcggc ggcggtGACG
13801 GAGGCGCCGC TGCCAGGggg cgtgcggcag cgcggcggcg gcggcggcgg cggcggcggc
13861 ggaggcggcg gcggcggcgg cggcggcggc ggctgggCCT CGAGCGCCCG CAGCCCACct
13921 ctcgggggcg ggctcccggc gctagcaggg ctgaagagaa gatggaggag ctggtggtgg

protein start
13981 aagtgcgggg ctccaatggc gctttctaca aggtacttgg ctctagggca ggccccatct
14041 tcgcccttcc ttccctccct tttcttcttg gtgtc

I

II

III

Expected 
pdt size for 
54rpt gDNA
(NA20230)

Green capitalised: 
FT Primers 383bp
(MIND Institute, 
Tassone et al, JMD 2008)

Blue capitalised: 
SFS Primers 401bp
(Asuragen, 
Filipovic-Sadic et al, 
Clin Chem 2010).

Purple capitalised: 
FP2-RP2 Primers 224bp
( Abott, 
Consensus paper, 
JMD 2008).

Red letters: triplet region (sequence 
obtained from GenBank with 20 repeats, 
including the AGG).

73



Detection methods: Sudha’s work on FMR1

DV rxns in 0.5M NMP, 2.2M Betaine, and 1M TMSO at 
denaturation 98oC, annealing 70oC and extension 72oC.

0.5M NMP 2.2M Betaine 1M TMSO



Repeat-primed PCR vs. regular PCR

• Using regular PCR, the efficiency decreases as repeat number 
increases. For patient with large copy number (>100 repeats), 
regular PCR may not be able to give any signal.

• For patients with large copy number, repeat-primed PCR may not 
detect the exact number of repeats. But it can tell whether the copy 
number is larger than a threshold.

• Compared to PAGE, CE is more sensitive and easier to automate.



Detection methods: MDA-based

S.A. Rivkees, et al, K. Hager. WO 2010/127020 A1



Multiple displacement amplification (MDA)

• DNA synthesis is carried out by a high processivity enzyme Φ29 
DNA polymerase, at a constant temperature. 

• Compared to conventional PCR amplification techniques, MDA 
generates larger sized products with a lower error frequency.



Detection methods: MDA-based

S.A. Rivkees, et al, K. Hager. WO 2010/127020 A1



What’s next?

• ??


