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The Role of DNA in Diseases

Disease-causing Variants:

Variation in DNA sequence 

that cause aberrant activation 

or loss of different genes

Germline:  Inherited variations obtained from parents that increase risk of 

developing cancer, developmental diseases, etc.  (CFTR, BRCA, TP53, APC)

Somatic: Variations that sporadically occur caused by mistakes during cell 

division & carcinogen exposure (smoking, chemicals, alcohol, radiation, etc)
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Basics of DNA Sequencing

• Sanger Sequencing

– Developed in the 1970’s

– Originally used radio-labeled chain-terminating 
dideoxynucleotides

• Cytosine (C)

• Guanine (G)

• Adenine (A)

• Thymine (T)

– sequencing gels

• Automated capillary electrophoresis

– Fluorescently labeled dideoxynucleotides

– Largely used for sequencing of fragments between 
300-1000 bp

– ABI 3730 capable of generating 1-2 Mb of sequence 
per day

Radio-Labeled 

Nucleotides

Fluorescently Labeled 

Nucleotides



Human Genome Project

• Started in 1990 

– Goal to sequence the ~3,000,000,000 bp

human genome

– 20 institutions across 6 countries

– Sanger sequencing methodology

– Cost ~3 billion dollars

• Completed in 2003

– 22,300 protein coding regions in the 

genome

• Demonstrated that there was a need to 

develop high throughput, cheaper and 

faster DNA sequencing technologies 



Massively Parallel Sequencing (aka Next 

generation sequencing (NGS))

• Rapid and cost effective method for determining 

the sequence of millions of DNA molecules 

simultaneously

• Instruments can fit on a desktop

• Illumina

• IonTorrent

• Requires complex and powerful computing 

processes for data analysis

– Anyone can generate data; analysis and 

interpretation are typically the bottlenecks



Impact of Massively Parallel Sequencing

2006: Genome Analyzer

2010: Illumina HiSeq

2011: Ion Torrent PGM

2005: Roche 454
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A. Library preparation
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www.illumina.com

A. Library preparation B. Cluster amplification

C. Sequencing

MPS (Illumina) sequencing overview

50-150 cycles (bases)
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Millions of sequencers sequencing in parallel!



www.illumina.com

A. Library preparation B. Cluster amplification

C. Sequencing

D. Bioinformatics:

Alignment, variant calling and analysis

NGS (Illumina) Sequencing Overview

Reads-



Bioinformatics Data Processing

• Bioinformatics ‘pipeline’ produces variant calls

• Aligns reads to a reference sequence, calls variants, then annotates the variants

• Variant calls can be visualized

Homozygous

variant Heterozygous

variant

Insertion

Pipeline

bam



Common MPS Testing Terminology

• Capture = Probes targeting genes of interest

– Typically targets only the coding regions (exons) of genes or noncoding regions with 

known clinical significance

• Panels = Subset of genes within a capture typically clustered by clinical features 

(disease, phenotype, etc.)

Capture probes

Panel genes



Targeted Hybrid Captures

• Biotinylated ‘baits’ designed to cover 

regions of interest only

• Target regions hybridized to baits in 

liquid phase

• Regions of interest are eluted using 

streptavidin magnetic beads

• Only the DNA sequence that is eluted 

with baits is sequenced

• From 1 to >20,000 genes can be 

targeted



Massively Parallel Sequencing Workflow in 

Three Basic Steps

Clinical laboratory

“wet work”
Bioinformatics 

analysis
“Variant” annotation

and interpretation

Common Challenges

-Physical space

-Large capital investment

-Standardization of workflow

Common Challenges

-Large capital investment 

-Recruitment of talent

-Standardization of workflow

Common Challenges

-Difficult to automate

-Difficult to scale



Why use MPS in a clinical lab?

• Traditional testing modalities (e.g. Sanger sequencing) require you to look at a 

single gene at a time

– For disorders with numerous causative genes (such as Retinitis Pigmentosa) the cost of 

determining the underlying genetic cause by traditional molecular testing routinely 

exceeds $10k

– Time to diagnosis is usually prolonged and, in some cases, can take several years

• MPS allows for the simultaneous testing of many targets in a single test

– All known causes of a disorder with allelic heterogeneity can be tested in a single assay

– Also useful in targeting hotspot regions for somatic changes in cancer patients 

• For inherited disease testing the introduction of MPS into the clinical laboratory 

has dramatically reduced the cost of testing and time to diagnosis for a number of 

disorders

• For somatic disorders the use of MPS has significantly decreased molecular 

testing costs and helps to tailor care of cancer patients



Common Types of MPS Tests

• Single gene tests 

– Ex. BCR-ABL1 mutation testing

• Panels

– Typically a group of genes associated with a common phenotype (i.e. Inherited Breast Cancer, 

Myeloid Malignancies)

• Exome Sequencing

– Coding sequences of genes (exons) only

– Does include intron/exon boundaries

• Whole Genome sequencing

– Entire genome



Germline

• Tests for variants in DNA common 
to all diploid cells 

• Allelic ratios = 50% or 100% 
(heterozygous or homozygous)

• Sample type is typically blood

• Rare variants, SNVs and small 
insertion/deletions

• Expansive number of genes

• Extremely large number of probes 
to analyze

Somatic

• Tests for variants in a subset of 
cells

• Any allelic ratio is possible ranging 
from < 1 – 100%

• Challenging sample types (FFPE)

• Known/common variants, 
amplifications/translocations

• More limited gene set

• Moderate numbers of probes

Distinctions Between Germline and Somatic 

MPS Testing



ARUP Genomics Overview

• Massively parallel sequencing-based clinical testing has been available at 

ARUP for 5+ years

• ARUP was one of the first reference labs to offer clinical MPS

• We offer testing for germline disorders, solid tumor oncology and 

hematological malignancies

– Current offerings include ~25 germline tests (including exome), 1 Solid 

Tumor hotspot test and 2 heme malignancy tests

– All of our current tests are internally developed 
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MPS Common Hurdles – Lab Standardization

• Consolidation of workflows to a single chemistry and sequencing 

platform is often difficult 

– Many labs implement kit based assays in order to quickly get into genomic 

testing

– This often works for one area (e.g. solid tumor testing) but may be difficult to 

implement in others (e.g. germline gene panels)

– This sometimes requires that multiple sequencing platforms be introduced

– MPS workflows are highly complex and it is very difficult to automate 

processes that are not standardized 



MPS Common Hurdles – Informatics and IT

• MPS generates an enormous amount of data and few labs already have 
infrastructure in place to handle the increased computing demands

– In most cases implementation of MPS requires improved networking 
capability – a single sequencing run can generate anywhere from several 
gigabytes to several terabytes of data

– Demultiplexing, alignment and annotation of data usually requires individuals 
with specialized training in bioinformatics 

• It is possible to use sequencing platforms with onboard informatics but 
these typically still require significant networking and/or server 
maintenance infrastructure

– Use of these systems also requires constant tracking of software updates. 
Lack of notification from vendor can result in testing discrepancies  



MPS Common Hurdles – Analysis and 

Interpretation

• MPS generates much more data than traditional testing modalities 

requiring a significant time investment for interpretation

– A large gene panel (>20 genes) routinely generates more than 100 variants 

that need to assessed for clinical significance 

– Exome sequencing generates thousands of variants

– Interpretation of somatic and germline testing is very different and requires 

individuals with specialized training



ARUP’s Experience With Common MPS 

Hurdles – Lab Standardization

• In order to initially enter the genomic testing space quickly, multiple 

technical approaches were taken by individual specialty areas

– At one point our genomics laboratory was running tests using five different 

chemistries across several sequencing platforms (Illumina, IonTorrent) 

• We were also using multiple sequencing systems within individual 

manufacturers

– At one point our laboratory was running the Illumina NextSeq 500, the 

Illumina MiSeq, the Illumina HiSeq 2500 and the IonTorrent PGM

• This resulted in prolonged turnaround times, a challenging work 

environment for the genomics clinical lab staff, and concerns about 

maintaining quality for the multiple workflows



ARUP’s Experience With Common MPS 

Hurdles – Informatics and IT

• Lack of standardization of laboratory workflows also resulted in a lack of 

standardization of our informatics processing

– We essentially had individual bioinformatics processing pipelines for every 

test

– This clearly was not scalable or sustainable in the long term

• Lack of cloud-based computing solutions meant that onsite computing 

requirements were substantial 

– Resulted in long processing times for individuals samples and that samples 

were serially analyzed

– No real capability to do parallel sample processing 



ARUP’s Experience With Common MPS 

Hurdles – Analysis and Interpretation

• Rapid growth in the area of genomics highlighted our lack of scalable 

infrastructure for interpretation and reporting

– Existing processes used in the interpretation of our Sanger tests were not 

directly transferrable to genomic testing

– Medical directors spent hours investigating the higher volume of variants 

identified by gene panels

– Turnaround time was negatively impacted
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Focus on Standardization and Scalability

• For the last few years ARUP has been focused on reorganizing our 

genomics lab to focus on standardization and scalable processes

• This overhaul has been focused on:

– Consolidating all of our testing to a single chemistry and sequencing platform

– Reworking our bioinformatics pipeline such that it is state of the art and cloud 

based

– Implementing full automation into the clinical lab

– Standardizing analysis and interpretation



Multiple Workflows in 

Germline and Oncology 

MPS Testing

• One capture for germline testing

• One capture for somatic testing

• One capture for exome

Laboratory Chemistry Standardization



Laboratory Chemistry Standardization

• 3 captures and one laboratory workflow

– Each of our previous captures targeted < 300 genes

Germline Captures Somatic Capture

Exome Targeted

# Genes >18,000 ~5000 ~700 + intronic

Capture Size 39-57 Mb 14-18 Mb 6 Mb

# Probes >400,000 >130,000 50,000

All genes, not all clinically relevant
Disease associated genes



Benefits of Consolidating Capture Chemistry

• Significant efficiency gains in the laboratory by reducing workflow 
complexity

– Regardless of the germline or somatic panel test order a single capture is 
performed by the laboratory

• Data from genes not ordered is masked bioinformatically

– Single chemistry allows for an easier automation build and therefore 
improves scalability

• Increased flexibility in test builds as a single validation is performed for 
the overall capture

– New panel test additions are essentially ready at any time

– Also allows for custom panel builds and single gene testing 



Proper Validation of MPS-based Testing

• Variant types/classes 

– Single Nucleotide Variants (SNVs) 

– Small Deletions

– Small Insertions

– Large Deletions

– Large Insertions

– MNVs –multiple nucleotide variants (indels)

– Translocations

– Copy Number Variants (CNVs)

• Performance can (and usually does) vary for each 

variant class

• Variant classes need to be treated independently in 

validation

– Hundreds of samples are required



Why Not Just Run Exome on All Samples?

Germline Captures Oncology Capture

Exome Germline Oncology

# Genes >18,000 ~5000 ~700 + intronic

Mb 39-57 Mb 14-18 Mb 6 Mb

# probes ~450,000 ~130,000 ~35,000

• Cost: 5x more sequencing for germline samples and at least 50x more for Oncology samples

– Number of samples that you can pool goes down significantly due to the size of the exome capture

• Cost: Probe cost is significantly more for exome

• Very little flexibility in design

– Careful probe design is required to cover all genes appropriately for targeted clinical panels

All genes, not all clinically relevant Only disease associated genes tested



Full Lab Automation



Full Lab Automation: 

A Multi-Phase Process

• Automation is critical component of 

scalability and error reduction

• Our ultimate goal is to move to a fully 

automated workflow in our genomics 

lab

• As full automation is a large 

undertaking we have approached 

automation as a multi-phase process



Lab Automation 

Phase 1: Manual to Semi-automation

• Agilent Bravo B Liquid Handler

• Semi-Automated process

– Library Preparation to Capture/Wash

– Improves consistency between 

samples/preps

• Sample switching improvements

• Semi-scalable and robust



Lab Automation 

Phase 1: Manual to Semi-automation

Disadvantages:

• Not true walk-away automation

• Limited scaling

• Poor LIMS/scheduling integration

• Limited workflow 

customizability/flexibility



The Next Phase: NGS Automation Work Cell 



Automation Workcell Concept

Collaborative Robot Collaborative Robot

Docking 

Cart
Docking 

Cart
Docking 

Cart

Docking 

Cart

Docking 

Cart

Liquid 

Handler

Liquid 

Handler
Liquid 

Handler

Liquid 

Handler

Clean Room Amplicon Room

Divided by Airlock



Automation Workcell

• Collaborative Robots

• Modular Carts

• Scheduling Software



Sequencing Consolidation and Scaling: 

HiSeq 4000 Sequencing

• Patterned Flowcell Technology

– 2.5 billion pairs of reads (aka 150 bp sequences) 

– 750 Gb per flow cell in ~40 h

– $20.71 per Gb or $0.00000002 per base

• Bioinformatics

– Images converted to FASTQ Files



Past Workflow

• Numerous bioinformatics 

pipelines

– Essentially a different pipeline 

for each assay offered making it 

very difficult to properly 

maintain

– Computing done on site using 

physical systems resulting in 

longer data processing times

– Not scalable

Current Workflow

• Complete redesign of our 

informatics infrastructure

• One bioinformatics pipeline for 

germline/exome and one for 

somatic

• Cloud based data processing 

– Infinitely scalable (in theory)

Bioinformatics Overhaul 



Genomic Data Interpretation Issues

• Our original MPS data interpretation involved having the medical 

directors interpret all variants with no support

– Time consuming: some variants would take hours to interpret

• Turnaround time also negatively impacted as medical directors had to do the 

initial variant list review to determine required Sanger confirmations

– Lack of standardization: Our genomics lab predates the ACMG guidelines on 

variant interpretation so criteria for variant classification weren’t clearly 

defined

– Very costly to have medical directors doing 100% of the initial interpretation 

and report building



Genomic Data Interpretation Solutions

• Clinical Variant Scientist position created

– Ph.D. level scientists hired specifically to do variant interpretation

– These individual do all initial quality metric review, review of variant list, 

order any necessary Sanger confirmations and generate a draft report

– ARUP now employs ~15 clinical variant scientists 

• Half focused on germline testing and half focused on somatic

– Use of clinical variant scientists has been so successful with MPS-based 

testing that they are now being trained on other testing specialties (e.g. 

cytogenetics)



Genomics Data Interpretation Solutions –

NGS.Web

• Easy visualization of data generated by MPS is important for streamlined 
interpretation

• When we first entered the MPS testing field there really weren’t a lot of 
options for data visualization and clinical report generation

• After testing a few commercially available options we decided to build 
our own 

– Program is called NGS.Web

– Created by our internal biocomputing group under the direction of our 
medical directors

– Now used for all MPS based testing 

– Also used for Sanger testing  



Genomics Data Interpretation Solutions –

NGS.Web
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Genomics Data Interpretation Solutions –

NGS.Web



ARUP Genomic Data Interpretation

• ARUP also employs more than 15 genetic counselors

– GCs review all of our genomic test orders for appropriateness

– GCs also review all germline reports after they are completed by the CVS 

(prior to medical director review)

• Final review of all reports is done by a board-certified medical director

– ~30 medical directors at ARUP are involved in the sign out of MPS-based 

testing

– Exome cases are discussed weekly at a focused case conference that includes 

multiple medical directors, GCs, CVSs and clinical geneticists



Summary

• Genomic testing using MPS has become the standard of care for the 

diagnosis and treatment determination in many disorders

• Clinical testing in genomics is complex and can be challenging to 

implement without the proper infrastructure

• Though many hurdles exist, the successful implementation of MPS-based 

testing can be achieved through strategic planning  
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