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First – History of  Phenylketonuria

http://138.192.68.68/bio/Courses/biochem2/AminoAcids/AminoAcidCarbonDeg.html

Phenylpyruvic acid
FeCl3 test
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Asbjorn Folling

Borgny and Harry Egeland

Pediatrics 2000;105;89-103

Liv Dag
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Two Interests

Pictures Courtesy of Dr. Kenneth Pass

Niece had PKU; son with

intellectual disability
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Jamestown, New York

• Fall 1961 talk for The 

Association for 

Retarded Children 

• Began to receive 

newborn filter-paper 

specimens  (29 states; 

400K babies

• “Thus, screening had 

its start in 

Jamestown, New York 

in 1961”Picture Courtesy of Dr. Kenneth Pass
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Part 69
Duties of birth 

hospitals,

CEOs, physicians, 

Midwives (birth 

attendants) and 

Specialty Care

Center Directors
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Guthrie BIA test for PKU
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MS/MS  Phenylketonuria

Normal

Phenylketonuria

Data from Dr. Mark Morrissey
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Wadsworth CenterORNL

RNA Protein

Adenine  -- purine

Thymine -- pyrimidine

Cytosine -- pyrimidine

Guanine -- purine 46 chromosomes

3 billion bases

2 meters long

21 amino acids
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1987 published DNA “microextraction” in

Human Genetics
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Chronology of NBS

• 1957 Diaper Test for PKU in California

• 1958 Phenistix Used in Europe

• 1963 Guthrie and Susi – Bacterial 

Inhibition Assay

• 1964 Universal Screening in Massachusetts

• 1978 Radioimmunoassay Introduced

• 1994 MS / MS Used

• 1994 Molecular in Washington (2002 in NY)
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Human  Genome  Project

• Proposed by Victor McKusick in 1968

• (when did newborn screening start)????

• DOE and NIH, 15 years, 30 billion dollars

• James Watson original head then Francis 
Collins

• International effort

• ELSI budget

Wadsworth Center
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Human  Genome  Project

Five Main Objectives:

1. Generate genetic and physical maps

2. Develop new DNA technologies

3. Accurately sequence the human genome

4. Develop informatics

5. Sequence model organisms

Wadsworth Center
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Accurate Sequence Data:

• 3,000,000,000 bases; haploid

• Rough draft / 90%, summer 2000, 2/01 
“finished”

• Highly accurate (1 error in 100,000 bases) no 
gaps or ambiguities by 2003

• First chromosome 22 reported 12/99 – why?
chromosome 21 reported 5/00

• Projected finish 2003, original 2005

Wadsworth Center

Human  Genome  Project
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Venter & Collins

Private vs. Public

Wadsworth Center

1000 Genomes Project
http://www.1000genomes.org/
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Genetic Disorders

• Caused by pathogenic variants* in genes or 
chromosomes

• Pathogenic variants may occur on: 

-- An autosome (autosomal)

-- A sex chromosome (X-linked or Y-linked)

-- Multiple genes

• Disease expression may be impacted by 

environmental factors (multifactorial)

*Used to be mutations!
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Single Gene Disorders

• Caused by pathogenic variants in one gene

• Generally follow Mendelian inheritance 

patterns

-- Dominant vs. Recessive

-- Expression may be impacted by genomic 

imprinting or penetrance

• Includes most inborn errors of metabolism 

[autosomal recessive]
Most “single gene disorders” are probably influenced by multiple genes, 

so-called modifiers; also epigenetic changes
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Classes of Single Gene Disorders
Autosomal Dominant

• One copy of a gene must be altered to be affected

o aka: AA or Aa

o Heterozygous and homozygous individuals are affected

o e.g. achondroplasia, Huntington disease

Autosomal Recessive

• Both copies of the gene must be altered to be 

affected

o aka: aa

o Only individuals with variants on both chromosomes 

are affected.

o e.g. Sickle cell anemia, 

cystic fibrosis, galactosemia (NBS)
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Human Genetics, Korf, 1996 “A” is the altered allele

Autosomal Dominant

Might be

consultand

I.

II.

III.

Generations
Proband
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1/4

Carrier parents

No disease

Autosomal

Recessive

Human Genetics, Korf, 1996

Excludes HIV, ALD and

hypothyroidism in NY
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Classes of Single Gene Disorders

X-linked Recessive

-- Males affected if X chromosome is altered

-- Females affected only if both X chromosomes are 

altered; e.g. Duchenne muscular dystrophy & 

hemophilia and ALD

X-linked Dominant

-- Individuals with 1 altered copy of X chromosome      

are affected; e.g. Rett syndrome

Y-linked

-- Individuals with an altered Y chromosome are 

affected

-- Rare
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Inheritance Type:

X-Linked Recessive Inheritance

1

1

1

1 2

2

2

3

3 4 5

4

I

II

III

IV

6 7

2 53 4

Males are hemizygous

? ?
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Molecular Testing for Genetic Diseases

• Enabled by gene mapping to identify location 

of genes on chromosomes AND ability to 

differentiate between harmful and neutral 

variants

• Identification of disease-causing variants for:

– Newborn Screening

– Diagnosis 

– Predictive testing

– Carrier detection

– Prenatal screening

– Preimplantation testing

– Pharmacogenetics
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Availability of Genetic Tests
3000 +

79,044 Tests
4,561 Disorders
5,390 Genes
681 Laboratories
1,067 Clinics
Genetests.org
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Distinction Between Different Variants
Pathogenic Variants (mutations):  Changes in the DNA, which 

are ‘rare’; can be private; newer; disease-causing

Benign Variants (SNPs/Polymorphisms):  Changes in the 

DNA occurring at a higher frequency, usually greater than 

1%; may start as pathogenic and reach a higher frequency; 

older changes.

Both are inherited and can be used to track DNA changes

cSNPs are in the coding region
synonymous: no change to the amino acid (silent)

non-synonymous: change to the amino acid

Non-coding SNPs: promoter, splice sites, stability, 

other regulatory changes
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•Normal

CCG GGA AGC AAU

Pro   Gly Ser Asn

•Missense

CCG GCA AGC AAU
Pro Val Ser Asn

•Nonsense

CCG UGA AGC AAU
Pro STOP

Types of Pathogenic Variants
•Frameshift (insertion)

CCG AGG AAG CAA

Pro Arg Lys Gln

•Frameshift (deletion)

CCG GAA  GCA  AUG
Pro Glu Asp Met

•Trinucleotide

CAG CAG CAG CAG
Gln Gln Gln Gln
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History of Molecular Testing in 

Newborn Screening
1994

-- Washington – hemoglobin confirmatory testing 

(Hb S, C, E by RFLP)

-- Wisconsin – CFTR testing for DF508

1998

-- New England – p.Q188R & p.N314D in GALT by 

RFLP

1999

-- New England – MCADD (c.985A>G) by RFLP
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2005 -- Wisconsin – MSUD (p.Y438N)

2006 -- New York – Krabbe disease (full gene DNA 

sequence analysis); ALD (2013); Pompe (2014); 

CFTR (NGS) (2017); SMA; MPSI and GAMT 

deficiency (2018)

2008 -- Wisconsin – SCID – TREC analysis

1st use of molecular test as a primary full population 

screen 

2017 -- 42 NBSPs in US do CF molecular testing

2018 – All 50 states screen for SCID; SMA added to

RUSP

History of Molecular Testing in  

Newborn Screening
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Uses of Molecular Tests in NBS
Primary Screening Test

• TREC analysis for detection of SCID; SMA (18 

states)

Second-Tier Test

• DNA test results provide supplemental 

information to assist with diagnosis

o Often provided in separate report

o b-globin and GALT gene analysis

• Genotypic information is required for 

interpretation of the screen result

o Cystic fibrosis gene analysis
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NBS Molecular Tests in US

• Primary screen – SCID; SMA pilot

• Second-tier screen

-- Hemoglobinopathies

-- Galactosemia

-- Cystic fibrosis (targeted panel; NGS)

-- MCAD and other FAOs (VLCAD?)

-- Phenylketonuria

-- Krabbe disease; Pompe disease; GAMT; MPSI

-- Maple syrup urine disease (population-specific)

-- Adrenoleukodystrophy (FYI)
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Things  for  Programs  to  Consider

• Which tests will have a molecular component?

• DNA extraction methods;  (cost/labor)

• Degree of automation; vendors and contracts

• Manipulation (single tube?  96-well?  384-well?)

• # Instruments, data collection, interpretation

• Staff training (lab and follow-up)
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Testing by Contract -- Consider

• Specimen transport

• Screening or confirmatory?

• Timing and prioritization for contract lab

• NBS turnaround time (quality indicators)

• Systems integration

• Follow-up integration
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Things  for  Programs  to  Consider

In-House 1

• Volume / quality of specimens

• Cost ($$$) per sample

• “Simple test” mentality

• Public health infrastructure
-- Equipment
-- Space

• ELSI

• Have test, no Tx

See Molecular Resources page
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• Capacity – Throughput -- Automation?

• IVD v. ASR / LDT and FDA implications; 

• Expertise / Interpretation

• Methods / Manipulation – single tube? 96-well or 
384-well plates

• Control Materials; Proficiency Testing

• Integration into Program / LIMs / Follow-up / TAT

Things  for  Programs  to  Consider

In-House 2
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Potential  Future  Applications  of  

Molecular  Testing  in  NBS

Expansion to existing or potential NBS disorders

– Congenital adrenal hyperplasia (CAH)

– Biotinidase deficiency

– Ornithine transcarbamylase deficiency (OTC)

– Cytomegalovirus and other infectious agents

– Fragile X syndrome

– Duchenne muscular dystrophy (DMD)

– Other lysosomal storage disorders (LSD)

– Cerebrotendinous xanthomatosis

– Menkes disease
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Personalized Medicine in NBS

• ORKAMBI (lumacaftor/ivacaftor; p.508del/p.508del); $$$

• KALYDECO (ivacaftor; conductance variants); $$$

• Ataluren (TRANSLARNA; formerly PTC124) orphan drug 

exemption; CF and DMD; reads through nonsense or 

STOP mutations; $$$

• SPINRAZA (nusinersen) – enhances SMN2 full length 

transcript production; intrathecal; anti-sense 

oligonucleotide; $$$

• Zolgensma gene therapy for SMA – gene replacement

• Oxbryta (voxelotor) – blocks HbSS polymerization

• CRISPR – sickle cell disease; others?



March 12, 2026 41

Molecular Analysis in Newborn Screening

A Staged Approach

Experimental in NBS

Genotyping Panel of 
Mutations -- Single Gene

Sequencing Single 
Gene

Sequencing 
Panel of Genes

Sequencing 
of NBS 
Genes

Genome
Exome

Ongoing in routine NBS

Experimental in NBS

S. Cordovado, Ph.D.



March 12, 2026 42

Mix deoxynucleotides with 

ddA, ddT, ddC*, ddG
4 lanes per person/fragment

~200 readable bases

Mix deoxynucleotides

with 
ddA, ddT, ddC, ddG

1 scan per 
person/fragment

~800 readable bases

• Chop up the human genome

• Make a library of fragments
• Sequence billions of bases

• Multiplexing multiple people
• Millions of ‘reads’
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There are several products on the 

market that offer testing for 150, 

190, and even more conditions

Q:  Is that always “best for baby”?

Sometimes less is more!
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Challenges of Sequencing
 Major Challenge: Determining pathogenicity 

 ACMG defined 5 categories to classify 

variants:

 Known pathogenic

 Likely to be pathogenic

 Unknown significance

 Likely to be benign

 Benign

 Knowledge accruing daily, however the 

medical impact of most variants is unknown
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CF-causing variant
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Variant of Varying Clinical Consequence
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Identification of Variants NOT in CFTR2

Example: Y1092H
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Classification of Variants NOT in CFTR2

Genet Med. 2015 May;17(5):405-24
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RESIDUAL SPECIMEN STORAGE 
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3/12/2026
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Newborn screening is in a position

to contribute to the community!!!
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http://www.miragebookmark.ch/images/astronomy-library-utrecht.jpg

Improvement of the Literature 
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Learning  Points
• Newborn screening has accepted new technology and 

evolved over time

• Molecular NBS began in 1994 and continues to include 

more testing; complexity is increasing

• Almost all NBS invokes genetics and thus the family

• Programs need to address utility and laboratory needs 

for molecular NBS

• Molecular testing will continue to enter NBS algorithms 

and sequencing poses challenges for programs to 

consider



March 12, 2026 55

Thanks to Suzanne Cordovado, 

Ph.D. Susan Tanksley, Ph.D., Denise 

Kay, Ph.D. and Rachel Lee, Ph.D. 

for slides


