
Capturing the entire clinically actionable 

genome with high-throughput long-read DNA 

sequencing technologies for comprehensive 

diagnostic testing



• Scale genetic testing nationally

• Offer new tests including NIPT, newborn screening and 

oncology testing

• Develop new digital applications to further engage 

with patients and providers

• Share the data

• Better predict health trajectories 

• Analyze and monitor millions of 

patients

• Drastically improve patient 

diagnosis and treatment

Sema4 is a new Mount Sinai Company 



2011 IDC Digital Universe Study sponsored by EMC 

Advanced technologies have given rise to 

an explosion in the digital universe

(> 1 trillion gigabytes of information was created and replicated 
in 2011; growth continues to accelerate – factor of 9 growth in 
last 5 years; roughly 2 zettabytes of data added a year now; 

estimated 20-30% is useable)



Advances in DNA sequencing technologies have 

now added to this explosion 

(1.8 trillion gigabytes of information will be created and 
replicated in 2011; growth continues to accelerate – factor of 9 

growth in last 5 years)



Mobile + Social Networks
Big Data Analytics

The “Internet of Things”

The Cloud Next-Gen Genomics

3D PrintingAdvanced Materials

These types of rapid technology advances are delivering massive scales of data 

around individuals, that if appropriately integrated, can dramatically alter our 

ability to predict disease risk or diagnose, treat, or even prevent disease

Gesture-based , Interactive 

Computing



Aorta

Liver

Whole Blood

Sub. Cut Fat

Adipose (VAF)

Skeletal Muscle
Mam.

Tissue # Cases # Controls

AOR 538 62

MAM 550 0

BLD 479 57

LIV 545 30

VAF 529 46

SF 572 68

SKLM 530 67

August 2016

On the molecular side, significant cohorts profiled at an unprecedented depth



The thickness of the edges between the tissue and the disease reflect how frequently a disease-causing gene is shared between pairs of diseases and tissues.

Providing for the first time extensive maps of disease



Which in turn has enabled the construction of predictive network models 

elucidating the molecular underpinnings of disease and wellness 



Bob Wright/Mount Sinai

Complementing the molecular dimensions is the “Exposome”, the newest “Omic”

“The totality of environmental 

exposures throughout a 

lifetime”

-Analogous to the Genome



Exposure to green, natural areas Daily air pollution

Access to Healthy Foods

Air Temperature/Climate

Social Media Content Traffic patterns

Bob Wright/Mount Sinai

App enabled use of Geographical Information Systems for the 

“External Exposome”





The value of a more completely phenotyped and molecularly profiled population

Germ line

Epigenome

Somatic

Gut

Environment

Mouth

EMR

Mobile Apps

(eg, GINGER.io)

Hospital 

Based

Consumer 

Based

http://ginger.io/


Dudley et al.

Subtype 1:

• More likely to suffer from blindness 

and vision defects

• Grouping genetically supported

Subtype 2:

• Greater risk of infections and cancer

• More immune deficient

Subtype 3:

• Higher blood pressure, blood clots, 

more metabolic syndrome like

• Grouping genetically supported

Using EHR data, diabetic patients organized into 3 distinct groups 

representing different severity, comorbidities and genetic components



We can go further to integrate these different dimensions of data to build models

Host Molecular(DNA, RNA, Proteins) Clinical (EMR) Consumer AcquiredMicrobiome Molecular



With such models, we can carry out biology in silico, perturbing systems 

“experimentally” to understand how information flows through it



Ultimate Objective: Model individual health course trajectories to 

enhance clinical decision making

Disease 

State

Normal State

Adapted from Rui Chang et al. PLoS Computational Biology



Medical systems of the future…

Largest car company in the world 

owns no cars (founded 2009)

> 200,000 drivers in US

> 1,000,000 drivers world wide

Largest hotel chain in the world owns 

no hotels (founded in 2008)

Soon the largest medical system in 

the world will own no hospitals

Implantable

Ingestible

Portable

Wearable



Unique capabilities 

of coupling what 

people need to 

know with what they 

want to know for 

their future

Current State of 

Knowledge and 

Understanding

Personal DNA, EMR, 

Pharmacy, Labs, 

Device Acquired, 

Environment

Predictive                    Modeling 

Health

Graph

CHASM

Consumer Action

THE PROBLEM: We do not have the scale of content needed to build these 

models to realize this vision



Our Solution: Engage patients along their health course by providing 

comprehensive, medically actionable genomic testing

DATA ACQUISITION AND 

MANAGEMENT 

(taking into account more 

complete information)

KNOWLEDGEBASE

(enabling better tracking of outcomes)

ADVANCED ANALYTICS

(providing better solutions for the 

future)Deep, Dynamic, Adaptive 
Learning Platform

Data Knowledge Understanding

NLP

Curatio

n
ETL

Networks

Knowledg

e
Simulator

V. Gen.

V. Onc.

V. Res.

Molecular Outcomes

Health Graph

The pregnancy journey is a great example 

of the opportunity that exists to engage 

patients along their health trajectory

• We don’t just run a test, we engage patient and 

physician as partner 

• Aid physicians in maximizing patient outcomes

• Streamline physician workflow

• Partnering to enable learning healthcare systems



Milestone connection between diagnostic testing and information system



Standard 

panel

4

Additional 

Genes

171

High 

Frequency

10

Ashkenazi

58

Sephardi/

Mizrahi 

48

Comprehensive 

Jewish

96*

Development of an Expanded Pan Ethnic Carrier Screen

281 autosomal recessive and X-linked diseases chosen by 

literature review, internal research, and physician input 



Jewish Migration Paths (Ashkenazi, Sephardi, and Mizrahi)

 48 disorders with Ashkenazi founder alleles
 38 disorders with Sephardi/Mizrahi founder alleles
 10 common to all groups

>800 Sephardi/Mizrahi samples
screened from the greater NY
metropolitan area 

>Exhaustive literature search



Beyond the pregnancy journey we now know enough to make 

genomic testing relevant for everyone 

Roughly 1 in 100 babies 
will harbor severe genetic 

lesions that cause 
catastrophic illness

Roughly 2 in 100 children 
harbor mutations that result 

in failure to thrive 
conditions

Up to 20% of the 
population carries 

variants for blood clotting, 
heart disease and 

dementia

Virtually everyone carries 
loss of function mutations 

that can impact drug 
response

Heritable forms of cancer 
affect up to 10% of the 

population (breast, 
ovarian, prostate, colon, 

etc.)

Virtually everyone carries 
loss of function mutations 
that have the potential to 
cause serious disease

Carrier of 
Mendelian
Mutations

Child with 
Genetic 

Condition

Heritable 
Cancer

Pharmaco-
genomics

Fetus with 
Severe 
Genetic 
Lesions

Cardiac, 
Neuro, 
Heme



But we need 3rd gen sequencing to extract the most meaning 

from individual genomes we push it?

• Many advantages:

• Long read lengths  chromosome-scale assemblies

• Can use native DNA (no amplification required)

• Genome-wide DNA methylation detection (4mC, 6mA) at single-base, strand-

specific resolution

• Has opened up new fields of research in epigenomics and de novo genome assembly



Variant Management and Confirmation

NGS variant calling for single nucleotide variants is highly accurate >99.9%

Complex insertion/deletion calling is not 99.9% accurate (~95%)



31%
(79)

2%
(5)

67%
(172)

Reclassification of Variants with 

Nomenclature Change (n=256)

LP to VUS

VUS to LP

No Classification

Change

Using PacBio sequencing as an orthogonal technology to clinically validate

2%
(256)

89%
(11340)

9%
(1199)

No  Change

Nomenclature

Change

Did not Confirm



Spinal Muscular Atrophy



Gaucher’s Disease:  Assessing GBA using SMRT Sequencing

A spectrum of presentations with as many as 
300 mutations have been observed in GBA 

and the diversity is what makes clinical 
presentation so tough to differentiate and 

drives the need for genetic screening



Gaucher’s Disease:  Assessing GBA using SMRT Sequencing

-12 control cell lines and 8 internal clinical samples confirm 100% of pathogenic variants
-NA20270 repeated twice to show both het calls and general reproducibility
-Two internal normal controls show negative results, as expected

Collab w/ CG Lab / Yao Yang



In fact given wide expressivity of GD, many cases go undiagnosed 

given inadequate testing

The Resilience Project is one of our studies



Fabry’s Disease Spectrum Due to Varied Mutations in GLA 

GLA variants: Eng, CM. et al. Mol. Med. 1997
GLA structural model: Matsuzawa, F. et al. Hum Genet. 2005 

• Manifests as range of systemic symptoms, often misdiagnosed in childhood/early adults

• Deficiency of alpha galactocidase (GLA) results in insufficient lipid metabolism; 

accumulation of lipids causes widespread organ damage

• Spectrum of symptoms and severities due to multiple pathogenic mutations across GLA 

locus and penetrance (X-linked)

GLA locus: 7 exons; ~10kb
chrX: 101,397,803-101,407,925  



Resolving Repeat Expansions:  Clinical & 

Pathologic Overlap of ALS and FTD

Dejesus-Hernandez et al. Neuron 2011

Radford et al. Front. Cell Neurosci 2015.

Heterogeneous clinical presentation in C9orf72 patients

Central hypothesis: there exists a relationship between the C9orf72 repeat 

expansion length, sequence, and/or heterogeneity and the clinical 
manifestation of motor neuron disease across the ALS-FTD spectrum.

Genetic modifiers primarily contribute to ALS-FTD phenotypic heterogeneity 

(e.g. TMEM106B, Ataxin-2). 



Loci w/ Known Disease Association That Require Advances

-We need to gain a better understanding of pseudogenes, repeat expansions, and 

polymorphic loci for disease diagnostics

-Every individual has ~1000 SVs that are > 2500bp in length, requiring long read sequencing



Breakdown of positive rates of all panels

0%

20%

40%

60%

80%

6.8%

26.7%

56.5%

51.6%

64.6%

Number of 
Diseases tested



Web & Mobile AppsEducate

Consent

Test
Report

Engage eGC

Managing pregnancy and 

postnatal journey

General surveillance and managing wellness

What medical 

issues can I pass 

on to my child

Does my baby 

have any serious 

medical issues

What are the 

disease risks for 

my child

PostnatalPrenatalPreconception

Current Carrier and NiPT DTP

NBS Dx Pathway for Pharma

DT Medical Systems

Clinical Genetic Testing

eGC 

Mobile Apps

Carrier

Screening

Non Invasive 

Prenatal Testing

New Born 

Screening

Direct to Consumer

Search for Resilience

NBS from Dx pathways

Helix Carrier Screening



Creating a feedback loop to continually refine test interpretations and expand test utility

Aggregate and Bank Data

Deep, Dynamic, 

Adaptive 

Learning System

Information

Store

eGC 

Mobile Apps

Carrier

Screening

Non Invasive 

Prenatal Testing

New Born 

Screening



Product Roadmap

TODAY Q4 2017 2018 2019
RH Dx Test eGC/Onc V. Res/V. Gen Virtual Onc

• NextStep
• NIPT
• ETL
• Clinical 

Reporting
• EMR Integration

• Multiple onc
panels

• Heritable 
cancers

• Clinical 
Reporting

• Electronic 
patient 
engagement 
(eGC)

• Information Store
• Health Graph for 

pharma
• eGC with 

decision support 
(virtual 
geneticist)

• Consumer: Apps 
and DNA test

• Treatment 
decision support

• Treatment 
outcomes 
analytics

• Molecular 
mechanisms

• Adverse events
• Cohort analytics



- Whole gene: p53 GynOnc

- Whole gene: BRCA 1&2

- Whole gene: XPO1, CDK12, 

EGFR

- FLT3: ITD detection in AML

- Validation of PCT patient-

specific loci

- Fusion detection w/IsoSeq

- Inverted PCR to detect 

damage

Development of SMRT Seq Targeted Assays with Dx potential

- HLA Class I

- HLA Class II

- Immune Repertoire 

Profiling

- FL TCR, BCR, scFv (R&D)

- Other SV loci (R&D)

- IBD SV Loci (R&D)

- FMR1: FRGX TNR

- c9orf72: ALS G4C2

- mtDNA

- GLA: Fabry’s Disease

- Large Rearrangements

- Rare Diseases

- CYP2D6

- HLA Class I

- HLA Class II

- Full genomes and m6A for 

microbes

- Target plasmids

- Viral Sequencing (Influenza, HIV, 

HCV)

- HERV activation in HIV patients

- Metagenomics

Inherited DiseaseImmunologyCancer

Pathogen Surveillance

PGx



Population PGx Studies: CYP2D6 Metabolism

• CYP2D6 metabolizes ~20-25% of all medications.

• Antidepressants, antipsychotics, antiarrhythmics, opiates, antiemetics,
-adrenoceptor blockers, tamoxifen, etc.

• >100 alleles identified, including CNVs

• CYP2D6 SMRT sequencing benefits

• Novel allele characterization; duplication allele-specific sequencing,
genotype phasing

Collaboration with Stuart Scott and Yao 
Yang 

CYP2D6 on Sequel (Oct 2016)

372,143 Mapped Polymerase Reads

12,510 kb Polymerase Read N50

Can multiplex 384 samples per 

Sequel 1M chip (100X/sample)

Coverage across CYP2D6



Population PGx Studies: CYP2D6 Utility

CYP2D6 Genotype
TaqMan Copy 

Number
SMRT

Samples Reported a Luminex v3 Intron 2 Exon 9 Genotype

NA17289 *2/*4 (?) *2/*4 2 2 *2M/*4

NA17084 *1/*10 (?) *1/*10 3 2
*1A/*36-

*10B

NA17252 *4/*5 (?) *4/*5 1 1 *4/*5

NA17244 *2A/*4,DUP (?) *2/*4,DUP 4 4 *2Mx2/*4x2

NA17287 *1/*1(*36/?) *1/*1 2 1 *1A/*83

NA09301 DUP (?) *1/*2,DUP 3 3 *1A/*2x2

NA17218 *2/*2(*35) *2/*35 2 2 *2M/*35

NA17213 *1/*2(*35) *1/*35 2 2 *1A/*35

NA17256 *2(*35)/*2(*35) *35/*35 2 2 *35/*35

NA17243 *2(*35)/*4 *4/*35 2 2
*4/*35 + 

2D7

NA17261 *2(*35)/*4 *4/*35 2 2 *4/*35

NA17119 *1/*2 (?) *1/*2 2 2 *1A/*2M

CAUC073 - *9/*10(*29?) 2 2 *9/*10B

HISP418 - DEL/? 2 1 *5/*36-*41
CYP2D6 reference genotype data: Pratt V, et al. J Mol Diagn. 2010

Qiao et al, Human Mutation. Nov. 2015



Milestone Connection Between Oncology and 
Information System

Treatment
/surgery

Continuation of variant calling
Increasing sequencing tests available

Initial  
Tumor 

Sequencing

Reoccurrenc
e Tumor 

Sequencing

Physician Dashboard: enabling  rapid understanding of concise data reporting   

Liquid biopsy data

Clinical trials
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Treatment
/surgery

Continuation of 
Reproductive 

health:
Assessing 

heritable cancer 
risk

Primary 
Diagnosis

Drug 
Resistance

Remission
Reoccurrence

New Treatment
Non-

response

Progression 
beyond 

response to 
standard 

care

Future Patient 
Population

Outcomes continuously improving future care/treatment 



Current testing business

Pharma clinical trials

DT Medical Systems

Molecular Genetic Testing

Primary Dx Resistance

Web & Mobile Apps

Advanced Clinical Portal

Helping patient navigate journey to cure

What 
treatment is 
best for me

How has my 
tumor change? 
What drug now?

What clinical 
trials or non-
standard Tx?

Direct to Consumer
Personal odyssey cases

Referrals from practices

Patient advocacy groups

Disease surveillance and managing active disease

Failure of 
Standard 
of Care



Creating the virtual oncologist of the future

Aggregate and Bank Data

Deep, Dynamic, 
Adaptive Learning 

System

Information
Store

Data Integration Layer

DNA Variation

Literature

Imaging

Proteomic

Metabolomic

RNA

Clinical



Current Clinical Grade Molecular Oncology Services

(Comprehensive Tumor/Germline Characterization)
 Approved by New York state for multiple types of cancer

 Expanding panels in collaboration with Life Tech (Oncomine)

 Model-based interpretations that include pan-omic data

 Employing the model driven decision making in 
these cancer panels

 Some progress made in scaling our personalized 
cancer therapy to become commercially viable



Recruitment of Ovarian / Endometrial Cancer 

Patients (160 already banked)

Collection of tumor 

specimens

Longitudinal collection of 

blood samples

Isolation of tumor gDNA or 

RNA from specimens

Targeted Tumor 

Sequencing:

- Ovarian Panel

- Endometrial Panel

Whole Exome 

Sequencing / 

Comprehensive 

Targeted Sequencing 

Panel

1 or more mutations 

detected in patients

1 or more mutations 

detected in patients

ctDNA quantitation

Orthogonal validation of variants using 

ddPCR, Sanger, SMRT Sequencing or 

other NGS methodologies

Isolation of ctDNA from 

serum/plasma

CT imaging, CA-125 and 

clinical exam 

x patients:

comparison of 

ctDNA and CA-

125 to tumor 

presence by CT 

imaging

y patients:

comparison of 

ctDNA and CA-

125 to tumor 

presence at time of 

surgery

z patients:

comparison of 

ctDNA pre- & post-

treatment to 

overall survival

Diagnostic Prognostic

Targeted ctDNA 

Sequencing directly 

from serum/plasma 

sample:

- Ovarian Panel

- Endometrial Panel

Mutation profile 

obtained can be 

validated against bulk 

tumor data

If no mutations 

Specimen and 

Phenotypic 

Information Banking

Single cell isolation 

from bulk tumor 

sample using BLI

Targeted single-cell 

sequencing of up to 

96 single cells for 

heterogeneity 

analysis

RNA Seq of bulk 

tumor for cohort 

pathway analysis 

network

Single cell RNA Seq

using 10X Chromium 

for pathway analysis

RNA Sequencing

Liquid Biopsy

Cancer Genomics Requires Integrated Technologies

Collab w/ Martignetti, Dottino, Reva



Cancer Hotspot Panel v2 (207 Amplicons) Validation

Variants are annotated back to 

loci in variant .VCF files



SMRT-Sequencing Validation using Juliet vs Torrent Data

151 3
15 variants concordant; 

~13 SNVs, 1 9bp insertion 

& 1 6bp deletion

TV

S 

onl

y

PB-J

-3 Additional variants are in 

downstream regions of the amplicon

that would have likely fallen victim 

to edge effects with the short read 

data. (i.e. – the HotSpot amplicon

wasn’t designed to detect them 

properly)

-1 TVS-only variant is completely 

absent though a separate minor allele 

is detected by Juliet and is known 

OMIM variant.  Negative call needs 

validation.



What do the genomic findings look like when presented to 
patient and treating physician? colon 

cancer

breast cancer

colon cancerbreast cancer

breast cancer

colon cancer

colon cancer



Our Continuing Developments

(we are only now just scratching 

the surface!!)



Genome-wide DNA methylation surveys



Why single-molecule detection?
• Heterogeneity in methylome can lead to phenotypic plasticity

• Change phenotype in response to environment

• For bacteria: subpopulations of cells with distinct phenotypes (phase 

variation)

• Fitness advantage in certain environmental conditions

Heterogeneity 

in methylome

Heterogeneit

y in gene 

expression

Phenotypic plasticity
• Antigenic variation

• Antibiotic resistance

• Response to host 

environment

• Virulence

Single 

populatio

n

▶ Need new methods to directly observe epigenetic heterogeneity in bacteria



#1: Single molecule, single nucleotide (SMSN)

+

-

+

-

+

-

Proposed: two novel single-molecule methods

#2: Single molecule, pooled (SMP)

Long libraries (>10kb)

Short libraries 

(<2kb)

Single site

detection

Epigenetic

phasing

m1

m2

m3

53

methylated

nonmethylated



Binning SMRT read-assembled contigs

ACGTCATCGACATCC

Example contig: 

k-mer frequency profile

ACGT
CGT

CGTCA
TCAT

CATC
ATCG

TCGA
CGA

C

GAC

AACAT
CATC

ATCC

ACGA = 1

CATC = 2

GACA = 2

CGAC = 2

ATCG = 1

ACAT = 1

TCAT  = 1

TCGA = 1

ATCC = 1

all other 4-mers = 0

Count 

4-

mers

4-mer 

frequency 

profile

ACGTCATCGACATCC

Example contig: 

DNA methylation profile

ACGT
CGT

CGTCA
TCAT

CATC
ATCG

TCGA
CGA

C

GAC

AACAT
CATC

ATCC

ACGA = 0

CATC = 2

GACA = 0

CGAC = 0

ATCG = 0

ACAT = 0

TCAT = 0

TCGA = 0

ATCC = 0

all other 4-mers = 0

DNA 

methylatio

n

profile

Score polymerase 

kinetics for all 4-mers



Synthetic mixture of reads from eight 

bacterial species

• Methylation scores from 16 motifs 

organize contigs by species

• Four species from genus Bacteroides

• Similar sequences

• Distinct methylation

1

2

3

4

5

6

7

8

16 motifs

Contigs assembled from SMRT reads



SMRT sequencing of mouse fecal pellets

• 5 SMRT cells = 6.7 Gb

• Total assembly = 59.1 
Mb

• N contigs = 3,847

• N50 length = 410 Kb

• Max length = 2.7 Mb

• 53% of corrected 
reads can’t be 
annotated from 
existing references

56



Realizing an information driven approach to reinventing medicine


