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DNA sequencing 
reveals a person’s 
instruction manual 
(the genome, 3 billion 
pairs of DNA bases).

DNA: Our body’s instruction manual
atcgtgactgattaccaggatcctagcggatcctactgacctgacgtacgtaatgcagtggtcaggttgttcaactcgatgactagaatatatccaggaaaatccctgggaaaaattgggccctac

gtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtac

ggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacag

atagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatcgtgactgattaccaggatcta

ctagaagaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaa

tcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgttt

ccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtactagaatatatccaggaaaatccctgggaaaaattgg

aacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtagccctac

gtaccgtcggtactggtaacgtgaggtcaggttgttcaactcatccaggattagatccgtagatcgtaggaaatatctcggataattaacagatacacacccttagaccatttaaatccctgggaaa

aattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtc

gtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatcgtgactgattaccaggatcctagcggatcctactgacctgacgtacgtaatgcagtggtcaggttgttcaactcgat

gactagaatatatccaggaaaatccctgggaaaaattgggccctacgtgtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattg

ggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaa

cgacgtttccaggctacacacacactgacagatagacagattcaaattcagtcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatcgtgact

gattaccaggatcctagcggatcctactgacctgacgtacgtaatgcagtggtcaggttgttcaactcgatgagaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttcca

ggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcat

ccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgt

aggcccttgaatcttggcagtcgtaacgtactagaatatatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacact

gacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcatatatccaggaaaatccctgg

gaaaaattggctacgtaccgtattaactaggatctccgatggtacccattaagacacccaaaataggtaacaggtagacatattgatacccatagaggatagatttaggacgttgcaaattcagtcg

gtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggtt

gttcaactcatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgac

ttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatcgtgactgattaccaggatcctagcggatcctactgacctgacgta

cgtaatgcagtggtcaggttgttcaactcgatgagaaaaattgggccctacgtaccgtaacgttgtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaa

ctgtaggcccttgaatcttggcagtcgtaacgtactagaatatatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacac

actgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatcc

ctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccagctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatctt

ggcagtcgtaacgtacgtacgggtactggtaacgtgaggtcaggttgttcaactcatcgtgactgattaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcgg

tacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgt

tcaactcatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgactt

ggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatcgtgactgattaccaggatcctagcggatcctactgacctgacgtac

gtaatgcagtggtcaggttgttcaactcgatgagaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgtta

tvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattgggccctacgtaccg

taacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtactagaatatatc

caggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgta

ggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcag

tcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgacgtacggtactggtaacgtgaggtcaggttgttcaactcatccagga

aaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggccct

tgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatcgtgactgattaccaggatcctagcggatcctactgacctgacgtacgtaatgcagtggtcag

gttgttcaactcgatgactagaatatatccaggaaaatccctgggaaaaattgggccctacgtgtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatcc

ctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcgccttgaat

cttggcagtcgtaacgtactagaatatatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagaca

gattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattggg

ccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaactgtaggcacacacacactgacagagacaga

ttgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacgtacggtactggtaacgtgaggtcaggttgttcaactcatccaggaaaatccctgggaaaaattgggcc

ctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgcagatagacagattgtcgtgttatvtgacttggaactgtaggcccttgaatcttggcagtcgtaacgtacg

tacggtactggtaacgtgagagtcaggttgttcaactcatcgtgactgattaccaggatcctagcggatcctactgacctgacgtacgtaatgcagtggtcaggttgttcaactcgatgagaaaaat

tgggccctacgtaccgtaacgttgcaaattcagtcggtctagcggatcctactgacctgacgtacgtaatgcagtggtcaggttgttcaactcgatgactagaatatatccaggaaaatccctggac

tcatccaggaaaatccctgggaaaaattgggccctacgtaccgtaacgttgcaaattcagtcggtacgtttccaggctacacacacactgacagatagacagattgtcgtgttatvtgacttggaac

tgtaggcccttgaatcttggca

Each of us has a 
unique instruction 
manual.



Winston Churchill, 1874-1965Jim Fixx, 1932-1984
“The Complete Book of Running”

Two very different instruction manuals



Why not sequence everybody’s DNA?
Cost (log10 scale) of whole-genome DNA sequencing
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Nature, April 1, 2010





The first sequenced family: Miller syndrome

(postaxial acrofacial dysostosis)

Craniofacial 

malformations

Limb malformations

Cause of Miller syndrome remained unknown for three decades.

Genome sequencing revealed the answer.

Fineman, 1981, Journal of Pediatrics 98: 87-8



Exome and whole-genome sequencing (WGS) identifies 

two independent autosomal recessive conditions

• Miller syndrome: DHODH -- dihydroorotate

dehydrogenase 

– involved in de novo synthesis of pyrimidines

• Primary ciliary dyskinesia: DNAH5 -- dynein 

heavy chain needed for normal ciliary function

– pulmonary infections, bronchiectasis

– situs inversus

• WGS yields first direct estimate of the human 

mutation rate (10-8/nucleotide/generation)

Ng et al., 2010, Nature Genetics

Roach et al., 2010, Science

Chad Huff, PhD

Mike Bamshad, MD
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Salt Lake Tribune, 11 March 2010

Nature, 6 Oct. 2011





• ~3-4 million variants, ~10,000 amino acid 

changes, and ~100 loss-of-function variants in 

an average individual

• Goal is to identify a tiny subset of these

• Data analysis “bottleneck”

The challenge of whole-genome sequences





An “all-in-one” tool is needed



Nature - Sept. 18,  2014



Sequencing identifies the cause of an 

undiagnosed lethal heart condition

X chromosome 

sequencing of 

four individuals

Rope et al., Am. J. Hum. 

Genet. (July 2011)

“Progeria-like” features; cardiac 

arrhythmia; death before age one 

year



Genetic test 

developed by ARUP 

within one year of 

gene discovery. 

IVF embryos can be 

genetically tested.



Why Utah?



http://www.hci.utah.edu/groups/ppr/

• University of Utah resource to support 

medical research, initiated in the 

1970s

• 10 million people in large, 

multigenerational pedigrees are linked 

to more than 25 million medically 

relevant records

• Geocode information available

• Now expanded to 100 million people

Utah Population Database (UPDB)



Whole-genome sequencing and families:

a game-changing combination

• Sequencing allows us to detect all 

disease-causing DNA variants: both rare 

and common

• Families are a genetic “magnifying glass”



Utah Genome Project:

>7,000 cases now sequenced
 Amyotrophic lateral sclerosis (Neurology)

 Genetics of extreme thinness to develop obesity interventions (Internal Medicine)

 Spontaneous preterm birth (Obstetrics/Gynecology)

 Childhood cancers (Ewing sarcoma, Wilms tumor, germ cell tumors) (Pediatrics, HCI) 

 DNA repair genes and cancer (Oncological Sciences)

 Hematologic cancers: CLL, CML, multiple myeloma (Hematology, HCI)

 Common cancers: breast, prostate, colorectal (Internal Medicine, HCI)

 Psoriasis and psoriatic arthritis (Dermatology)

 Juvenile idiopathic arthritis (Pediatric Rheumatology)

 Crohn disease (Pediatric Gastroenterology)

 Common variable immunodeficiency (Pediatrics, Pathology)

 Chronic obstructive pulmonary disease (Pulmonology)

 Idiopathic pulmonary fibrosis (Pulmonology)

 Familial cardiac arrhythmia (Pediatric Cardiology)

 Autism (Psychiatry)

 Primary ovarian insufficiency (Endocrinology, Internal Medicine)



Utah Genome Project:

New genes discovered!
 Amyotrophic lateral sclerosis (Neurology)

 Genetics of extreme thinness to develop obesity interventions 

 Spontaneous preterm birth 

 Childhood cancers (Ewing sarcoma, Wilms tumor, germ cell tumors) 

 DNA repair genes and cancer 

 Hematologic cancers: CLL, CML, multiple myeloma 

 Common cancers: breast, prostate, colorectal 

 Psoriasis and psoriatic arthritis 

 Juvenile idiopathic arthritis 

 Crohn disease 

 Common variable immunodeficiency 

 Chronic obstructive pulmonary disease

 Idiopathic pulmonary fibrosis 

 Familial cardiac arrhythmia 

 Autism 

 Primary ovarian insufficiency 



UGP Discoveries: Examples

Two new ALS candidate genes (TP73, MFN2)

Gibson, Downie, et al., 2017, Neurology; additional MSs in prep.

POLR2C is a cause of primary ovarian insufficiency

Moriwaki et al., 2017, J Endocr Soc

RIPK2 is a cause of familial early-onset osteoarthritis

Jurynec et al., 2018, Hum. Mol. Genet.

New candidate loci for early infantile epileptic 

encephalopathy (Ostrander, Butterfield, Quinlan)

Journal of Clinical and Translational Science (submitted)

NKX3-2 causes Treacher-Collins syndrome

Velinder et al. (MS in preparation)

USP45 and ARID1A cause inherited multiple myeloma 

(Waller et al., 2018, PLoS Genet.)



Identification of NFKB2 mutations that cause 

common variable immunodeficiency (CVID)

NFKB2 added to multi-gene testing panel to increase 

diagnostic rate

Chen, Coonrod, et al., 2013, Am. J. Hum. Genet.
Collaborators in Depts. of Pediatrics, Pathology, Human Genetics, Molecular 
Medicine, and ARUP

Karin Chen, MD
Pediatrics

Family B

affected

unaffected

Attila Kumanovics, 
MD, Pathlogy



Family data can identify at-risk pedigree 

members: Young-onset atrial fibrillation

Martin Tristani-

Firouzi, MD



Using DNA Sequencing to Target Drug 
Therapy for Spontaneous Preterm Birth

Case-control study of responders and non-
responders to progesterone (17p) treatment to 
prevent recurrent spontaneous preterm birth

U of U analysis software identifies NOS1 (nitric 
oxide synthase) as a mediator of response to 17P 
therapy

“This is the first step in using pharmacogenomics to 
prevent preterm birth,” Edward McCabe, MD, 
March of Dimes chief medical officer, 3 February 
2014

Tracy 
Manuck, MD 
Ob/Gyn

Manuck et al., Am. J. Obstet. Gynecol., 2014

Manuck et al., Brit. J. Obstet. Gynaecol., 2017



Gene discovery leads to genetic testing
2014: $5 billion market; 2020: at least $20 billion

Genetic Testing Registry:   http://www.ncbi.nlm.nih.gov/gtr/
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Examples of diseases for which mutation 
testing is available (single-gene diseases)

• Cystic fibrosis

• Duchenne/Becker muscular dystrophy

• Hemophilia A, B

• PKU

• Fragile X syndrome

• Hemochromatosis

• Sickle cell disease

• Neurofibromatosis 1, 2

• Familial hypercholesterolemia

• Huntington disease

• Familial breast cancer, colon cancer
• Familial Alzheimer disease



Familial adenomatous polyposis (FAP): Dominant 
inheritance of an APC mutation in a Utah family

Each filled symbol represents a person diagnosed with colorectal cancer



Genetic discoveries can lead to disease prevention: 

BRCA1 mutation carrier Angelina Jolie  

• Family history of 

breast and 

ovarian cancer

• BRCA genes can 

be tested to 

reveal genetic 

risk



Examples of drugs for which FDA recommends genetic 
testing (7% of 1200 FDA-approved drugs)

Drug Indication Associated gene

Abacavir HIV HLA-B5701

Carbamazepine Seizures, bipolar disorder HLA-B1502

Azathioprine Rheumatoid arthritis TPMT

Thioguanine Acute myeloid leukemia TPMT

Clopidogrel Atherothrombosis CYP2C19

Warfarin Anticoagulation management KVORC1/CYP2C9

Imatinib Chronic myeloid leukemia BCR-ABL translocation

GIST cKIT

Lapatinib Breast cancer HER2

Tamoxifen Breast cancer ER/PR expression

Erlotinib Non-small cell lung cancer EGFR

Lanalidomide Myelodysplastic syndrome 5q deletion

Korf and Rehm, 2013, JAMA



Successful one-dose gene therapy for 

spinal muscular atrophy type 1 (SMA1)

“As of the data cutoff on August 7, 2017, all 15 patients 

were alive and event-free at 20 months of age, as 

compared with a rate of survival of 8% in a historical 

cohort.”  (Mendell et al., NEJM, 2 November 2017)

SMA1 (autosomal recessive disease affecting 1/10,000 

births) is now screened in all Utah newborns; treatment 

can begin at ~2 months of age



Gene therapy: examples of successes
Condition Disease type Patients benefiting

X-linked SCID Immunodeficiency 17/20

ADA-SCID Immunodeficiency 26/37

Adrenoleukodystrophy Neurologic disease 2/4

Leber congenital 

amaurosis

Eye disease/blindness 

due to retinal dystrophy

28/30

Wiskott-Aldrich syndrome Immunodeficiency 13/14

Metachromatic 

leukodystrophy

Myelinopathy 20/20

Beta-thalassemia major Hemoglobinopathy 9/10

Hemophilia A Coagulation deficiency 7/7

Hemophilia B Coagulation deficiency 11/17

B-cell lymphoma; ALL Hematologic cancer 58/71

Spinal muscular atrophy 1 Neurodegeneration 15/15

Kaiser, 2011, Science 334: 29-30

Naldini, 2015, Nature 526: 351-60

2016-17 FDA approvals: antisense therapy for SMA1;CAR T-cell 

therapy for B-cell malignancies; AAV therapy for retinal dystrophy



Summary

Whole genome sequencing is now accessible and 

affordable

Combined with powerful analytic techniques, WGS or 

WES can:

Discover new disease-causing genes

Improve diagnosis and patient management

Provide new drug targets and guidelines for targeted 

drug therapy

“Genomic medicine” is real!


