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I’d like to thank the organizers for the opportunity to speak at this workshop.  This is great meeting to hear about all of the exciting developments in this fast-paced field.  I’ve been an assistant professor at the Huntsman Cancer Institute for 3 years and I have really enjoyed the collaborative spirit between the clinics and the research labs.
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I need to start with a disclosure.  
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Today I’ll tell you about Patch PCR, a technology I developed when I was a graduate student at Washington University that we have recently adapted for circulating tumor DNA detection.  In our current protocol we start the Patch PCR reaction by restriction digesting genomic DNA.  We then melt the template and anneal patch oligos, which are designed to specifically anneal to ends of the targeted genomic DNA fragments.  The Tm of the patch oligos is around 65 degrees, so we get specific annealing, similar to PCR primers. The Patch oligos serve as a bridge between the target molecule and universal adapters. The right universal adapters include a 3’ exonuclease resistant modification, and the left universal adapter includes a unique molecule identifier, which is synthesized as 9 random Ns.   We include thermostable ligase in the reaction, which ligates the univeral adapters to the target molecules.
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There are some panels where we can’t capture all of the targets with endogenous restriction digest, so we developed a way to cut anywhere we want in the genome.  We anneal oligos to the target loci.  The oligos have a double stranded section that contains the recognition sequence for a Type IIS enzyme.  The enzyme then cuts a fixed distance away in the genomic DNA. The rest of the reaction proceeds as before… we anneal patches, ligate adapters, exonuclease treat the samples, and perform universal PCR.
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Presentation Notes
Patch PCR is highly specific because of the patch oligo annealing, the thermostable ligation, and the exonuclease degradation of uncaptured products.
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Patch PCR has high sensitivity because we cycle the ligation so there are many opportunities for the target molecules to be captured.
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We designed this approach to be high throughput.  We perform the reaction in 96 well plates, and it can be programmed on a liquid handling robot.   The total reaction time takes 24 hours, most of which involves the 16 hour overnight patch ligation.  Patch PCR can be run as an addition-only reaction, which helps avoid sample swaps or cross contamination when samples are moved between tubes.  All of these features make it easy to develop SOPs for CLIA labs.  Kailos Genetics routinely uses Patch PCR in their CLIA lab. 



Patch PCR

Affordable:
Standard synthesis oligos: $15 per amplicon, enough for ~1,000 samples
Reagent cost:  < $50 per sample
Sequencing cost: 20-48 samples per Miseq run ($50 per sample), 200-300 samples per NextSeq Run

Germline Cancer Risk
474 Amplicons

BRCA1 & BRCA2
50 Amplicons

Pharmacogenetics
180 Amplicons

GWAS Follow-up
789 Amplicons

Ideal for targeted clinical-scale panels (10-1000 amplicons)

High Specificity (On-Target):
99.2% 98.3% 99.6% 99.1%
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Patch PCR is ideal for targeted, clinical scale panels, between 10-1000 loci/ampilcons.  Here are some examples of different panels.  Even small panels have high-specificity, or on-target rates.  Patch PCR uses standard oligos, and is a very affordable option for targeted sequencing.



Does ligating UMIs to target templates improve accuracy?

Actual A>G Mutation 
Spike-In Frequency

Read-based Counting UMI-based Counting

30% 2652/9229 (28.73%) 254/890 (28.53%)

5% 482/10938 (4.41%) 48/1018 (4.72%)

0.5% 62/11019 (0.56%) 5/1057 (0.47%)

0% 3/10632 (0.02%) 0/994 (0%)

TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACGTC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATACACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAAGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC

UMI: ACTTTAAGC
11 Reads:

TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACGTC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC

UMI: ACTTTAAGC
16 Reads:

TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATACACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACATC
TGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACGTC

UMI: AGTGTATGT
6 Reads:
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We recently added the unique molecular identifiers to the Patch PCR protocol, and we wanted to know if they improved accuracy.  We spiked-in mutant DNA a varying frequencies and asked whether read-based counting or UMI-based counting was more accurate.  As you can see, the main difference is apparent in the low end of the dilution series.  In the reaction where there were no mutant molecules added, we observed 3 reads with that exact base change.  If we look at the other reads from the same original template molecule we can see these are PCR or sequencing errors that are not present on the other copies of that template. 



Breast cancer ctDNA

Occult 
DiseaseRemission Recurrence

MonitoringSurgery

Diagnosis Staging
Chemo/

Hormone 
TherapyScreening Monitoring

39 million 
mammograms in 
the US per year 
(FDA MQSA National 

Statistics)

246,660 
New cases of 

invasive breast 
cancer in the US 

per year 
(NCI SEER)

~1.5 million 
women undergo 
monitoring for 
breast cancer 

recurrence in the 
US every year

~50,000 
women per 

year develop 
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therapy 

resistance

~86,000 
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Our goal is to use Patch PCR to measure circulating tumor DNA in breast cancer patients.  There are many opportunities to improve the clinical management of breast cancer patients, that would impact a large number of people.  For example there are 39 million mammograms…



Four genes are mutated in 75%  (378/507) of patients  TCGA Nature 2012, cbioportal.org

TCGA Invasive Lobular Breast Cancer, Cell 2015
All Significantly Mutated Genes 
Altered in 716 (88%) of 817 cases/patients

TCGA Invasive Ductal Breast Cancer, Nature 2012
All Significantly Mutated Genes 
Altered in 461 (91%) of 507 cases/patients

Common breast cancer mutations

Increasing the panel size to include all significantly mutated genes yields diminishing returns. 

Presenter
Presentation Notes
To design a Patch PCR panel that could detect ctDNA from breast tumors we examined the mutation found in breast cancers in the the TCGA data.  There are four genes that are mutated in 75% of patients.  Increasing the panel size beyond that results in diminishing returns at great expense.  I’ll come back to this at the end of the talk with ideas for small panel tests that would be effective in a larger portion of the population.



ER ligand-binding domain mutations in ~25% of breast mets
• Li, S. et al. Cell Reports 4, 1116–1130 (2013)
• Toy, W. et al. Nat. Genet. 45, 1439–1445 (2013)
• Robinson, D.R. et al. Nat. Genet. 45, 1446–1451 (2013)
• Jeselsohn, R. et al. Clin. Cancer Res. (2014)
• Merenbakh-Lamin, K. et al. Cancer Res. 73, 6856–6864 

(2013)

Mutations that confer hormone therapy resistance

Hotspot Mutations in the 
Estrogen Receptor (ESR1)

Ligand Binding Domain 

Hotspot Mutations in the 
LYN inhibitory SH2 domain

(SRC family kinase)
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We also wanted our panel to provide information that could be useful for choosing therapeutics.  Hotspot mutations in the ESR1 LBD confer resistance to hormone therapy, as do hotspot mutations in LYN.  These mutations typically arise in patients who are on hormone therapy to prevent recurrence.  These mutations allow the tumors to grow despite the fact that the patient is taking hormone therapy.   We included these in the panel with the hopes that in addition to detecting a breast cancer recurrence, this test could also tell physicians whether the tumor was resistant to hormone therapy.



Breast Cancer Mutation Panel
48 amplicons: TP53 CDS, PIK3CA CDS, ESR1 LBD, LYN SH2 Domain 

100% of targets captured with 1st design

Uniformity 200 ng 100 ng 50 ng 25 ng 12.5ng 6.25ng
Coverage Uniformity 

(Fraction of Amplicons with 
>20% of the mean coverage) 0.92 0.94 0.92 0.96 0.94 0.96
Coefficient of Variation (CV) 0.70 0.71 0.73 0.75 0.77 0.77
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So we have this small breast cancer mutation panel which contains 48 amplicons, 100% of which were captured with the 1st patch oligo design.  We wanted to see how well it would perform on plasma DNA, which is challenging because it is fragmented and in low quantities, as we have heard already.  We performed the Patch reaction on a dilution series of plasma DNA from healthy donors, and we saw similar read depths across the libraries, and good coverage uniformity.



Breast Cancer Mutation Panel
48 amplicons: TP53 CDS, PIK3CA CDS, ESR1 LBD, LYN SH2 Domain 

Template Molecule 
Capture Percentage 200 ng 100 ng 50 ng 25 ng 12.5 ng 6.25ng

Minimum 0.00 0.11 0.31 0.63 0.40 0.42
Mean 2.56 3.42 3.63 3.58 4.16 4.31

Maximum 8.85 10.66 10.82 9.82 11.22 12.46

Presenter
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But read depth doesn’t tell the whole story, the real question is how many molecules are we capturing, because that determines how sensitive our assay is to rare mutant molecules in patient’s blood. As you can see we have a decrease in molecules captured with 5x coverage that is proportional to the decrease in template DNA.   We could calculate how many template molecules we covered with at least 5x depth, and we can see that the percent of molecules captures is similar across the dilution series, which is good. These numbers the same or better than other methods that report UMI capture efficiency. But I wanted to be able to capture a larger fraction of targets, so that we could detect mutations present in 0.5% of DNA in patients whose plasma samples only yield 100ng.

PCR sampling efficiency of Ampliseq primers was <2% for all but 1 target in  Kou et al Plos One Jan 2016
UMI sampling in WGS was 6% (1.28/20 million)  in Kivioja et al. Nature Methods 2011
CAPP-seq average media: 19%  Newman et al Nature Medicine 2014 




Breast Cancer Mutation Panel Optimization

New Thermostable
Ligase

Optimized Adapter and 
Patch Concentrations

New Polymerase

Left Patch Oligo Right Patch Oligo

Platinum Taq (Life Technologies)
PfuUltra II (Agilent)

Vent DNA Polymerase (NEB)
KAPA HiFi (Kapa Biosystems)
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So we took the protocol through optimization steps that included trying a great new themostable ligase from NEB, as well as some better Polymerases in the universal PCR.



Breast Cancer Mutation Panel
Optimized to improve template molecule capture efficiency

Template Molecule 
Capture Percentage

Old Protocol
100ng

New Protocol 
100ng

New Protocol 
10ng

Improvement

Minimum 0.11 4.27 6.01 48x
Mean 3.39 12.15 12.15 3.6x

Maximum 10.66 35.44 36.77 3.4x

Presenter
Presentation Notes
We arrived a protocol that increased the percentage of molecules that we capture significantly, by more than 3 fold.   We also achieved our goal sampling at least 1,000 molecules for almost all targets when starting with 100ng plasma DNA.



Sensitive and Specific Quantification of Rare Mutations

1. Obtain Reference DNA containing 50% PIK3CA H1047R  from Horizon Discovery
2. Sonicate to shear to average 170bp
3. Spike into 50ng Healthy Donor Plasma DNA at varying frequencies

Presenter
Presentation Notes
To test the sensitivity and specificity we performed a dilution experiment with mutant DNA spiked in to 50ng of healthy donor plasma DNA.  We sequenced more than 900 molecules with at least 5x depth in each sample.  The mutations were detected accurately at our lowest spike-in: 0.5% with 0 false positives in the completely wild-type sample.  We are now ready to start sequencing the plasma samples from patients treated at HCI.



Blood plasma collection at Huntsman Cancer Institute (Year 1)
Occult 

DiseaseRemission Recurrence

MonitoringSurgery

Diagnosis Staging
Chemo/

Hormone 
TherapyScreening Monitoring

Invasive Breast Cancer Cohorts Number of Patients 
in Year 1

Molecular Margins
Residual Disease Surgery (Pre-op and 14 days Post-op) 84

Monitoring Therapy 
Response

Neoadjuvant chemotherapy (longitudinal) 19
Chemotherapy for residual localized disease (longitudinal) 58

Chemotherapy for metastatic disease (longitudinal) 72
Monitoring for 

Recurrence Post-treatment follow-up appointments (longitudinal) Research-only draws 
recently approved

Ovarian Disease Cohorts
Number of Patients 

in First 6 Months
Predict Diagnoses Before 

Surgery
Molecular Margins
Residual Disease

Surgery with cancer diagnosis (Pre-op and Post-op draws) 6

Surgery with non-cancer diagnosis (Pre-op only) 8
Monitoring Therapy 

Response Chemotherapy for ovarian cancer (longitudinal) 47
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I thought I’d tell you briefly about our experience collecting blood plasma samples from patients at HCI over the past year.  We have organized them into separate studies/cohorts. We have 84 patients who we have …



Breast cancer specific DNA methylation

80 CpGs in 29 Genomic Regions
Differentially methylated between breast cancer and normal tissue (RLM p < 5x10-6)

Difference in average methylation between tumors and normals > 50

21 Normal Tissues
Breast, Leukocytes, Muscle,

Adrenal, Brain, Uterus, 
Testis, Stomach, Lung, 

Kidney, Skin, Liver, Pancreas, etc.

156 Breast Tumors
Primary Triple Negative Breast Cancer

Metastatic Triple Negative Breast Cancer
Pre-menopausal ER+ Breast Cancer
Post-menopausal ER+ Breast Cancer

100
83
66
50
34
17
0

Percent M
ethylated

All tumors have methylation at many loci –
providing a robust signal
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I just wanted take the last few minutes to tell you that in addition to mutation detection, we are looking at using breast cancer specific DNA methylation profiles to measure ctDNA.   I’ve collected genome-wide DNA methylation data from 21 normal tissues, as part of my work with the ENCODE Project Consortrium, and we’ve also profiled 156 breast tumors.   We can clearly find loci that are methylated in cancer, and not in normal tissue, and all tumors have methylation at many loci, providing a robust signal, as opposed to hoping to observe a single mutation in a patient. 



Bisulfite Patch PCR
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When I was a graduate student I adapted Patch PCR to detect DNA methylation by incorporating a bisulfite treatment step into the protocol after the Patch Ligation but before the PCR.  



Cancer Rep1
Cancer Rep2
Normal Rep1
Normal Rep2

Reproducible detection of aberrant DNA 
methylation in breast cancer patient

Breast Cancer Methylation Panel
(Old Protocol)
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We used this approach to perform targeted bisulfite sequencing on 29 regions of the genome that exhibit breast cancer specific methylation.   We get good read depth across the loci, with and without bisufite treatment, but we are undersampling the molecules for some of the targets. For targets where we covered >100 molecules with 5x read depth we were able to accurately quanitify DNA methylation down to 1%. We have also used this method to detect breast cancer specific methylation in patient samples.   This was performed using our old protocol and we are excited to try it again with our newest improvements.
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We suspect that the harsh bisulfite treatment might be one reason why we can’t capture as many template molecules, so we are adapting our method to be compatible with seuqencing instruments that can directly detect DNA methylation.  We are using Patch (minus the PCR) to make circles for the Pac Bio instrument.
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And we have also made PCR-free libraries for the Oxford Nanopore instrument.
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