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Target enrichment

● Focus on genomic regions of interest

● Method for enrichment

○ Hybridization-based

○ Amplicon-based

● Concentrate sequencing data

NGS Targeted NGS

Target
enrichment

Capture probe

PCR primers



Why do we do ultra deep targeted sequencing?

● Consider a blood sample

○ Limited amount of ctDNA

○ Maximize the chance of finding ctDNA

● Exhaustive assessment of regions of interest

● Relatively low sequencing costs

Zviran et al., Nature Medicine, 2020



What’s the catch?

● What if the enrichment is not optimal?

○ Tumor heterogeneity

○ Tumor evolution

● New critical mutations may arise

● What if no ctDNA fragments originating from

the regions of interest are present?

Meeks et al., Nature Reviews Urology, 2020



Enrichment design

● Tumor agnostic

● Tumor informed

○ Non-personalized

Cohen et al., Science, 2018

Costs Patient coverage



Enrichment design

● Feasibility of tumor agnostic or tumor informed non-personalized approaches?

● Tumor informed and personalized

● Time

● Effort

● Consistency and reproducibility?

● Retrospective/prospective analysis setup

Catalogue somatic mutations Enrichment of mutations for all patients
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Development of novel ultra deep NGS technologies
... and their methods

TEC-Seq

CAPP-Seq

Duplex

MAESTROPro-Seq

Signatera

Safe-Seq

Tam-seq

PrimerID
ssDNA-seq



Polymerase

oops!

A-G-C-T-T-G-A-A
T-C-G-A-T-C-G-G-C-T-G
               \
               8-oxo

Sources of errors in NGS that influence ctDNA detection

False positive signal is a critical limitation for ultra-sensitive ctDNA detection methods
-> solution (1., 2. and 3.): UMI technology

1. PCR errors

2. PCR "errors" on abasic nucleotides (sample storage and handling)

a. Oxidation of guanine G:C (-> 8-oxo-G:C) -> T:A mutations 

b. Deamination of cytosine: C:G (-> U:G) -> T:A

c. Others

3. Image acquisition and interpretation (sequenator)

4. Biological noise: mutational signal from non-cancerous cells (e.g. "clonal hematopoietic expansion 

of unknown potential" = CHIP)



Library generation Library amplification 

cfDNA UMI 
adapters/primers

How UMI mediated noise reduction works

UMI: Unique Molecular Identifier, a molecular BARCODE

TCATGC

AAGCTA



How UMI mediated noise reduction works

AGTCAGTTCGCTG

AGTCAGTGCGCAG
AGTCAGTTCGCAG
AGTCCGTTCGCAG
AGTCAGTTCGCAG
AGTCAGTTTTCAG
AGTCAGTTCGCAG
AGTCAGTTCTCAG

AGTCAGTTCGCAG

Reference:

PCR duplicates:

Consensus read:

cfDNA

UMI library 
amplification

NGS

UMI family
(same UMI + 
genomic pos)

T>ACalls:

Flowcell

(Target 
enrichment)



1. Library prep
2. Target enrichment
3. Redundant sequencing

4. Mapping of raw fastq reads
5. Grouping of reads sharing UMI barcode and genomic position into "families"
6. Consensus sequence generation within UMI families
7. Mapping of consensus reads
8. Variant calling

Principal workflow of UMI mediated noise reduction

On computer

In lab

I



Sanger

NGS

TAm-Seq

Safe-Seq

CAPP-Seq

Signatera

Duplex

Pro-Seq
MAESTRO

Technology performances

Approximate estimates for illustrative purpose only

eTAm-Seq

Safer-Seq

TEC-Seq

Targeting method

Non UMI-based
UMI-based 



Library amplification 

Duplex sequencing

AAGCTA
TTCGAT AGTCAGTTCGCTG

AGTCATTGCGCAG
AGTCATTTCGCAG
AGTCCTTTCGCAG
AGTCATTTCGCAG

AGTCAGTTTTCAG
AGTCAGTTCGCAG
AGTCAGTTCTCAG

AGTCAGTTCGCAG

Reference:

Sense UMI 
family:

Anti-sense UMI 
family:

Consensus 
read:

Calls:

Consensus 
read:

Duplex family

T>A

8-oxo T
T
T
T

Duplex Seq increases specificity 10-500x by utilizing 
information from both strands to eliminate abasic and 
"jackpot" PCR errors.

Requires sampling of both strands effectively 
increasing NGS data cost and lowering sensitivity.



AGTCAGTTCGCTG

AGTCAGTGCGCAG
AGTCCTTTCGCAG
AGTCAGTTCGCAG
AGTCATTTCGCAG
AGTCATTTCGCAG
AGTCAGTTCGCAG

AGTCANTTCGCAG

Proximity sequencing

Reference:

Flowcell cluster 
duplicates:

Flowcell 
consensus:

Flowcell
Pro Seq has Duplex level-noise reduction using 50x less 
data effectively increasing sensitivity

T>ACalls:

cfDNA

NGS

Droplet Duplex 
library prep + 
target 
enrichment



Case I: can ctDNA improve the post-OP treatment of CRC ?

ACT

Overtreatment!

Cured by surgery Cured by ACT Residual disease

ACT

Undertreatment!

High Risk
(III + II-HR)

Low Risk
(II-LR + I)

ctDNA guided risk stratificationToday's practice

@ Modified from Christina Demuth

Clinicians need a postOP response - ctDNA positive or negative ?



Case I: can ctDNA improve the post-OP treatment of CRC ?

OP

High risk pt

< 8 wks

Whole exome 
sequencing

ddPCR | UMI seq
On average 3 mutations per patient

Genome coverage

P
at

ie
nt

 c
ov

er
ag

e

Colorectal cancer

15 kb

0.98



Stage I Stage II+III

PreOP detection rates

Call model:

Case I: can ctDNA improve the post-OP treatment of CRC ?

Why is it not perfect ?
● Low shedding (T1 tumors)
● cfDNA -> NGS efficiency
● ctDNA sampling effects
● Mean LOD 0.032 % (plasma)

III



Case II

Genome coverage
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Bladder cancer Retrospective setup

92 patients

Plasma and urine samples

No response to be given to clinicians - proof of principle 



Case II

Whole exome sequencing
Catalogue somatic mutations

50 mutations/patient

Ultra deep sequencing with UMIs



Case II

● Exploit cross patient data

● Single mutation calling

○ Shearwater algorithm1,2

■ Test vs. error model based on “normal samples”

● Sample level calling

○ Fisher’s method for target mutations

○ Bootstrapping of random non-target mutations

Fisher’s method

○ Rank target mutation score in relation to non-target scores

Error model

Sample-wise test

1 Gerstung et al., Bioinformatics, 2014
2 Martincorena et al., Science, 2015



Key points: Ultra deep targeted sequencing

● Very high mean depth on relatively narrow genomic space

● The clinical situation and practical matters are important for the enrichment design

● False positive signals arise from 1) NGS image interpretation, and 2) PCR base 

misincorporation (especially on abasic bases) 

● UMI directed strategies might be necessary to achieve sufficient sensitivity (for most 

clinical settings) due to false positive signal inherent to NGS
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