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Decision Matrix
• Magnitude and certainty of the net benefit of

screening for SMA to the population of affected
newborns.

• Feasibility of newborn screening for SMA.

• Readiness of states to implement population-wide
screening for SMA.

Not for distribution without permission.
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Secretary's Discretional]' Advisor], Committee Decision Matrix for Nominated Conditions for the

A.l
Screening fOI' the condition has
a high certainty of significant
net benefits, screening has high
or moderate feasibility. Most
public health depm'tlllents are
ready t (1 Screen.

'1" tI Unprepared

A2
Screening for the condition has a
high certainty of significant net
benefits and screening has high 01'
moderate feasibility. Public health
departments have only
developmental readiness.

A3
Screening for the condition
has a high certainty of
significant net benefits and
screening has high or
moderate feasibility. Public
health departments are
unprepared for screeni ng .

A4
There is high certainty that screening would have a significant benefit; however, most health
departments have low feasibility of implementing population screening.

B 1-4
There is moderate certainty that screening would have. a significant benefit.

C 1-4
There is high or moderate certainty that adoption of screening for the targeted condition would
have a small to zero net benefit.

D 1-4
There is high or moderate certainty that adoption of screening for the targeted condition would
have a negative net benefit.

L 1-4
There is low certainty regarding the potential net benefit from screening.



NET BENEFIT I
CERTAlNfY

Spinal Muscular Atrophy
(SMA)

Not jar
distribution
without
permission.

• Autosomal recessive inheritance.

• Majority of SMA patients are homozygous for a
deletion of exon 7 of SMNl independent of severity
(5% of casesare compound heterozygotes).

• Incidence estimated at 1 in 10,000 live births.

• Carrier frequency of 1 in 40 - 80 live births.

• SMN2 copy number modifies the severity of disease.



NETBENEFtTI
CERTAINTY

Not for distribution
without permission.

Spinal Muscular Atrophy
(SMA)

Alternate name

SMA type 0 Congenital

Severe infantile
SMA type I acute; Werdnig-

Hoffmann disease

Infantile chronic;
SMA type II Intermediate;

Dubowitz disease

Juvenile; Wohlfart-
SMA type III Kugelberg-Welander

disease

SMA type IV

SMA other

Adult onset

variable

-.

Prenatal

<6
months

6-12
months

> 18
months

20 - 30
years

variable

Max. muscular Life expectancy SMN2 % of all
activity achieved (palliative care) copies SMA cases

None

Never sit without
support, problems

sucking and
swallowing

Sit independently,
lose this ability by

mid-teens

Walk independently,
lose this ability with

time

Mild to moderate
muscle weakness;

typically only
proximal muscles

affected

variable

< 6 months

Median: 24
months

70% alive at 25
years

Normal

Normal

n/a n/a

Rare

40-60%

30-40%

-10%

Possibly
often

undetected

variable



NET BENEFlTI
CERTAINTY

Spinal Muscular Atrophy
(SMA)

Alternate name -.
Max. muscular

activity achieved

I

Life expectancy
(palliative care)

SMN2 % of all
copies SMA cases

SMA type 0 Congenital Prenatal None < 6 months 1 Rare

Severe infantile Never sit without

SMA type I acute; Werdnig- <6 support, problems Median: 24 1-3 40-60%
Hoffmann disease months sucking and months

swallowing

Infantile chronic; 6-12 Sit independently, 70% alive at 25SMA type II Intermediate; months lose this ability by 2-4 30-40%
Dubowitz disease mid-teens years

Juvenile; Wohlfart- > 18 Walk independently,
SMA type III Kugelberg-Welander months lose this ability with Normal 3-4 -10%

disease time

Mild to moderate

20 - 30 muscle weakness; Possibly
SMA type IV Adult onset typically only Normal 4-5 oftenyears proximal muscles undetected I

affected

Not for distribution SMA other variable variable variable nfa nfa variable
without permission.



NET BENEFIT!
CERTAINTY

Spinal Muscular Atrophy
(SMA)

Age at
onset

Max. muscular
activity achieved

Life expectancy
(palliative care) - % of all SMA

cases
Delay of
Diagnosis

SMA type 0 Prenatal None < 6 months 1 Rare

Neversit without

SMA type I <6 support, problems Median: 24 months 1-3 40-60% 3.6 monthsmonths sucking and
swallowing

6-12 Sit independently, 70% alive at 25
SMA type II months lose this ability by 2-4 30-40% 14.3months

mid-teens years

>18 Walk independently,
SMA type III months lose this abilitywith Normal 3-4 -10% 43.6 months

time

Mild to moderate Possibly
SMA type IV 20-30 muscleweakness; Normal 4-5 oftenyears typically only proximal undetectedmusclesaffected

SMA other variable variable variable nfa nfa variable

Not for distribution without permission.



NET BENEFIT/
CERTAINTY

Spinal Muscular Atrophy
(SMA)

Never sit without

SMA type I support, problems Median: 24months 40-60% 3.6monthssucking and
swallowing

Sit independently, 70%alive at 25SMA type II lose this ability by 30-40% 14.3months
mid-teens years

> 18 Walk independently,
SMA type III months lose thrs ability with Normal 3-4 -10% 436 months

time

l\!Iild to moderate Possibly
SMA type IV 20-30 muscle weakness; Normal 4-5 oftenyears typicallv only proximal

undetectedmuscles affected

SMA other variable vanable variable n/a n/a variable

Not for distribution without permission.

Age at
onset

Max. muscular
activity achieved

Life expectancy
(palliative care)

% of all SMA
cases

Delay of
Diagnosis



NET BENEFlTI
CERTAINTY Treatment

• Palliative/symptomatic (ventilator, gastrostomy

feeding, physical therapy).

• Nusinersen (only FDA approved SMA-specific treatment).

• Gene therapy (ongoing trial).

Not for distribution without permission.



NET BENEFITI
CERTAINTY Treatment

Nusinersen (Spinraza™):
The only FDAapproved SMA-specific treatment.

Intrathecal administration (6 doses in 1st year, then 1 dose
every 4 months).

Expensive (reported cost: $125,000 per vial/dose).

Limited data available suggest that treatment effect is
greater when:
• initiated before symptoms develop,

• more SMN2 copies are present (likely because later onset and
milder phenotype). Not for distribution without permission.



NET BENEFIT/
CERTAINTY

Treatment
Nusinersen (Spinraza™):

Limitations of treatment studies:
• No data on long term outcomes (follow up limited to S2years).

• Small study populations (20 presymptomatically treated infants).

• Anecdotally, 1 patient with two SMN2 copies had normal
development at 12 months old (treatment started at 13 days old
following positive NBSin NV; Kraszewski IN et al. Genet Med.
doi:10.1038/gim.2017.152).

• No peer reviewed publications available on presymptomatically
treated patients.

Not for distribution without permission.
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NET BENEFIT!
CERTAINTY Treatment

Nusinersen (Spinraza™):
Peer reviewed treatment guideline not (yet) published.

Summary of draft guideline by Glascock J et al.:
Treatment if
truly pre-

SMN2Copy"1'

SMN2Copy"3

SMN2Copy"~4

"Probable" because SMA types cannot be reliably differentiated by SMN2 copy number.
Presymptomatic treatment outcomes can therefore not be reliably assigned to SMA type.

Not for distribution without permission.



Spinal Muscular Atrophy
(SMA)

NET BENEFIT!
CERTAINTY

Never sit without >12 months,
<6 support, problems Median: 24

SMA type I months sucking and months
1-3 40 -60% improved

swallowing development

6-12 Sit independently, 70%alive at 25 >12 months,
SMA type II months lose this ability by years old

2-4 30-40% improved
mid-teens development

> 18 Walk independently,
SMA type III .nonths lose this ability with Normal 3-4 -10%

'1111e

Mild to moderate Possrbly
SMA type IV 20-30 muscle weakness; Normal 4-5 oftenypars typically onlv ,roximal undetected-nusrles affected

Not for distribution SMA ot-ter vanable variable variable n/a n/a n/a
without permission.



NET BENEFIT/
CERTAINTY SMA Treatment with Nusinersen

• NURTURE (N=18)

• CS3A (N=20)

.... ENDEAR (CS3B)-nusinersen (N=73)

• ENDEAR (CS3B)-control (N=37)

26

24

22
~ 20~
0u 18III
Q)
c 16~
Q) 14E
~

12

W 10
f/)
!!. 8
c
<0 6Q)

:::E
4

2

0

1 29 64 92

NURTURE
(presymptomatic infantile-onset SMA; 2 or 3 SMN2 copies)"

cs3A'
(infantile-onset SMA)"

Nusinersen vs.
Sham procedure control inENDEAR final
analysis
(infantile-onset SMA; 2 SMN2 copies)d

568 631 694394 505183 302

Scheduled visit day

NURTURE Itl 18

CS3A 202019 19'W

CS3B-nusincrsen " 1,1.

CS3B-control '17 30

io 11

11 11 1017 17 13

i'h

16 11

757

• Suggests early treatment
allows for more normal
development.

• Does not allow comparison
to normal development

from page 40 of Evidence Review report

Not for distribution without permission.



NET BENEFITI
CERTAINTY
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Spinal Muscular Atrophy
(SMA)

What is SIGNIFICANT Benefit?

• if improved neuromuscular development and survival, then
there appears to be MODERATE certainty of SIGNIFICANT

long-term benefit of NBS for SMA;

• if normal neuromuscular development and survival, then
there is LOW certainty of SIGNIFICANT long-term benefit of
NBS for SMA given the limited available data, in particular of peer
reviewed data on presymptomatic treatment with Nusinersen which
is the only treatment available outside of clinical trials.

Not for distribution without permission.



Secretary's Dlscretlonary AdVISOryCommittee Dectslon MatriX for Nominated Conditions for the

Not/or
distribution
without
permission.

Recommended Uniform Scroonln~ Panel (Approved January 31, 2013)

"REo~!SS
,__

NtTBENtml ~~lt1J'¥'CERl'..\INTV Ready
i UnpreparedDevelOVt,!letltal

-~. ~;I'A3 !Al A2 Screening for the condition I,iScreening for the condition has Screening for the condition has a has a high certainty of it
a high certainty of significant high certainty of significant net •significant net benefits lindnet benefits, screening has high benefits and screening has high or screening has high (11' tor moderate feasibility. Most moderate feasibility. Public health moderate feasibility. Publicpublic health departments ;1I'e departments have ~nlv health departments areready to screen. developmental readiness. unprepared for screening.

~....
~

, A4
e "" There is high certainty that screening would have a significant benefit; however, most health...~ .c" departments have low feasibility of implementing population screening.

'~
_.i_ ,-

:;01

Ii f n 1.4I. .a ~ There is moderate certainty that screening would have a significant benefit.
......

S " 0
r;I.2 'U..:;. ::i!

~,~,z. I~ C 1.4
!i~~ There is high 01' moderate certainty that adoption of screening for the targeted condition would ..~"'..
JpF't ~;; have a small to zero net benefit.

.~~ Ij
~t D 1-4I~i1111':1'eis high or moderate certainty that adoption of screening for the targeted condition would ----
~~ : :a' have a negative net benefit.- --- ~~ li~-

~ ~ L 1..4
nlere is low certainty regarding the potential net benefit from screening. ----

.[11
~ I~~...



Newborn Screening for SMA
Newborn screening test is available:

real-time peR assay specific for exon 7 deletion in SMN1,

expected to identify at least 95% of SMA cases,

will miss ca. 5% of SMA cases that are not homozygous for

exon 7 deletion unless:

FEASIBll..ITY

:' ::c....I) c...
! ::c
~

0.,
3:
0
t:I
I."J

5
I."J

t""
0
~

!-

• carriers for the deletion will be reported (most will not harbor a 2nd mutation),

• a 2nd tier test is performed to rule out a 2nd pathogenic (!) mutation.

Not for distribution without permission.



Newborn Screening for SMA

Recommendation to ACHDNC

Newborn Screening for SMA due to

homozygous deletion of exon 7 in SMN1

should be added to the RUSP as a Core

Condition undermatrix categorylBto the

benefit of most patients with SMA.
Not for distribution without permission.



Newborn Screening for SMA
Considerations

• NBSwould likely show that the majority of SMA cases have SMA
type II, III or IV

• SMA types II and III are likely to benefit the most from early
treatment

most patients with SMAwill benefit from early treatment!

Not for distribution without permission.



Newborn Screening for SMA
Considerations

• NBS for SMA is possible at low cost and with high positive predictive
value when not disclosing carriers and accepting that ca. 5% of SMA
cases will go undetected.

• To achieve 100%sensitivity the resources needed for NBS for SMAwill
increase either by frequent need for 2nd tier test or follow up of carriers
(example: state with birth rate of 100,000per year will have 32 carriers
per week assuming carrier frequency of 1:60).

• If on RUSP:
• "Core Condition": SMAdue to homozygous deletion of SMN1 exon 7 or all of SMA?

• "Secondary Target(s)": None or SMA not due homozygous deletion of SMN1 exon 7
(needs 2nd tier test or reporting of carriers!)

Not for distribution without permission.



Secretary's .Discretionary Advisory Committee Decision Matrix for Nominated Conditions for the
Recommended Uniform Screeninl!! Panel ,(AnPl"Oved Januarv 31, 20131

NET BENEFIfI R£ADINESS
FEASlBlLlTY

CERTAINTY IDevdoPriintal " c~; II

most NBS r ~,

programs face
er :c'fa!
"<

~barriers that would
require 1-3 years 3i

~to address.

L t"'= 0
f:! :t

~
c! ~
5:' :a_

_c _c
t:.) .a>
~ i B2

Q There is moderate certainty that screening would have a signilicant benefit -
~ 0
t;j' a ::E

• Do we need to wait for peer reviewed guidelines for the management of specific SMA types? II
• What role do disclosure (or not) of carriers and cost of treatment play in the decision?

Not for distribution without permission.



Secretary's Discretionary Advisory Committee Decision Matrix for Nominated Conditions for tbe
Recommended Uniform Screenin.e:Panel fApproved Januarv3!, 2013)

NET BENEFITI READINESS ,...-~~~~ FEASJBn.ITYCERTA1NTY IDevd~tal i: ~,
most NBS :il

==Ii C'l

programs face " ::t
~'< iCbarriers that would 0e

require 1-3 years
~to address. 1:1:1

t:""

= ~~ :c..
~

C!I....
~ ~

u a-.....
B2r:= '!;z; Q There is moderate certainty that screening would have a significant benefit -

C!I 0.... a ~V-l

• Do we need to wait for peer reviewed guidelines for the management of specific SMA types?

• What role do disclosure (or not) of carriers and cost of treatment play in the decision?
Not for distribution without permission,



Secretary's Discretionary Advisory Committee Decision Matrix for Nominated Conditions for the
Recommended.

NETBINErnl
CERTAlNTY

READINESS

programs face
barriers that would
require 1-3 years

to address.

B2
There is moderate certainty that screening \\Ould have a significant benefit.

Not for distribution without permission.



NBS Programs with Mandates/Pilots
State SMA added to Start Funds Time from decision to add to

NBS panel NBS panel to start

MA 12/5/2015 1129/2018 NIA Could have been < 1 year if not
(Adv. Cmte.) for a physical lab move

MN 12/27/2018 315/2018 NBS fee < 1 year

MO
7/11/2017 Must start by NBS fee 1.5 years(Senate Bill 50) 1/112019

NC - Apr2018 NICHO contract No decision made

NY - Jan 2016 Biogen No decision made

UT August 2017 1/29/2018 NBS fee < 1 year(Rule R438-15)

WI Expected for TBO (likely Cure SMA as bridge < 1 yearJuly 2018 before 7/2019) funding

modified from APHL PHSI report Not for distribution without permission.



NBS Programs with Mandates/Pilots
State SMA added to Start Select or Whole Funds Carriers CostsNBS panel Population

MA 12/5/2015 1129/2018 Whole, consent, NIA Not identified nla(Adv. Crnte.) PILOT

MN 12/27/2018 315/2018 Whole NBS fee Not identified < $1.00

MO 7/11/2017 Must start Whole, likely NBS fee Decision expected -$1.00
(Senate Bill 50) by 1/1/2019 no reporting initially 4/2018

NC Apr2018 Select, consent, PILOT NICHD Not reported or nla- contract identified

NY - Jan 2016 3 hospitals, consent, Biogen Reporting for pilot; 0.15-$1.00PILOT undecided future

UT August 2017 1/29/2018 Whole NBS fee Not identified TBD
(Rule R438-15)

Expected for TBD (likely Cure SMA
WI July 2018 before Whole as bridge Not identified $1.00

7/2019) funding

modified from APHL PHSI report Not for distribution without permission.



Newborn Screening for SMA
I

I READINESS
Ready I Unprepared

Newborn screening tests are available and used already:
pilot study with consent in 3 hospitals in New York City (1:72 carriers);

- MA began in January 2018 (consent; no carriers identified; not multiplexed);

Utah began 1/29/2018 (no consent; no carriers identified; multiplexed with SCID);

- Minnesota to begin in March 2018 (no consent; no carriers will be identified;
multiplexed with SCID);

- WI to begin in 2018; MO to begin in 2019; NCto begin pilot study in April 2018;

- APHl's PHSIAssessment found:

• majority of states can implement within 1-3 years;

• addition of SMA to RUSPwould "bolster implementation activities." Not for distribution without permission.



Newborn Screening for SMA
I

I READINESS I Unprepared
Newborn screening test is available

test can be multiplexed with SCIDscreening test;

CDC'sNewborn Screening Quality Assurance Program (NSQAP)can provide
training, quality control and reference materials;

incremental cost is small when multiplexed with SCIDscreening assay;

higher incremental cost if 100%sensitivity is expected because:

• 2nd tier test needed on ca. 1 in 60 newborns heterozygous for exon 7 deletion, or

• ca. 1 in 60 newborns will require follow up but are only carriers.
Not for distribution without permission.



READINESS

Ready

most NBS
programs

could implement
screening within
1 year after the
state makes

the decision to
include the

condition and
funding is made

available.

Decision·making process for conditions nominated to the
Recommended Uniform Screening Panel: statement of the
USDepartment of Health and Human Services Secretary's
Advisory Committee on Heritable Disorders in Newborns

and Children
Ale_R. KemJ,W:!'r,MD. MPH'. Nan.cy 5. GreE!n.MO~,NedCalonge, MD, MPH', WendV KK Lam. PhD',
Anoo M. Comeau, PhO-,Aaron J_ GOid'(!1100tg_PhD.MPH\ Jetl'lOJodu, MPHt..Lkah. Prm:wr,PhD),

Su\iln Tanbhry. PhD' and Iow.phA, 80cchlnl Jr,MD"

most NBS
programs face
barriers that
would require

1-3 years
to address.

most NBS
programs
would take
longer than 3

years to
implement,

even with the
decision to add
the condition

and the
availability of
funding to

begin
com prehensive

screening.

Not for distribution without permission.



NETBENEFITI
CERTAINTY

Secretary's Discretionary Advisory Committee Decision Matrix for Nominated Conditions for the
Recommended Panel

READINESS
~------------------r-----------~~----~----------------~FEASDDLITY
Ready Developmental Unprepared

A1
Screening for the condition has
a high certainty of significant
net benefits, screening has high
or moderate feasibility. Most
public health departments are
ready to screen.

A2
Screening for the condition has a
high certainty of significant net
benefits and screening has high or
moderate feasibility. Public health
departments have only
developmental readiness.

A3
Screening for the condition
has a high certainty of
significant net benefits and
screening has high or
moderate feasibility. Public
heal th departments are
unprepared for screening.

A4
There is high certainty that screening would have a significant benefit; however, most health
departments have low feasibility of implementing population screening.

B 1-4
There is moderate certainty that screening would have a significant benefit.

Not for distribution without permission.



DATE
NAME OF NOMINATOR AND

ORGANIZA TION
INDICATE AFFILIATION

(i.e.,Health Professional, Subject Matter Expert,
Researcherdegrees)(include

vocacy Organizationure SMA
INDICATEAFFILIATION

(i.e.,Health Professional, Subject Matter Expert,
Researcher Clinician

CO-SPONSORINGORGANIZATIONS
(include professional degrees)

Organizationuscular Dystrophy Association
NBSWorking Group (see cover letter)

*Note:Please reference each statement/answer with the corresponding reference
number listed in Section III - Key References.

SECTION I - CONDITION INFORMATION AND TREATMENT

SECTIONI, PARTA

CONDITION STATEMENT
Nominated Spinal Muscular Atrophy
Condition
Type of Autosomal recessive neuromuscular disease
Disorder
Screening Newborn blood spot screening test using multiplexed real-time peR1

Method
Gene Survival of Motor Neuron T (SMN1)

Include ClinVar link if applicable.
Locus .5q12.2-13.3, https://www.ncbi.nlm.nih.gov/clinvar/?term=SMN1[all]

OMIMor Include Genetics Home Reference link if applicable.
other names for 1253300(SMA1), 253550 (SMA2), 253400 (SMA3), 271150 (SMA 4)

condition htto:llwww.omim.orQ/entrv/600354#0007

NA
Case

Definition
Determined by what methodes):pilot screening or clinical identification?

Incidence In the United States, the pan-ethnic disease incidence of SMA, calculated using the
measured carrier frequency of SMA of 1/54 and a detection rate of 91.2%, is calculated
o be 1/11,000.2

Timing of Relevance of the timing of newborn screening to onset of clinical manifestations.
Clinical IThereare four main clinical subtypes of SMA caused by mutations in the SMN1 gene.
Onset ~hile the same disease with the same genetic cause, each subtype has a different



iming of clinical onset." Infants with the severe variant called SMA Type I, which
accounts for 50 to 60% of all cases, are normal at birth. They manifest onset of
weakness and respiratory or bulbar insufficiency within the first few months of life. A
very small subset of infants are already weak from birth, or are born with congenital
arthrogryposis (SMA Type 0). SMA Type II, comprising 30-40% of all cases, has onset
of symptoms typically between 6-18 months. SMA Type III patients, comprising about
10% of cases, typically present after 18 months of age through the teen years. Another
very small subgroup present in adulthood, and this is called SMA Type IV3

Severity of Morbidity, disability, mortality, spectrum of severity.
As summarized above, according to the consensus care guidelines for SMA, four mainDisease clinical sub-types are distinguished." These include the acute infantile type, or Werdnig-
Hoffmann disease (SMA Type I; affected infants are never able to sit independently),
he intermediate type (SMA Type II; affected children are able to sit but never walk), the
mild type (SMA Type III; affected individuals are ambulatory and typically manifest
weakness after 18 months of age), and the adult onset form (SMA Type IV; affected
individuals are ambulatory and typically manifest weakness as adults). The most
severe form, SMA Type I, occurs during infancy and accounts for 50-60% of all cases;
hese children never sit, and 100% suffer bulbar and respiratory insufficiency with early
mortality." Two recent natural history studies in infants with SMA Type I have shown
hat the median age to reach the combined endpoint of death or requiring at least 16
hours/day of ventilation support is 13.5 and 8 months, respectively.t" In these natural
history studies, requirements for nutritional support preceded ventilation support, and
he mean rate of decline in motor function as measured by The Children's Hospital of
Philadelphia Infant Test for Neuromuscular Disorders scale was 1.27 points/year."
fSMAType II and III are slowly progressive with little change in motor function observed
in most patients over a twelve-month period. Functional declines are observed over
periods exceeding one-year." Survival probabilities at 2, 4, 10, and 20 years of age
have been reported to be 100%,100%,98%, and 77% in children with SMA Type II
For patients with SMA Type III, life expectancy has not been reported to be significantly
less than in the unaffected population, although a significant portion lose the ability to
~alk by 40 years of age.7,B A very small subgroup of individuals present in adulthood,
and this is called SMA Type IV.

Regardless of clinical severity, 95% of all SMA patients have the same homozygous
SMN1 gene deletion, and detection of the SMN1 gene deletion is used as the primary
~iagnostic assay. All patients possess a low-functioning analog to the SMN1 gene
called SMN2. The SMN2 copy number is predictive of clinical severity. Humans have a
tvariablecopy number of the SMN2 gene (0-8 copies), which correlates with SMA
~isease severity. Importantly, in the context of NBS, 80% of patients with SMA Type I
carry one or two SMN2 copies, and 82% of patients with SMA Type II carry
hree SMN2 copies, whereas 96% of patients with Type III SMA carry three or
four SMN2 copies." SMN2 is a key determinant of disease phenotype and is routinely
determined after initial diagnosis to help predict the clinical phenotype. Thus, it is highly
likely an infant identified by NBSwith subsequent testing showing 3 or fewer copies of
SMN2 will present with Type I or Type II SMA, which are associated with substantial
early morbidity and/or mortality. Therefore, the identification of homozygous SMN1
deletion and determination of SMN2 copy number allows confident prediction that an
infant will develop SMA.
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TREATMENT STATEMENT

Drug(s), diet, replacement therapy, transplant, other. Include information regarding regulatory
status of treatment.

Modality On December 23,2016, the FDA approved the first disease-modifying therapy for
~MA called Spinraza (nusinersen) for the treatment of SMA patients of all types
and ages. Spinraza, marketed by Biogen, is an antisense oligonucleotide drug that
alters splicing of the SMN2 pre-mRNA to increase the amount of full-length SMN2
mRNA. Full-length SMN2 mRNA is translated into mRNA to increase the amount of
unctional SMN protein.
(http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm534611.htm).

In addition to Spinraza, a number of clinical care approaches have been shown to
improve survival and quality of life in SMA Type I, including: 1) nutritional support and
careful monitoring of nutritional intake and swallow function, typically resulting in
additional supplementation orally at first and then placement of nasogastric,
nasojejunal or gastrostomy tube as needed, and prevention of fasting/catabolic state
~iven their severe sarcopenia, and 2) respiratory support including techniques to
mobilize and clear lower airway secretions such as chest physiotherapy devices,
cough assist devices and pulse oximetry monitoring, and also the use of respiratory
support devices including bi-Ievel positive airway pressure via face/nose mask or
racheostomy tube to treat sleep disordered breathinq.F'?

IThere are also five additional therapies in development for the treatment of SMA,
including SMN1 gene replacement therapy, small molecules designed to alter SMN2
mRNA splicing, and additional small molecule approaches aimed at motor neuron
protection and muscle enhancement. These include Olesoxime sponsored by F.
Hoffman - La Roche, which is a small molecule designed to prevent neuronal cell
~eath (clinical trial identifiers: NCT02628743, NCT01302600, contact: Sangeeta
Wethwa Schnetzler MD at sangeeta.jethwa@roche.com). There is also AVXS-1 01
sponsored by AveXis, which is a gene therapy to replace the SMN1 gene (clinical trial
identifier: NCT02122952, contact: Douglas M. Sproule MD MSc at
dsoroulefsavexis.com). LMI070 is sponsored by Novartis Pharmaceutical and is a
small molecule designed to alter splicing of SMN2 mRNA and increase the amount of
unctional SMN protein (clinical trial identifier: NCT02268552, contact: Lawrence
Charnas MD PhD at lawrence.charnas@novartis.com). R07034067 and R06885247
are sponsored by F. Hoffmann - La Roche and are small molecules designed to alter
splicing of SMN2 mRNA and increase functional SMN protein (clinical trial identifiers:
NCT02633709, NCT02240355, NCT02908685, NCT02913482, contact: Sangeeta
Jethwa Schnetzler MD at sangeeta.jethwa@roche.com). Finally, there is CK-
2127107, which is sponsored by Cytokinetics and is a small molecule to enhance
muscle contraction (clinical trial identifier: NCT02644668, contact: Stacy A. Rudnicki
MD at srudnicki@cytokinetics.com).

Urgency
How soon after birth must treatment be initiated to be effective?
Both human natural history data and animal model data suggest that early drug
intervention is required for greatest efficacy in the most common and severe form of
SMA Type I. In fact, in human SMA Type I, there is strong evidence that the
irreplaceable loss of motor neurons begins early in the perinatal period, with
severe denervation in the first 3 months of life and loss of more than 90% of
motor units within 6 months of aqe.' Moreover, a recent multi-center natural history
study conducted by the NINDS NeuroNEXT clinical trial network in infants under six
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Efficacy
(Benefits)

months of age with genetically confirmed SMA has shown significant differences
between the SMA and control infants at the baseline visit in motor function tests, ulnar
compound muscle action potential, and electrical impedance myography (EIM).5

Moreover, studies looking at the timing of drug delivery in mouse models of SMA Type
I have strongly suggested that early administration of SMN-based drug therapies is
more effective than post-symptomatic delivery. The results have been remarkably
consistent across modalities including genetic means, gene therapy vectors,
and antisense oligonucleotides to increase SMN levels. All have demonstrated
he best results when the drugs are given as early as possible before significant
motor weakness or loss in severe mouse models of SMA.12,13

In addition, supportive treatment in the first few weeks to months of life prolongs
survival and improves quality of life. In fact, the increases in survival of the type I
infants over the past decade have been documented to correlate specifically to
proactive respiratory and nutritional care." However, in the current environment in the
absence of newborn screening, these interventions remain predominantly reactive to
medical crises. Many SMA Type I infants' initial presentation is in crisis with acute
respiratory failure or bulbar insufficiency with aspiration prior to diagnosis and often
associated with common viral respiratory infections. In fact, diagnostic delay is very
common in SMA. A recent systematic literature search conducted from 21
reports in PubMed and Web of Science databases for studies published between
2000 and 2014 showed that the mean ages of onset were 2.5, 8.3, and 39.0
months for SMA Types I, II, and II, respectively, while the weighted mean ages of
confirmed spinal muscular atrophy genetic diagnosis were 6.3,20.7, and 50.3
months, respectively, for Types I, II, and 111.14Better clinical outcomes are possible
simply with the use of the currently available proactive care options, such as
gastrostomy tube surgery prior to an aspiration event, and proactive respiratory care
including use of the cough assist device to mobilize respiratory secretions and
nocturnal bi-Ievel positive airway pressure support via mask or nasal interface.'

A comprehensive rationale for the urgency for SMA newborn screening has
been delineated in the review article, "Newborn screening for spinal muscular
atrophy: Anticipating an imminent need".12

Extent of prevention of mortality, morbidity, disability. Treatment limitations, such as
Difficulty with acceptance or adherence.
Spinraza in Symptomatic Infants: The efficacy of Spinraza was demonstrated in the
ENDEAR Phase III randomized, double-blinded, sham-controlled clinical trial in 121
patients with infantile-onset SMA with two copies of SMN2 who were diagnosed before
16 months of age and who were less than 7 months old at the time of their first dose.
Results were reported at the 2016 International Congress of the World Muscle and at
he 43rd Annual Congress of the British Paediatric Neurology Association Meeting
(see both slide decks appended to the references and at http://media.corporate
ir.net/media files/lROLl22/222170/Kuntz ENDEAR studY desiqn WMS LB podium
Draft2v2 PIPE14989.odf; http://newsroom.biogen.com/press-release/rare-and
Iqenetic-diseases/new-data-show-soinraza-nusinersen-sianificantlv-reduces-risk).
Patients were randomized to receive an injection of Spinraza, into the fluid surrounding
he spinal cord, or undergo a mock procedure without drug injection (sham). The trial
assessed two primary endpoints: 1) percentage of patients with improvement in motor
milestones, such as head control, sitting, ability to kick in supine position, rolling,
crawling, standing and walking by measuring the proportion of motor milestone
responders with the Hammersmith Infant Neurological Examination (HINE) and 2)
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percentage of patients reaching the combined endpoint of death or greater than 16
hours per day of ventilatory support.

~t a pre-specified interim analysis, 78 of 121 patients had the opportunity to be on
reatmenUsham for at least 6 months and were eligible for analysis (data available in
he appended slides). Forty-one percent of patients treated with Spinraza (n=51)
achieved improvement in motor milestones, whereas none of the control patients did
(n=27, p<0.0001). Spinraza met the pre-specified primary endpoint for event-free
survival, demonstrating a statistically significant 47% reduction in the risk of death or
permanent ventilation (p<0.01). In the analysis, a greater percentage of untreated
infants (68%) died or required permanent ventilation compared to infants treated with
Spinraza (39%). Spinraza also demonstrated a favorable safety profile. The
commonly reported adverse events include respiratory events and constipation,
consistent with those expected in the general population of infants with SMA. The
interim analysis represents 44.89 patient years of exposure to Spinraza treatment.

Open label trial results of Spinraza in both infants and children have been recently
published.15,16,17

Spinraza in Pre-symptomatic Infants:
Biogen is currently conducting a Phase 2, open-label, multicenter study in 10 countries
for pre-symptomatic infants with SMA termed NURTURE. The study objective is to
evaluate the efficacy and safety profile of Spinraza in infants with genetically
diaqnosed and pre-symptomatic SMA. The planned enrollment is up to 25 infants,
~ith key inclusion criteria of 1) less than 6 weeks of age at first dose, 2) pre
symptomatic, 3) genetic diagnosis of 5q SMA gene deletion or mutation, 4) 2 or 3
SMN2 copies, and 5) Ulnar CMAP amplitude ~1 mV at baseline. The primary study
endpoints are time to respiratory intervention (invasive or non-invasive ventilation for ~
16 hours/day continuously for ~7 days or tracheostomy) or death. The secondary
endpoints include: safety, tolerability, pharmacokinetics, motor function milestones,
survival (proportion of patients alive), and growth parameters.

IThe results of an interim analysis were presented at the 2016 International Congress
of the World Muscle Society (see slides at appended here and link to media. corporate
ir.net/media files/lROLl22/222170/Bertini NURTURE interim WMS LB podium draf
%202 PIPE-14990 30ct16.pdf) and at the 43rd Annual Congress of the British
Paediatric Neurology Association (BPNA) Meeting (see appended slides). At the
interim analysis on June 8, 2016, 13 infants had reached their first efficacy
assessment. All were still alive and did not require invasive ventilation at all or non
invasive ventilation for greater than 6 hours per day continuously for more than 7 days.
10 of 13 infants demonstrated increased motor milestones from baseline to last
evaluation as measured by HINE and CHOP INTEND tests of motor function. In
infants with 2 copies of SMN2 (likely to present with SMA Type I and having the same
genotype of those enrolled in the ENDEAR Phase III trial) motor milestone
development based on HINE Motor Milestone Achievements were as follows: 1) head
control in 55% (5 of 9 infants), 2) sitting independently in 44% (4 of 9 infants), 3)
standing in 22% (2 of 9 infants), and walking in 11% (1 of 9 infants). This data can be
seen in slide 9 of the appended slide deck on NURTURE at from the WMS meeting. In
comparison, a recent natural history study of developmental milestone achievement in
33 Type 1 SMA infants confirmed that no infants in the study achieved a major
milestone such as rolling over, or sitting independently." More importantly,
comparing the NURTURE trial data to the ENDEAR trial data of symptomatic
infants clearly demonstrates greater attainment of milestones with pre-
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lSymptomatic treatment. ,In the interim analysis of the ENDEAR trial, the following
age appropriate motor milestone development based on HINE Motor Milestone
IAchievementswere met: 1) head control in 18% infants with treatment (n=51) and 0%
in the sham (n=27), 2) sitting independently in 10% of infants with treatment and 0% in
he sham, 3) standing in 2% of infants with treatment and 0% in the sham.

ty"able1. Summary of HINE motor milestone achievements of infants receiving
Spinraza in NURTUREa versus infants receiving Spinraza in ENDEAR.b,c

Total no. of infants achieving milestone
(%)

MILESTONE ENDEARNUTURE
(open-label, n=9) (treated infants,

n=51)
9/51 (18%)
5/51 (10%)

5/9 (55%)
4/9 (44%)

Head control (Full)
Sitting (Independent: stable, pivot)
Standing (Stands with support,

unaided) 2/9 (22%) 1/51 (2%)
Walking (Cruising, walking) 1/9 (11%) 0/51 (0%)

Only infants with 2 copies of SMN2 were included in this table (no 3 copy SMN2 patients were
included from the NUTURE trial). All infants who enrolled in ENDEAR had 2 copies of SMN2.

~The ENDEAR interim was performed when 51 subjects who received Spinraza had the
opportunity to be treated and observed for at least 183 days and up to 394 days.

cThe data included in this chart are taken from a June 8, 2016 interim analysis of NUTURE and
a June is", 2016 interim analysis of ENDEAR. An updated data set for NUTURE is expected
o be presented at the American Academy of Neurology Annual Meeting April 22-28, 2017.

Irhe greater attainment of motor milestones in NUTURE versus ENDEAR is also
~emonstrated by the mean total HINE score. This data can be seen in slide 11 of
appended slide deck from BPNA meeting. The following was observed around 300
~ays of treatment: -12 point total mean improvement in NURTURE (n=5), -4 point
mean total improvement in the treatment group of ENDEAR (n=51), and less than a 2
point total mean improvement in the ENDEAR sham group (n=27). This data can be
seen on slide 12 of an appended presentation from the recent BPNA meeting. Thus,
~he total mean HINE score improvement was substantially higher in the pre
lSymptomatically-treated infants.

Spinraza in Children and Teens:
In addition, a placebo controlled Phase III trial in children called CHERISH has been
ongoing at over 30 sites worldwide. CHERISHwas a fifteen-month study investigating
Spinraza in 126 non-ambulatory patients with later-onset SMA (consistent with Type
~), including patients with the onset of signs and symptoms at greater than 6 months
and an age of 2 to 12 years at screening. The trial has been recently stopped due to
positive results from an interim analysis. Results from the primary endpoint of the pre
specified interim analysis demonstrated a difference of 5.9 points (p= 0.0000002) at 15
months between the treatment (n=84) and sham-controlled (n=42) study arms, as
measured by the Hammersmith Functional Motor Scale Expanded (HFMSE). From
baseline to 15 months of treatment, patients who received Spinraza achieved a mean
improvement of 4.0 points in the HFMSE, while patients who were not on treatment
Ideclinedby a mean of 1.9 points. See http://media.bioqen.com/oress-
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release/corporate/bioaen-and-ionis-pharmaceuticals-announce-spinraza-nusinersen
meets-primarv- for more details.

Phase 1 Gene Therapy Trial of AVXS-101 in Symptomatic Infants: At the 2016
International Congress of the World Muscle Society, AveXis presented information on
heir Phase 1/2 trial of AVXS-101 for SMA (see slides at
http://investors.avexis.com/phoenix.zhtml?c=254285&p=irol-calendar).

~he open-label study is designed to evaluate safety and efficacy of AVXS-1 01 in
infants with two copies of SMN2 less than nine months of age. The primary outcome in
he study is safety and tolerability. The secondary outcome measure is an efficacy
measure as defined by the time from birth to an "event." Exploratory outcome
measures include the CHOP-INTEND score, a motor function scale used in infants
~ith SMA. There were two dosing cohorts, consisting of three patients in a low-dose
cohort (6.7 X1013 vg/kg) and six patients in a mid-dose cohort (2.0 X1014 vg/kg).

~s of September 15,2016, AVXS-101 appeared to have a favorable safety profile and
o be generally well tolerated. Four patients experienced treatment related elevation in
serum transaminase levels, which were clinically asymptomatic and resolved with
prednisolone treatment. Observed increases in motor function appear to be dose
~ependent, with the low dose cohort increasing an average of 9.0 points from an
average baseline CHOP INTEND score of 16.3 points and the high dose cohort
increasing an average of 24.8 points from an average baseline CHOP INTEND score
of 28.2 points. Comparative natural history data for similar patients with SMA Type I
has shown that none have been observed scoring above 40 points by 6 months of
~ge, with one transient exception. In this study, 11 out of 12 patients in the high dose
cohort reached a CHOP INTEND score ~40 points, 9 out of 12 patients reached a
icHOP INTEND score ~50 points, and 3 out of 12 patients reached a CHOP INTEND
score ~60 points. In addition, all but one patient in the high dose cohort gained a
milestone:
11 out of 12 patients could sit with assistance
8 out of 12 could sit unassisted, including one patient who achieved the milestone
after September 15, 2016
7 of 12 patients could roll
2 of 12 were walking independently; these two patients each achieved earlier and
important developmental milestones such as crawling, standing with support, standing
alone and walking with support.

In contrast, data from a recently reported natural history study in 33 Type I SMA
infants, shows that none achieved a major milestone such as rolling over, or sitting
independently."

~II patients in Cohort 2 (proposed therapeutic dose) were alive and event free. The
median age at last follow-up for Cohort 2 is 17.3 months, with the oldest patient at 27.4
months. Natural history data shows a 25% survival rate at 13.6 months."

~veXis announced recently that it plans a pivotal study of AVXS-101 in SMA Type I
infants starting in the second quarter of 2017. It will use a single-arm design with
natural history of the disease as a comparator and is expected to enroll 20 patients.

Availability
Limits of availability?

!spinraza, which is marketed by Biogen, is FDA approved for the treatment of SMA
patients of all ages and types. The FDA approved Spinraza on December 23rd, 2016.
http://www.fda.qov/NewsEvents/Newsroom/PressAnnouncements/ucm534611.htm).
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In addition to Spinraza, interventions including bi-Ievel pressure support (BIPAP) and
placement of a gastrostomy feeding tube are widely available at major medical
centers. They are currently recommended as the standard care options of choice for
infants with SMA Type I in the "Consensus Statement for Standard of Care in Spinal
Muscular Atrophy".3

Potential Potential medical or other ill effects from treatment
Harms of Spinraza is a therapy administered into the intrathecal space and in some cases,
Treatment anesthesia is required for administration. Therefore, the established risks of routine

lumbar puncture procedure exist, which include headache, nausea, bleeding and CSF
leak. In addition, there are standard risks of anesthesia, which depend upon the
anesthetic used. Specifically in the SMA population, there is the respiratory risk for
general anesthesia, but for whom local anesthesia would not be sufficient. Also, SMA
patients who have undergone scoliosis surgery may have complicated intrathecal
access, potentially requiring fluoroscopic guidance, which would include 'Cumulative
radiation risk. Finally, children responding to therapy may have improving, but still
weak motor skills, and may roll or fall resulting in respiratory compromise or injury.

In regard to Spinraza, the most common side effects found in participants in the
clinical trials were upper respiratory infection, lower respiratory infection and
constipation. Warnings and precautions include low blood platelet count and toxicity to
he kidneys (renal toxicity). In the randomized Phase III ENDEAR clinical trial, no
patient had a platelet count less than 50,000 cells per microliter and no patient
developed a sustained low platelet count despite continued drug exposure. Toxicity in
he nervous system (neurotoxicity) was observed in animal studies. The FDA USPI for
Spinraza can be accessed at:
http://www.accessdata.fda.Qov/druQsatfdadocs/label/2016/2095311bl.pdf

SECTION II - EVIDENCE-BASED INFORMATION

For a nominated condition to be considered there are 3 core requirements:

1. Validation of the laboratory test (see Section II, Part A)
2. Widely available confirmatory testing with a sensitive and specific diagnostic test

(see Section II, Part B)
3. A prospective population based pilot study (see Section II, Part C)

SECTIONII, PARTA

TEST STATEMENT
Description of the high volume method, instrumentation and if available as part of

Screening multi-analyte platform.

teste s) to be There have been two pilots conducted using the assays described below. They

used are referred to by the location in which they took place, Taiwan and New York
state. Also listed is an assay in development by PerkinElmer for which R&D
studies are currently being conducted and pilot studies are being planned. It is
being adapted from the assay described in reference number 1.

TAIWAN: Real-time PCR TaqMan® single nucleotide polymorphism (SNP)
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Modality of
Screening

Does the screening
algorithm include a
second tier test? If
so,what type of test
and availability?

genotyping assay on a StepOnePlus™ RT-PCR 96-well System (Applied
Siosystems). The assay targets a SNP in SMN1 intron 7 to distinguish SMN1
from SMN2 using a Taqman probe.'

NY State: A custom TaqMan real-time polymerase chain reaction (PCR) assay
targeting the SMN1 exon 7 deletion and a fragment of RNaseP (used as an
internal control&ene) are run on a real-time PCR platform such as an ASI 7900
or QuantStudio 12K Flex Real-Time PCR System (ThermoFisher™Scientific).
Testing can be conducted in 96-well or 384-well format. The screen can be
conducted using the same instrumentation and platform as used for molecular
SCID screening, allowing the tests to be multiplexed as described previously.'

PERKINELMER: Real-time PCR assay targeting SMN1 and SMN2 SNPs in
exon 7 using dual-labeled lock nucleic acid Taqman® probes. The 5-plex assay
detects SMN1, SMN2, TREC (to detect SCID), KREC (to detect XLA), and
RNaseP (internal control). Preliminary testing has been conducted using a 96-
well or 384-well format on a ThermoFisher™QuantStudio 5 or a QuantStudio™
OX real time PCR platform.
(Dried blood spot, physical or physiologic assessment, other)
TAIWAN: DNA extracted from 3-mm dried blood spot punch to detect
homozygous deletions in SMN1 intron 7.

NY State: DNA extracted from 3-mm dried blood spot punch to detect
homozygous and heterozygous deletions in SMN1 exon 7.

PERKINELMER: DNA extracted from 3-mm dried blood spot punch to detect
homozygous and heterozygous (if desired) deletions in SMN1 exon 7 and SMN2
copy number.
(Dried blood spot, physical or physiologic assessment, other)
TAIWAN: A feasibility assessment for a second tier test has been completed.
The proposed second tier test is a digital droplet PCR (ddPCR) to exclude false
positives and to detect SMN2 copy number.

NY State: Second tier testing includes:
1. Targeted sequencing in infants positive for SMN1 deletion for quality
assurance, to rule out allelic dropout due to polymorphisms in the SMN1 assay
primer and probe binding sites.
2. SMN2 copy number testing can be performed in affected infants using a
custom TaqMan assay and run on the same platform as the SMN1 assay.
Alternatively, a digital droplet PCR kit (ddPCR SMN2 Copy Number
Determination Kit) is commercially available from SioRad and can be run on the
SioRad platform (for example, QX200 Auto DG Digital Droplet PCR system).

PERKINELMER: No second tier test is needed as the primary assay detects
both SMN1 and SMN2 copy number.



TEST STATEMENT
Location, duration, size, preliminary results of past/ongoing pilot study for clinical
validation, positive predictive value, false positive rate, analytical specificity,
sensitivity.

Clinical !TAIWAN:The screening method was validated by testing the DBS
Validation samples of 2,937 anonymous newborns and 9 DNA samples with

known SMN1 and SMN2 copy numbers. From November 2014 to
September 2016, 120,267 infants have been tested in a consented pilot
study at the National Taiwan University Hospital with:
PPV=100%
FPR=O%(First tier screen identified 15 positives out of 120,000
screened. Eight of the 15 positives were ruled false positives during
second tier testing.)
Analytical SP=100%
Analytical SS=100%

NY State: From January 2016 to December 2016, 3,269 infants have
been tested in an ongoing consented pilot study at three hospitals in
NewYork City with:
PPV=100%
FPR=O%
fA,nalyticalSP= 100%
fA,nalyticalSS= 100%

PERKINELMER: An R&D study is being conducted to screen over
3,000 DBS samples. Thus far, 1,080 DBS samples, along with
characterized reference samples and controls, have been screened.
From those:
PPV=100%
FPR=O%
Analytical SP=100%
Analytical SS=100%
Limit of detection/quantitation, detection rate, reportable range of test results, reference
range. Include regulatory status of test, information about reference samples and
controls required for testing and availability of or potential for external quality

Analytical
assurance system, e.g., QC and PT for both screening and confirmatory tests.
TAIWAN: LOD/LOO= Provided that DNA can be extracted from a given blood

Validation spot, the screen is valid. The presence of DNA is assessed by ensuring
amplification of the internal control gene.
Detection rate=100%. All specimens with homozygous deletions of SMN1 have
screened positive with this method.
Reportable range: Results are reported as: No SMN1 homozygous deletion;
SMN1 homozygous deletion.
This screening method does not detect point mutations in the SMN1 gene,
which are present in around 5% of SMA. It does detect a hybrid SMN1 allele
present in the Taiwanese population resulting in identification of some false
positives. Ouality controls in each 96-well plate included a water blank, a filter
paper blank, and 3 DNA samples with known SMN1:SMN2 copy numbers, 0:2
(affected), 1:2 (carrier), and 2:2 (normal). This test is intended as a LDT
(laboratory developed test) and is not FDA approved.

NY State: LOD/LOO= Provided that DNA can be extracted from a given blood
spot, the screen is valid. The presence of DNA is assessed by ensuring
amplification of the internal control RNaseP gene, where amplification at Ct



<=37 indicates the presence of DNA.
Detection rate= 100%. All specimens with known homozygous deletions of
SMN1 exon 7 have screened positive using the screening assay. This screening
method does not detect point mutations in the SMN1 gene.
Reportable range= Results are reported as: No SMN1 exon 7 deletion;
Heterozygous SMN1 exon 7 deletion; Homozygous SMN1 exon 7 deletion.
The NYS newborn SMA screening tests are LOTs and are not FDA
cleared/approved. The SMN1 screen underwent NYS regulatory approval and is
an approved clinical test.
Specimens from infants with known SMA genotypes (including affected and
carriers) obtained from outside collaborators are used as positive controls and
for proficiency testing.

PERKINELMER: LOD/LOO= Provided that DNA can be extracted from a given
blood spot, the screen is valid. The presence of DNA is assessed by ensuring
amplification of the internal control RNaseP gene.
Detection rate= 100%. All specimens with known homozygous deletions of
SMN1 exon 7 have screened positive using the screening assay.
Reportable range= Results are reported as: No SMN1 exon 7 deletion;
Heterozygous SMN1 exon 7 deletion; Homozygous deletion. SMN2 copy
number is also reported.
Perkin Elmer offers a Customer Contracted Manufacturing Service (CCMS)
where laboratories with an existing LOT may source their raw materials from,
achieving a greater level of control over the quality.

Considerations of
Screening and

Diagnostic Testing

False positives, carrier detection, invasiveness of method, other.
TAIWAN:
False positives: A hybrid allele of SMN1 present in the Taiwanese population
gives rise to a false positive result. 8 false positives have been reported.
Carrier detection: Carriers are not detected.
Invasiveness of method: Minimal, results obtained from routine newborn DBS
acquired via heel stick.

NY State:
False positives: None reported.
Carrier detection: Carriers are detected and reported (heterozygous SMN1 exon
7 deletion). 48 carriers have been detected thus far.
Invasiveness of method: Minimal, results obtained from routine newborn DBS
acquired via heel stick.

PERKINELMER:
False positives: None reported.
Carrier detection: Carriers are detected (SMN1 heterozygous). SMN2 copy
number (a determinant of disease severity) is detected.
Invasiveness of method: Minimal, results obtained from routine newborn DBS
acquired via heel stick.
Detection or suggestion of other disorders.

Potential Secondary ~AIWAN: None
Findings

NY State: None

PERKINELMER: None

SECTION II, PART B
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Ruantitative or qualitative? Include sensitivity, specificity, etc.
Clinical and Analytical !Thediagnostic test for SMA detects the presence or absence of the SMN1

TESTING

Validity

Type of test and/or
sample matrix (blood,
radiology, urine, tissue
sample, biophysical

test)

STATEMENT

sene, due to deletion or gene conversion of the SMN1 gene to the SMN2
~ene, using DNA analysis of both SMN1 alleles. It is an allele specific real-
ime PCR assay. It is estimated to be 99% analytically sensitive for the
presence of the SMN1 gene and approximately 95% clinically sensitive for
patients with features of SMA. Approximately 5% of affected individuals with
SMA have compound heterozygosity for a rare intragenic point mutation within
he SMN1 gene on one chromosome and a deletion/gene conversion of SMN1
exon 7 on the other chromosome. The standard molecular diagnostic test is
unable to detect those individuals." However, there are clinical tests available,
although not widely utilized, which can detect SMN1 point mutations in cases
in which a patient shows clinical signs of SMA but the carrier genotype:
www.ncbi.nlm.nih.gov/gtr/all/tests/?term=C0026847. The standard diagnostic
est does not identify patients who are heterozygous carriers for the SMN1
~eletion, and a distinct diagnostic test is routinely utilized to detect carriers. 19,
~o

Irhe SMA diagnostic test is conducted from a whole blood sample.11:5 It can
also be conducted prenatally from amniotic fluid or amniocytes or chorionic
~illus (CVS) culture."

Is test FDA
cleared/approved

List all CLIA certified
labs offering testing in

the US

~ncludeavailability information, sole source manufacturer, etc.
No

Link to GeneTests and Genetic Test Reference if applicable.
The SMA diagnostic test is available at CLiA certified labs throughout the
United States. A comprehensive list can be found at:
https:llwww.genetests.org/search/tests.php?locations[]=USA&user_submitted
=1&search=SPINAL+MUSCULAR+ATROPHY&filter status=1
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POPULATION
BASEDPILOT

STUDY
STATEMENT

Location of
Prospective Pilot

Two prospective pilots have been ongoing in SMA. They are described below.

TAIWAN: National Taiwan University Hospital newborn screening center, Taiwan
(manuscript under review at time of submission, Dr. Yin-Hsiu Chien personal
communication). Contact: Dr. Yin-Hsiu (Nancy) Chien, National Taiwan University:
chienyh@ntu.edu.tw

NY STATE: New York, New York (unpublished, Dr. Wendy Chung personal
cornmurncatron). Contact: Dr. Wendy Chung, Columbia University (New York):
wkc15@cumc.columbia.edu

PERKINELMER: No prospective pilots had begun using this assay at the time of
submission, but plans are in development for such a study in Wisconsin, once the
retrospective study on de-identified dried blood spots described in the section
above is completed. Dr. Mei Baker, Wisconsin Laboratory of Health:
meLbaker<a2slh.wisc.edu

Additional pilots are proposed in Massachusetts and North Carolina.
MA Contact: Dr. Anne Comeau: New England Newborn Screening Lab
(Massachusetts): Anne.Comeau@umassmed.edu
NC Contact: Dr. Don Baily at RTI: dbailey@rtLorg Plan to begin Spring 2018.

Legislation to add SMA to statewide NBS in Missouri (HB 66) has been proposed
and is currently undergoing the approval process. As of 2/16/17, the bill had passed
he Missouri House of Representatives and will be moved to the Senate shortly.

Number of
Newborns
Screened

TAIWAN: From November 2014 to September 2016,120,267 newborns were
screened.

NY STATE: From January 2016 to December 2016,3,269 newborns have been
screened (pilot ongoing at the time of submission).

Number of
Screen Positive

Results

Positive by primary test vs. 2nd tier test if applicable.
ITAIWAN:15 by primary test, 7 by 2nd tier test, with a measured incidence of 1 in
17,181 infants screened.

NY STATE: One infant screened positive in both the primary and secondary test.
False Positive
Rate; False

Negative Rate (if
known)

False positive by primary test vs. 2nd tier test if applicable.
TAIWAN:
8 false positives by primary test, zero false positives by 2nd tier test (false
negatives unknown)

NY STATE:
False positive rate = 0%
False.negative rate = unknown (none have been reported to the newborn
screening program). *The qPCR test targeting the SMN1 exon 7 deletion will only
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identify infants with the exon 7 deletion. Infants with SMA who are compound
heterozygous for the deletion and a different mutation could be incorrectly
classified as carriers, and infants with SMA and two mutations not tested could be
incorrectly classified as screen negative

Number of
Infants

Confirmed with
Diagnosis

How is diagnosis confirmed [clinical, biochemical, molecular]?
TAIWAN: 7 confirmed by molecular confirmation of homozygous SMN1 exon 7
deletion.
For these 7 cases, the following is known:
Patient #1- Normal at age 25 months
Patient #2- Sibling has SMA, refused further contact
Patient #3- Clinically followed, SMA onset at 13 months of age
Patient #4- Respiratory failure at birth, death at 3 months of age
Patient #5- SMA onset at age 2 months
Patient #6- Enrolled in the Biogen NURTURE Trial.
Patient #7- Enrolled in the Biogen NURTURE Trial.

NY STATE: One infant with molecular confirmation of homozygous SMN1 exon 7
deletion. The patient was enrolled in Biogen's NURTURE trial.
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February 28, 2017

Dr. Joseph A. Bocchini, Jr., M.D., Chairman
Advisory Committee on Heritable Disorders in Newborns and Children
5600 Fishers Lane, Room 18W68
Rockville, MD 20857

Dear Dr. Bocchini:

On behalf of all children born with spinal muscular atrophy (SMA), Cure SMA and the Muscular
Dystrophy Foundation (MDA) are submitting this .application for the Advisory Committee's
consideration to nominate SMA as a condition to be listed on the Recommended Uniform Screening
Panel (RUSP). The timing of this submission follows the December 23, 2016 FDA approval of the
first-ever disease modifying therapy approved to treat SMA patients.

SMA is the number one genetic cause of death for infants, and affects approximately 1 in 11,000
babies. SMA is a progressive neurodegenerative disease that robs people of physical strength by
affecting the motor nerve cells in the spinal cord, taking away the ability to walk, eat, and breathe.
SMA can affect any race or gender. The disease is an autosomal recessive genetic disease caused
by a mutation in the survival motor neuron gene 1 (SMN1). In a healthy person, this gene produces a
protein that is critical to the function of the nerves that control muscles. Without it, those nerve cells
cannot function properly and eventually die, leading to debilitating and often fatal muscle weakness.

As many on the committee know, Cure SMA is the largest organization in the United States
dedicated to the treatment and cure of spinal muscular atrophy, and to supporting families affected
by the disease. Cure SMA's reach includes 14,000 households in the SMA community, representing
all four types of SMA as well as researchers and healthcare providers working in the neuromuscular
fields-plus over 115,000 additional supporters. These stakeholders represent all 50 states as well
as dozens of countries. In addition, Cure SMA has funded just, over $62 million in research, with
another $3 million pledged for the next 12 months.

MDA is a national 501(c)(3) organization dedicated to improving and saving the lives of people living
with neuromuscular diseases, including SMA, muscular dystrophy, and ALS. All of the disorders
under MDA's umbrella are classified as rare diseases and are progressive in nature, with life
expectancy varying by disease. For more than 65 years, MDA has been committed to helping bring
safe and effective treatments and cures to families as quickly as possible. To that end, MDA has
funded over $1 billion in research grants and hosts a scientific conference in alternating years that
brings together the leaders in neuromuscular disease from around the world. MDA is also committed
to ensuring expert clinical care, and to that end, MDA supports more than 150 clinics (MDA Care
Centers) nationwide that provide coordinated care to people with over 40 different kinds of
neuromuscular disease, including SMA.

Cure SMA and MDA have joined together in this important effort-to ensure that all babies born in
the United States are tested for SMA-as both organizations are committed to ensuring that those
living with SMA are identified and treated as early as possible. In our combined effort to see NBS for
SMA, we are pleased to be joined by the experts engaged in the SMA Newborn Screening Working
Group (list enclosed). Together we have welcomed the opportunity to work with and testify before
this Committee in advance of our submission and we appreciate the interest and attention of this

925 Busse Road, Elk Grove Village, IL 600071 800-886-17621 Info@cureSMA.org 1clIIl'SMA org
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body over the months. As we submit this nomination, we offer our continued support throughout the
committee's review process, and request and encourage you to reach out to us in any way we can
be helpful.

The materials included in this application have been assembled and reviewed by the aforementioned
Working Group, comprised of experts in the SMA field. The materials clearly demonstrate the
importance of newborn screening for SMA as evidenced by (1) the substantial need for and benefit
of pre-symptomatic treatment for SMA patients; (2) the availability of validated laboratory tests used
to screen for SMA; (3) the availability of an FDA-approved treatment for SMA; and (4) the ability to
treat successfully, once diagnosed, positive patients detected through newborn screening pilot
studies.

An examination of the natural history, pathology, and continuing clinical trials for treatment
development has shown that time has a clear and profound effect on the outcome for SMA patients.
Just a few weeks can mean the difference between life and death for an infant with type I SMA,
where the median survival is between 8 and 11 months in recent natural history studies. Preliminary
results of the continuing NURTURE study conducted during the development and approval of
SPINRAZATM, the first disease-modifying drug approved by the FDA, demonstrated a clear benefit
for the pre-symptomatic treatment of SMA patients. Infants who were diagnosed before the onset of
symptoms - either through the successful newborn screening pilots or because of a previously
affected sibling - and who received SPINRAZA™ have achieved unprecedented motor milestones of
sitting, standing, and walking, never before seen in Type I infants with SMA.

It is with great urgency and also excitement that we submit this application to the Committee for its
consideration. To assist the Committee in its review enclosed please find: 1) member list of the SMA
Newborn Screening Working Group and 2) table of contents setting out the content of the application
and additional resource materials included.

We welcome all inquiries from the committee and look forward to working with your members, staff,
and external advisory review group throughout the review process. Thank you for your time and
dedication to these efforts and a special thank you to Debi Sarkar for her guidance and support as
we worked to bring forth this application to the committee.

Sincerely,

KAI.lr
Kenneth Hobby
President
Cure SMA

~CM)o
Valerie Cwik MD
Executive Vice President
Chief Medical & Scientific Officer
Muscular Dystrophy Association

CC: Ms. Debi Sarkar, MPH - ACHDNC Designated Federal Official

925 Busse Road. Elk Grove Village, IL 60007 i 800-886-1762: mfo@cureSMAorg , ::' .~, ,
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Newborn Screening Multidisciplinary Working Group

Kenneth Hobby
President
Cure SMA

Jill Jarecki, PhD
Chief Scientific Officer
Cure SMA

Jackie Glascock, PhD
Scientific Program Manager
Cure SMA

Mary Schroth, MD
Medical Director
Cure SMA

Spencer Perlman
Cure SMA Board of Directors

Corey Braastad, PhD
Cure SMA Board of Directors
VP and GM of Genomics
Covance Drug Discovery

Katherine Klinger, PhD
Cure SMA Board of Directors
Global Head Translational Sciences
Sanofi Genzyme

Douglas Kerr, MD, PhD, MBA
Cure SMA Board of Directors
Global Development Lead-Vice President,
Neurology Research & Development
Shire

Amanda Haidet-Phillips, PhD
Scientific Program Officer
Muscular Dystrophy Association

Kristin Stephenson
Vice President Policy & Advocacy
Muscular Dystrophy Association

Rodney Howell, MD
Chair of the Board, Muscular Dystrophy
Association (MDA)
Chair Emeritus Pediatrics, Professor of
Pediatrics
University of Miami School of Medicine

Tom Crawford, MD
Professor of Neurology
John Hopkins School of Medicine

John Day, MD, PhD
Professor of Neurology, Pediatrics
(Genetics), and by courtesy, Pathology
Stanford University Medical Center

Tom Prior, PhD
Professor, Department of Pathology
Ohio State University

Jacinda Sampson, MD, PhD
Clinical Associate Professor
Neurology and Neurological Sciences
Stanford University Medical Center
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Commercial Policy
• Spinraza™ (Nusinersen)

INSTRUCTIONSFORUSE

This Drug Policy provides assistance in interpreting UnitedHealthcare benefit plans. When deciding coverage, the
federal, state or contractual requirements for benefit plan coverage must be referenced. The terms of the federal,
state or contractual requirements for benefit plan coverage may differ greatly from the standard benefit plan upon
which this Drug Policy is based. In the event of a conflict, the federal, state or contractual requirements for benefit
plan coverage supersedes this Drug Policy. All reviewers must first identify member eligibility, any federal or state
regulatory requirements, and the contractual requirements for benefit plan coverage prior to use of this Drug Policy.
Other Policies and Coverage Determination Guidelines may apply. UnitedHealthcare reserves the right, in its sole
discretion, to modify its Policiesand Guidelines as necessary. This Drug Policy is provided for informational purposes.
It does not constitute medical advice.

UnitedHealthcare may also use tools developed by third parties, such as the MCG™Care Guidelines, to assist us in
administering health benefits. The MCG™Care Guidelines are intended to be used in connection with the independent
professional medical judgment of a qualified health care provider and do not constitute the practice of medicine or
medical advice.

BENEFITCONSIDERATIONS

Before using this policy, please check the federal, state or contractual requirements for benefit coverage.

COVERAGERATIONALE

Spinraza'M (nusinersen) is proven and medically necessary for.'

1. The treatment of Spinal Muscular Atrophy (SMA) in patients who meet ALL of the following criteria:
a. For initial therapy, ALLof the following:

(1) ONEof the following:
(a) Diagnosis of spinal muscular atrophy type I, II, or III by a neurologist with expertise in the diagnosis

of SMA
(b) Diagnosis of spinal muscular atrophy type I, II, or III by a physician in consultation with a neurologist

with expertise in the diagnosis of SMA;
and

(2) Submission of medical records (e.g., chart notes, laboratory values) confirming BOTHof the following:
(a) The mutation or deletion of genes in chromosome 5q resulting in ONEof the following:

i. Homozygous gene deletion or mutation (e.g., homozygous deletion of exon 7 at locus 5q13);1,2
or

ii. Compound heterozygous mutation (e.g., deletion of SMNl exon 7 [allele 1] and mutation of SMN1
[allele 2]);

and
(b) Patient has at least 2 copies of SMN2;

Spinraza™(Nusinersen) Page1 of 5
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and
(3) Patient is not dependent on either of the following:

(a) Invasive ventilation or tracheostomy
(b) Useof non-invasive ventilation beyond use for naps and nightime sleep;
and

(4) Submission of medical records (e.g., chart notes, laboratory values) of the baselineexam of at least ONE
of the following exams (based on patient age and motor ability) to establish baselinemotor ability:
(a) Hammersmith Infant Neurological Exam (HINE)1,8,12(infant to early childhood)
(b) Hammersmith Functional Motor ScaleExpanded(HFMSE)1,9,13-14
(c) Upper LimbModule (ULM)Test (Non arnbulatoryj+?
(d) Children's Hospital of PhiladelphiaInfant Test of Neuromucular Disorders (CHOPINTEND);1,8
and

(5) ONEof the following:
(a) Spinraza is prescribed by a neurologist with expertise in the treatment of SMA
(b) Spinraza is prescribed by a physician in consultation with a neurologist with expertise in the treatment

of SMA;
and

(6) Spinraza is to be administered intrathecally by, or under the direction of, healthcare professionals
experienced in performing lumbar punctures; and

(7) Spinrazadosing for SMAis in accordancewith the United States Foodand Drug Administration approved
labeling: maximum dosing of 12mg for each loading dose; and

(8) Initial authorization will be for no more than 4 loading doses (2 months).

b. For continuation therapy, ALLof the following:
(1) ONEof the following:

(a) Diagnosisof spinal muscular atrophy type I, II, or III by a neurologist with expertise in the diagnosis
of SMA

(b) Diagnosisof spinal muscular atrophy type I, II, or III by a physician in consultation with a neurologist
with expertise in the diagnosis of SMA;

and
(2) Submission of medical records (e.g., chart notes, laboratory values) confirming BOTHof the following:

(a) The mutation or deletion of genes in chromosome 5q resulting in ONEof the following:
i. Homozygousgene deletion or mutation (e.g., homozygousdeletion of exon 7 at locus 5q13);1,2

or
ii. Compound heterozygousmutation (e.g., deletion of SMN1exon 7 [allele 1] and mutation of SMN1

[allele 2]);
and

(b) Patient has at least 2 copiesof SMN2;
and

(3) Patient is not dependent on either of the following:
(a) Invasive ventilation or tracheostomy
(b) Useof non-invasive ventilation beyond use for naps and nightime sleep;
and

(4) Submission of medical records (e.g., chart notes, laboratory values) with the most recent results « 1
month prior to request) documenting a positive clinical responsefrom pretreatment baseline status to
Spinraza therapy as demonstrated by at least ONEof the following exams:
(a) HINEmilestones:

i. One of the following:
(i) Improvement or maintenance of previous improvement of at least 2 point (or maximal score)

increase in ability to kick
(ii) Improvement or maintenance of previous improvementof at least 1 point increase in any

other HINEmilestone (e.g., head control, rolling, sitting, crawling, etc.), excluding voluntary
grasp;

and
ii. One of the following:

(i) The patient exhibited improvement or maintenanceof previous improvement in more HINE
motor milestonesthan worsening, from pretreatment baseline (net positive improvement)

(ii) Achievedand maintained any new motor milestoneswhen they would otherwise be
unexpectedto do so (e.g., sit unassisted, stand, walk);

or
(b) HFMSE:One of the following:

i. Improvement or maintenance of previous improvement of at least a 3 point increase in score from
pretreatment baseline
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ii. Patient has achieved and maintained any new motor milestone from pretreatment baseline when
they would otherwise be unexpected to do so;

or
(c) ULM:One of the following:

i. Improvement or maintenance of previous improvement of at least a 2 point increase in score from
pretreatment baseline

ii. Patient has achieved and maintained any new motor milestone from pretreatment baseline when
they would otherwise be unexpected to do so;

or
(d) CHOPINTEND:One of the following:

i. Improvement or maintenance of previous improvement of at least a 4 point increase in score from
pretreatment baseline

ii. Patient has achieved and maintained any new motor milestone from pretreatment baseline when
they would otherwise be unexpected to do so;

and
(5) ONEof the following:

(a) Spinraza is prescribed by a neurologist with expertise in the treatment of SMA
(b) Spinraza is prescribed by a physician in consultation with a neurologist with expertise in the treatment

of SMA;
and

(6) Spinraza is to be administered intrathecally by, or under the direction of, healthcare professionals
experienced in performing lumbar punctures; and

(7) Spinraza dosing for SMAis in accordance with the United States Foodand Drug Administration approved
labeling: maximum dosing of 12mg every 4 months, starting 4 months after the last loading dose; and

(8) Reauthorization will be for no more than 3 maintenance doses (12 months).

Spinraza is not proven or medically necessary for spinal muscular atrophy without chromosome Sq
mutations or deletlons.!

U.S. FOODAND DRUGADMINISTRATION FDA

Spinraza is a survival motor neuron-2 (SMN2)-directed antisense oligonucleotide indicated for the treatment of spinal
muscular atrophy (SMA) in pediatric and adult patients.

BACKGROUND

Spinal muscular atrophy (SMA) is a rare, autosomal recessive neuromuscular disease that affects the survival of
motor neurons of the spinal cord." SMAis caused by the deletion/mutation of the SMN1gene.2 The estimated annual
incidence of SMAis 5.1 to 16.6 casesper 100,000 live births. Approximately 1/40 to 1/60 people are SMAcarriers,
equating to 3.5 to 5.2 million and 12 to 18 million individuals in the United States and Europe, respectively.f" SMAis
characterized by the degeneration of motor neurons of the spinal cord, resulting in hypotonia and muscle weakness.
Five subtypes of SMA(O-IV) have been described basedon age of symptom onset and motor function achieved."

sptnraza" (nusinersen) is a modified antisense oligonucleotide designed to treat SMAcaused by mutations in
chromosome 5q that lead to SMNprotein deficiency. Nusinersenbinds to a specific sequence in the intron
downstream of exon 7 of the SMN2transcript. Using in vitro assays and studies in transgenic animal models of SMA,
nusinersen was shown to increase exon 7 inclusion in SMN2messenger ribonucleic acid (mRNA) transcripts and
production of full-length SMNprotein."

APPLICABLECODES

The following list(s) of procedure and/or diagnosis codes is provided for reference purposes only and may not be all
inclusive. Listing of a code in this policy does not imply that the service described by the code is a covered or non
covered health service. Benefit coverage for health services is determined by federal, state or contractual
requirements and applicable laws that may require coverage for a specific service. The inclusion of a code does not
imply any right to reimbursement or guarantee claim payment. Other Policiesand Coverage Determination Guidelines
may apply.

ICD-10 Dia nosis Code Descri tion
G12.0
G12.1

Infantile spinal muscular atrophy, type I [Werdnig-Hoffmann]
Other inherited spinal muscular atrophy
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CLINICAL EVIDENCE

A Phase III, multicenter, randomized, double-blind, sham-procedure controlled study assessed the clinical efficacy and
safety of nusinersen, administered intrathecally in 121 symptomatic infants, :5 7 months of age at the time of first
dose, diagnosed with SMA(symptom onset before 6 months of age). Patients were randomized 2:1 to receive either
nusinersen or sham injection. A planned interim efficacy analysis was conducted basedon patients who died,
withdrew, or completed at least 183 days of treatment. Of the 82 patients included in the interim analysis, 44% were
male and 56% were female. Age at first treatment ranged from 30 to 262 days (median 181). Eighty-seven (87%) of
subjects were Caucasian, 2% were Black, and 4% were Asian. Length of treatment ranged from 6 to 442 days
(median 261 days). Baselinedemographics were balancedbetween the nusinersen and control groups with the
exception of age at first treatment (median age 175 vs. 206 days, respectively). The nusinersen and control groups
were balanced with respect to gestational age, birth weight, diseaseduration, and SMN2copy number (2 copies in
98% of subjects in boths groups). Mediandiseaseduration was 14 weeks. There was some imbalance in age at
symptom onset with 88% of subjects in the nusinersen group and 77% in the control group experiencing symptoms
within the first 12 weeks of life. The primary endpoint assessedat the time of interim analysis was the proportion of
responders: patients with an improvement in motor milestones according to Section 2 of the Hammersmith Infant
Neurologic Exam (HINE). A treatment responder was defined as any patient with at least a 2-point increase (or
maximal score of 4) in ability to kick (consistent with improvement by at least 2 milestones), or at least a 1-point
increase in the motor milestones of head control, rolling, sitting, crawling, standing or walking (consistent with
improvement by at least 1 milestone). To be classified as a responder, patients needed to exhibit improvement in
more categories of motor milestones than worsening. Of the 82 patients who were eligible for the interim analysis, a
statistically significantly greater percentage of patients achieved a motor milestone response in the nusinersen group
compared to the sham-control qroup.l- 8

A PhaseIII multicenter, double-blind, randomized, sham-procedure controlled study assessedthe clinical efficacy and
safety of nusinersen in patients with later-onset SMAconsistent with Type II SMA.Subjects were randomized 2:1 to
receive intrathecal nusinersenor a sham procedure control, respectively. Inclusion criteria included diagnosiswith
SMA,have clinical signs and symptoms consistent with SMAat greater than 6 months of age, be able to sit
independently, but never able to walk independently and have a HFMSEscore greater than or equal to 10 and less
than or equal to 54 at Screening. The primary endpoint is change from baseline in HFMSEscore (at 15 months).
Secondary Endpointsare (at 15 months): proportion of subjects who achieve a 3-point increase from baseline in
HFMSEscore, proportion of subject that achieve any new motor milestone, number of motor milestones achieved per
subject, changefrom baseline in Upper Limb ModuleTest, proportion of subjects that achieve standing alone,
proportion of subject that achieve walking with assistance. In a pre-planned interim analysis, a significant difference
(p = 0.0000002) of 5.9 points in HFMSEwas observed at 15 months between patients given nusinersen (n=84)
compared to the sham-procedure control (n=42). Patients receiving nusinersen experienced a mean improvement of
4.0 points in the HFMSEcompared to a mean decrease of 1.9 points in the sham procedure control group (5). A
change of ~ 3 points in the HFMSEhas previously been determined to be clinically important. Results for other
endpoints were consistent with a favorable responseto nusinersen compared to sham-procedure control. Adverse
events were mostly considered to be related to SMAdisease, common events found in the general population, or
events related to the lumbar puncture procedure. No patients discontinued the study. Nusinersenwas well tolerated
with a favorable safety profile."

The results of the controlled trial in infantile-onset SMApatients were supported by open-label uncontrolled trials
conducted in symptomatic SMApatients who ranged in age from 30 days to 15 years at the time of first dose, and in
presymptomatic patients, who ranged in age from 8 days to 42 days at the time of first dose.The patients in these
studies had or were likely to develop Type 1, 2, or 3 SMA.Some patients achieved milestones such as ability to sit
unassisted, stand, or walk when they would otherwise be unexpected to do so, maintained milestones at ageswhen
they would be expected to be lost, and survived to ages unexpected considering the number of SMN2gene copiesof
patients enrolled in the studies.10,11

CENTERSFORMEDICAREANDMEDICAIDSERVICES(CMS)

Medicaredoes not have a National Coverage Determination (NCD) for Spinraza™(nusinersen). LocalCoverage
Determinations (LCDs) do not exist at this time.

Medicarecovers outpatient (Part B) drugs that are furnished "incident to" a physician's service provided that the drugs
are not usually self-administered by the patients who take them. See the MedicareBenefit PolicyManual (Pub. 100-
2), Chapter 15, §50 Drugs and Biologicalsat http://www.cms.hhs.gov/manuals/Downloads/bp102c15.pdf.
(AccessedJanuary 4,2017)
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Spinal muscular atrophy (SMA)is the most common genetic cause of infant mortality.
Children with type I SMAtypically die by the age of 2 years. Recent progress in gene
modification and other innovative therapies suggest that improved outcomes may soon be
forthcoming. In animal models, therapeutic intervention initiated before the loss of motor
neurons alters SMAphenotype and increases lifespan. Presently, supportive care including
respiratory, nutritional, physiatry, and orthopedic management can ameliorate clinical
symptoms and improve survival rates if SMAis diagnosed early in life. Newborn screening
could help optimize these potential benefits. A recent report demonstrated that SMA
detection can be multiplexed at minimal additional cost with the assay for severe
combined immunodeficiency, already implemented by many newborn screening pro
grams. The public health community should remain alert to the rapidly changing develop
ments in early detection and treatment of SMA.

© 2015Elsevier Inc. All rights reserved.

Introduction cord. Over time, SMAresults in progressive and symmetrical
proximal weakness, followed by paralysis and ultimately,
premature death. It is disheartening to examine SMAinfants
with advancing disease, their faces often bright and happy,
and their full facial strength apparent because their eye and
facial muscles are spared.

Spinal muscular atrophy (SMA),the leading cause of heritable
infant mortality," is detectable by newborn blood spot screen
ing (NBS).2-7SMAis presently an incurable condition charac
terized by degeneration of alpha motor neurons in the spinal

Abbreviations: AAV, adeno-associated virus; ASO, antisense oligonucleotides; DBS, dried blood spot(s); DcPS, human scavenger
decapping enzyme; DHPLC, denaturing high-performance liquid chromatography; HRMA, high-resolution melting analysis;
LNA, lock nucleic acid; MLPA, multiplex ligation probe amplification; NBS, newborn blood spot screening; NBSTRN, Newborn
Screening Translational Research Network; RFLP, restriction fragment length polymorphism; scAAV, self-complimentary-associated
adenovirus; SACHDNC, Secretary of Health and Human Services' Advisory Committee on Heritable Diseases in Newborns and
Children; SCID, severe combined immunodeficiency; SMA, spinal muscular atrophy; SMN, survivor motor neuron; SNP, single
nucleotide polymorphism(s); SSCP, single-strand conformation polymorphism; TREC, T-cell receptor excision circle(s)
*Correspondence to: 1605Chantilly Dr NE,Atlanta, GA30324.
E-mail address: Han.phan@emory.edu (H.C.Phan).

http:// dx.doi.orgl10.1053/j.semperi.2015.03.006
0146-0005/©2015Elsevier Inc. All rights reserved.
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Among autosomal recessive disorders, SMAis the most
common fatal disease and is second in birth prevalence only
to cystic fibrosis.' The incidence of SMAis estimated at 1 in
6000-10,000,and the carrier frequency is 1/40-1/60.8SMAis a
pan-ethnic disorder and overall represents the most wide
spread lethal genetic disease of children."
The first article describing SMAwas published in 1891 by

GuidoWerdnig, who meticulously detailed the clinical presen
tation, symptomatic progression, and pathological findings of a
patient with infantile muscular atrophy relative to the gastro
cnemius muscles and the spinal cord. He described the patient
as a strong child, with lively movements, who succumbed to
progressive weakness after a respiratory illness. Muscle path
ology revealed a fatty tissue infiltrate, and the spinal cord
showed atrophy of the anterior hom cells.'? This report was
followedby Johann Hoffmann's article in 1893describing what
he termed infantile progressive muscular atrophy.P
The molecular basis of SMAwas recognized in 1990,when

Gilliam et alY showed that childhood-onset SMAis mono
genic and linked to chromosome 5q, specifically 5qll.2-q13.3.
At 5 years later, the site of the molecular lesion was identified
as the SMNIgene encoding the survival motor neuron (SMN)
protein.P This discovery was followed by an extraordinary
scientific collaboration that untangled the complex genetics
underlying SMAand revealed a unified theory of molecular
pathogenesis. SMA became understood as a single-gene
disorder with a closely related gene serving as a major
phenotypic modifier. As investigators overcame the technical
challenges that made SMAetiology so obscure, they focused
on early identification, recognizing that the rapid onset and
dire consequences of infantile SMAwould require immediate
intervention for any potential therapeutic actions to be
effective. The development of methods that could detect
SMAfrom newborn dried blood spots (DBS)was an integral
part of the collaborative research.
These research efforts have led to more than a dozen

potential therapies to treat SMA,including small molecules,
antisense oligonucleotides, vector-based gene replacement,
and stem cell transplantation. As this review goes to press,
two such therapeutic treatments are in FDAPhase IIIclinical

trials, which have been approved for evaluation in pre
symptomatic infantsl4-i7 (Table1).Results from Phase Isafety
studies and Phase II efficacy trials in symptomatic children
have been promising for both the therapies, suggesting
stabilization and even modest improvement of symptoms.
This report reviews the current understanding of SMA

pathogenesis, its clinical spectrum and pathognomonic fea
tures, the laboratory methods that have been used for
detection and diagnosis, the current approaches to clinical
management, and the promise of emerging therapeutic treat
ments. The current and future role of SMA-NBSis discussed,
including the need for pilot studies that will allow the public
health community to prepare for the availability of therapies
with proven benefit in pre-symptomatic newborns.

Clinical presentation

ChildhoodSMAis commonly dividedinto three clinicalgroups
type I(OMIM253300),type II (OMIM253550),and type III (OMIM
253400)-based upon age of onset, maximum motor milestone
attained, and age at death.iB-20Adult-onset SMA,referred to as
type IV(OMIM271150),occurs at a much lower frequency.
SMAtype I(Werdnig-Hoffmann disease) is the most severe

phenotype, representing about 60-70%of all cases. Affected
patients have severe and generalized weakness with hypo
tonia at birth or within the first few months of life, most
definitely before the age of 6 months. All SMAtype Ipatients
are unable to sit unsupported. Because of the degree of
weakness, most children die before 2 years of age, unless
they receive substantial nutritional and respiratory support.
The age of onset in SMAbroadly correlates with age at death,
indicating that the earlier onset of symptoms correlates with
the severity of the condition.21,22The mortality rate is 75-95%
by the second birthday.18,22These patients have normal
cognition, and a somewhat higher average intelligence has
been reported in comparison to other neuromuscular disor
ders such as Duchenne Muscular Dystrophy.23,24
SMAtype II is characterized by the ability to sit unsup

ported; however, patients may lose this skill over time.

Table 1 - Therapies for spinal muscular atrophy in clinical trials (Accessed January 2015).

Therapy/phase Title

https://clinicaltrials.gov/ct2/show/
NCT02193074?term=sma&rank=26

Randomized, double-blind, sham-procedure controlled study to
assess the clinical efficacyand safety of ISIS396443administered
intrathecally in patients with infantile-onset spinalmuscular
atrophy

Multicenter, randomized, adaptive, double-blind, placebo controlled
study to assess safety and efficacyofOlesoxime('rR019622)in 3-25
Year old spinal muscular atrophy (SMA)patients.

Gene transfer clinical trial for spinal muscular atrophy Type 1
delivering the survival motor neuron gene by self
complementary AAV9

Amulticenter, randomized, double blind, placebo controlled,
multiple dose study to investigate the safety, tolerability,
pharmacokinetics and pharmacodynamics of R06885247
following 12weeks of treatment in adult and pediatric patients
with spinal muscular atrophy (MOONFISH).

Antisense
oligonucleotides ISIS
Pharmaceuticals
Phase III

Small molecule
Trophos Phase III

Gene therapy AveXis
Inc Phase I

Small molecule Roche
Phase I

URi link

https://clinicaltrials.gov/ct2/show/
NCT01302600?
term=olesoxime+and+sma&rank=l

https://clinicaltrials.gov/ct2/show/
NCT02122952?term=sma&rank=39

https://clinicaltrials.gov/ct2/show/
NCT02240355?term=sma&rank=51
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Symptoms present before 18months of age, and the affected
children are never able to walk or stand. Life expectancy is
beyond 4 years of age. SMA type III (Kugelberg-Welander
disease) is the mildest childhood-onset phenotype, with
symptoms presenting after 18 months of age. Type III
patients are able to walk with assistance and potentially
can have a normal life span.18,2D-22,2S
Further characterizations of the different types of SMAare

based upon the copy numbers of the SMN2gene, a paralog of
SMN1that produces SMNprotein at much lower levels than
SMN1.SMAtype I patients typically have 2-3 copies of SMN2,
SMAtype IIpatients have 3-4 copies, and SMAtype IIIpatients
have at least 4 copies of SMN219(Table 2). Classification and
determination of the various types of SMAare important for
two reasons: first, to correlate clinical symptoms with genotype
and second, to establish the natural history as a baseline for
measuring the efficacyof therapeutic interventions.

Molecular genetics and pathogenesis

In humans, there are two nearly identical SMNgenes present
in 5q13: telomeric SMN1 and centromeric SMN2.The two
inverted sequences both code for the SMNprotein and are
more than 99% identical. Both genes have equivalent pro
moters and nine exons with a stop codon near the end of exon
7y,26,27Homozygousabsence ofSMN1is found in about 95%of
SMApatients, regardless of the type. The remaining 5%of the
affected patients are compound heterozygotes for SMN1exon
7 deletions or small intragenic mutations.' The primary differ
ence between SMN1and SMN2is a single nucleotide alteration
in exon 7 (840C> T).This transition does not alter the amino
acid sequence of the SMNprotein produced by SMN2,but it
affects the splicing process by disrupting the exonic splicing
enhancer, resulting in exclusion of exon 7 in most mature
SMN2mRNAtranscripts28,29(Fig.1).The lack of exon 7 disrupts
the SMNprotein domain that enables oligomerization, which
prevents the protein's ability to interact with other proteins."
While the SMN1gene produces full-length transcripts and
functional SMNprotein, 90%ofSMN2transcripts are translated
into truncated SMNproteins (SMNt.7).26,28,31
Interestingly, only the human genome contains SMN2,

while all other animals have only one SMNprotein-coding
gene. In a transgenic mouse model, homozygous Smn knock
out (Smn-I-) results in lethality, indicating that SMNprotein
is necessary for cellular survival and function." Inserting
SMN2transgenic ally into a Smn-I- mouse results in a viable
mouse pup that becomes SMAsymptomatic soon after birth.
The phenotype can vary depending on the copy number of
SMN2inserted. Higher numbers reduce the severity of the
condition, indicating that SMN2has a protective role in the

disease phenotype.Pr" These findings indicate that SMA
results from inadequate production of SMNprotein and that
the SMN2gene is the phenotypic modifier.
Multiple studies have shown that SMN2copy number can

alter the disease phenotype.P"? The small quantity of SMN2
transcripts helps to explain the clinical observation that
increased copy numbers of SMN2 correlate with milder
disease.33-35Interestingly, about 1{}-1S%of the general pop
ulation does not have any SMN2; however, this sub
population has at least one intact SMN1gene and appears
phenotypically normal. Conversely, three SMAcarriers each
with 5 copies of SMN2were unaffected, even though they had
confirmed SMN1homozygous deletion. These carriers show
that the expression of SMNprotein from five SMN2copies is
sufficient to compensate for the loss of SMN1.38,39
The SMN2copy number may not be a reliable indicator of

disease severity if the SMN2genes have other mutations. In
three adult patients with homozygous SMN1deletion and
mild type IIIphenotype, a mutation of c.859G> Cin exon 7 of
the SMN2gene was found, resulting in increased number of
full-length SMNprotein production." Conversely, a higher
number of SMN2copies may not be beneficial if one or more
contain mutations that reduce their ability to express a
functional SMNprotein.

SMN protein function

Full-length SMNprotein is a 38-kDapolypeptide that is found
in the cytoplasm and nucleus of all cells.41,42This protein is
ubiquitously expressed at high levels during embryonic
development. In most tissues, SMNprotein expression dimin
ishes in the postnatal period, but it remains highly expressed
in the spinal motor neuron even in adulthood.
It has been well established that a deficiencyof SMNprotein

leads to selective motor neuron loss, but the mechanism is
unclear. SMNprotein self-associates into oligomers, and it also
associates with other proteins to form a larger macromolecule
called the SMNcomplex.The SMNcomplexis known to interact
with a variety of other proteins involved in pre-RNAsplicing
and assembly of the Sm-class spliceosomal small nuclear
ribonucleoprotein (snRNP).43-47SMNprotein also has an impor
tant role in axonal transport by forming a complex with beta
actin and profilinthat regulates and stabilizesactin function.48-S1
Differenthypotheses have been proposed to explain the impor
tance of SMNprotein in specificsets of neurons.52,53

Medical issues in SMA

Currently, there is no approved treatment that can effectively
ameliorate the disease progress of SMA.However, there are

Table 2 - Types of SMA.

Type Age at onset Highest function Age at death SMN2copies

Birth to 6 months Never sit <2 years 2
II Birth to 18 months Sit unsupported >2 years 3-4
III >18 months Stand unsupported Adult 3-4
IV >21 years Stand unsupported Adult 4-8
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Fig. 1 - The human SMNl and SMN2 genes are located on chromosome 5. Each gene encodes identical protein product;
however, the substitution C to T in exon 7 of SMN2 gene alters exonic splicing enhancer, resulting in exclusion of exon 7
during splicing. Approximately 90%of the mature mRNA lacks exon 7 and consequently translate truncated SMNprotein that
is defective and degraded rapidly.63 Schematic of the SMNI and SMN2 genes and their proteins.

guidelines for clinical management based on evidence that
the appropriate comprehensive pulmonary, orthopedic, reha
bilitation, and nutritional care for patients with SMAreduces
disease burden and improve natural history.54 A team of
multiple subspecialists is crucial in implementing these
guidelines.f Early education and counseling for the family
of patients is paramount in preventing SMA-associated
complications.
The International Standard of Care Committee for Spinal

Muscular Atrophy was formed in 2005 to establish necessary
guidelines for the clinical care of patients with SMA. A
consensus statement for the standard of care in spinal
muscular atrophy in 2007 noted the need for multidiscipli
nary care for all affected patients. Further, it provided
evidence-based recommendations for the common related
medical problems in SMA patients, diagnostic strategy,
assessment and monitoring requirements, and therapeutic
intervention.55•56
Pulmonary complication is the major cause of mortality in

SMA patients. Aspiration pneumonia results from bulbar
dysfunction and from a weak cough and poor clearance.
Hypoventilation can be prevented if anticipatory planning
with a pulmonologist occurs as soon as the diagnosis is
made. Family should be aware of the role of non-invasive
ventilator support from weakened muscle strength as the
disease progresses. General health maintenance to prevent
pulmonary complications such as immunization against
influenza, pneumococcus, and respiratory syncytial virus is
highly recommended. 57 Those with recurrent pulmonary
infection and poor secretion clearance could benefit from
tracheostomy; however, this option needs to be weighed
against the patient's quality of life.
Gastrointestinal complications such as gastro-esophageal

reflux, delayed gastric emptying, and constipation can be
present in those who are non-ambulatory. Gastrostomy tube
placement is an option to promote adequate nutritional

intake and prevent aspiration pneumonia; however, there is
not a consensus in terms of the timing of its placement.
Nutritional support is very important in SMApatients.
Routine rehabilitation assessment is important to maintain

function and improve patient's quality of life. For those who
are non-ambulatory, frequent stretching and bracing prevent
contractures. Physical therapy can assist in safely attaining
maximal mobility.
Scoliosis is largely unavoidable due to the nature of

generalized muscle weakness in SMA,particularly in non
ambulatory type I and type IIpatients. When feasible, surgery
is the treatment of choice, and with early anticipatory
planning, appropriate timing of surgical intervention can be
determined to prevent complications postoperatively.

Therapeutic progress and future promise

With greater understanding of the molecular genetics of SMA
over the past 2 decades, therapeutic developments have
focused on increasing the full-length SMNprotein by enhanc
ing SMN2gene expression, increasing the inclusion of exon 7
in SMN2transcripts, stabilizing the SMNprotein, or replacing
the SMN1gene. Figure 2 outlines the current progress of
therapeutic strategies for the potential treatment of SMA.58
Some of the more promising therapeutic modalities include
antisense oligonucleotides, small-molecule drugs, gene ther
apy, and stem cell transplantation.

(1) Antisense oligonucleotides (ASO)
Increase in SMN2copy number correlates with a
milder phenotype primarily because the higher
number of SMN2(even with only 10%production
efficiency by each copy)will result in more full
length SMNprotein. The ASOtherapeutic approach
aims to alter the splicing process, thereby
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SMADrug Pipeline - October 2014
By Treatment Target (adapted from cureSMA)
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Fig. 2 - This chart outlines the current progress of therapeutic strategies for the potential treatments of SMA.With several
therapies that have progressed from preclinical to clinical phase, an FDA-approved therapy is promising. IND,Investigational
New Drug; NDA,New Drug Application. (Adapted with permission from SMADrug Pipeline58.)

increasing the inclusion of exon 7 in the SMN2
transcripts, resulting in higher levels of functional
SMNprotein. ASOare therapeutic RNAmolecules
that block the cis-acting splice modifier or intron
splice enhancer; either mechanism can enhance or
disrupt the targeted splicing event. Specifically for
SMA,hybridization of ASO-l0-27 to the intronic
splicing silencer Nl in SMN2intron 7 has been
shown to increase the level of SMNprotein in vivo.59
As a proof of concept, interventricular administra
tion of ASO-l0-27 in the SMAmouse model has
shown promising results. Treated mice showed an
increase in the long-lasting SMN2exon 7 inclusion,
as measured at both the mRNAand the protein
levels in spinal cord motor neurons.f" Moreover,
treated mice had improved muscle structure, func
tion, and ultimately, survival.v'
In 2012, a Phase I human trial was launched with
ASO-l0-27 (renamed as ISIS-SMNRX)in which 15
patients with SMAtype II and 13patients with SMA
type III received a single intrathecal administration
at varying dosages. The result established the drug
to be safe and well tolerated in children with SMA.
Additionally, treated children showed a dose
dependent improvement in the Hammersmith
functional motor scale of muscle function. In a
subsequent Phase II study, a total of 20 SMAinfants
received intrathecal administration of ISIS-SMNRX

at one of two different doses: four patients received

a 6-mg dose and 16 patients received a 12-mg
dose.62 Results showed that the lumbar punctures
were well tolerated and feasible. Also, there were no
drug-related serious adverse events and no changes
in safety profiles with repeated dosing. In this
study, one accidental death and one permanent
ventilation were recorded from the 6-mg cohort,
whereas in the 12-mg cohort, three patients died
due to respiratory infection. None of these events
were considered drug related. Analysis of spinal
cord tissue at autopsy showed that ISIS-SMNRXwas
distributed throughout the central nervous system
and was correlated with higher levels of full-length
SMN2mRNAand proteins when compared to
untreated infants.F' Following these promising
results, a Phase IIIclinical trial has begun to recruit
patients for a randomized, double-blind, sham
procedure controlled study to assess the clinical
efficacy and safety of ISIS-SMNRX.54

(2) Small-molecule drugs
Certain low-molecular-weight drugs can promote
increased levels of full-length SMNprotein by acti
vating the SMN2promoter, increasing its expres
sion, and altering the splicing pattern of SMN2
transcripts so as to favor the inclusion of exon 7.64•65
Histone deacetylase inhibitor and quinazoline
compounds increase SMN2mRNAlevels and
improve the disease phenotype in mouse models of
SMA.66-69Other small-molecule drugs such as
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aminoglycosides promote reading of the stop codon
of SMN~7transcripts, enabling the translation of
the full-length functional SMNprotein"? These
molecules had shown promising results in mouse
models and cell lines derived from SMApatients;
however, when they were tested in clinical trials,
SMApatients showed little benefit.71-73
An alternative class of small molecules including
riluzole, olesoxime, and ceftriaxone function as
neuroprotective compounds. Originally approved
for use to treat patients with amyotrophic lateral
sclerosis (ALS),riluzole blocks the sodium channels
and inhibits glutamate, and it promotes the
expression of neurotrophic factors that enhance
motor neuron survival. A Phase I clinical trial
showed this approach to be safe in SMAtype I
patients but without motor function improvement.
A Phase II clinical trial of riluzole in children and
young adults with SMA(ASIRIf4has been com
pleted in France, but results have not been pub
lished. Olesoxime promotes neurite outgrowth and
communication with the mitochondrial permeabil
ity transition pore?5 A Phase II multicenter,
randomized, and double-blinded study to assess
safety and efficacy for SMAtype II and type IIIhas
been completed, and the result of this trial was
presented at the American Academy of Neurology
in April 2014.Ceftriaxone prevents glutamate tox
icity in a cell culture model of motor neuron
degeneration, and it delayed motor neuron loss and
improved muscle strength in an ALSmouse model.
This compound is currently in clinical trials only for
ALS.Another small-molecules member-quinazo
line-increases full-length mRNAby inclusion of
exon 7 in SMN2gene transcript, resulting in an
increase in SMNprotein levels. Its primary function
is in the inhibition of human scavenger decapping
enzyme (DcpS).The role of DcpSis best understood
in the degradation of the 5' cap during the 3' to 5'
mRNAdecay; it may have additional functions in
nuclear-cytoplasm transportation and first intron
pre-mRNAsplicing." Quinazoline is anticipated to
progress to Phase I clinical trials (Table 1).

(3) Gene therapy
As a monogenic disease, SMAis a good target for
vector-based gene replacement therapy to restore a
normal form of the SMNlgene in SMApatients. The
overall goal of gene therapy is to replace and
permanently restore the deleted SMNlgene in the
genome of the affected patients. As a result, more
full-length SMNprotein will be produced to pro
mote normal function survival motor neurons,
thereby improving phenotype and survivability.
In selecting a potential vector to deliver the SMNl
gene, adeno-associated virus vectors (AAV)8 and 9
appeared to be excellent contenders due to their
ability to cross the blood-brain barrier through the
vascular system in mouse models.77-79Additionally,
self-complementary AAV(scAAV),a recombinant
virus with a double-stranded DNAgenome, results

in early onset of gene expression. Several groups
have shown this capability with the use of scAAV9,
which appeared to have tropism toward motor
neurons in the neonatal animals when injected
tnrravascularly."':" However, intra
cerebroventricular injection with SMN-scAAV8has
also been successfully used. Both modes of admin
istration increased the median survival period;
however, mice that received intravascular admin
istration had a greater survival benefit of 250 days,
compared to the 157 days in the intra
cerebroventricular injection groUp.8G-83
With evidence that AAV9could penetrate the
blood-brain barrier, resulting in diffuse gene deliv
ery via intravascular administration in animal
models, this route of administration has been
favored. But the potential side effects of this treat
ment modality are unknown, since a large vector
load is given to increase the probability of pene
tration into the central nervous system. Alterna
tively, intrathecal administration of AAV9has been
accomplished in pigs and adult mice, with less
vector load and improved gene expression.84,85
In 2014,FDAapproved a Phase I clinical trial of a
systemic AAV9-delivered human SMNgene to SMA
type I infants up to 9 months old. The infantile
onset phenotype is considered the most appropriate
candidates for immediate therapy." This trial is
currently recruiting patients."
Even though the gene therapy approach offers great
promise, its limitations are multiple. Similar to
many neurodegenerative disorders, SMAis not
diagnosed until a substantial amount of motor
neuron loss and muscle atrophy has occurred. Like
many other therapies, there is a critical therapeutic
window in which treatment can increase SMN
protein levels, leading to an improved or milder
phenotype.87-89In the SMAmouse model, there is a
crucial period in which a sufficient amount of SMN
protein is required for motor neuron development."
In a study by Foust et al.,90administration of scAAV
in SMN~7mice on postnatal day 1 showed much
more benefit as compared to postnatal day 5, and
there was no benefit in postnatal day 10.The early
death of SMAmice could be avoided with embry
onic restoration of SMNprotein expression, indi
cating that early administration of therapy can also
prevent premature fatality.91,92Furthermore, the
blood-brain barrier is more permeable during the
perinatal period than later in infancy."

(4) Stem cell therapy
Among the therapeutic approaches, stem cell
transplantation also holds great potential for SMA
patients. The primary goalfor transplanted stem cells
is to support endogenous motor neurons through the
deliveryof neuroprotective agents and to partially
restore neuronal and non-neuronal cells.94-96
Neural stem cells obtained from the spinal cord
administered intrathecally to SMAmice showed
appropriate migration into the parenchyma and the
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capability to generate a small proportion of motor
neurons. These treated mice exhibited improved
motor unit and neuromuscular function and
showed a 38%increase in life expectancy. Further
more, gene expression in these mice modified its
SMAphenotype toward a Wild-type pattern.l"

Despite the positive results of neural stem cell transplan
tation in mice, its translational value in human is unclear due
to limited availability of central nervous system tissues along
with technical and ethical dilemmas." These challenges led
to the use of alternative stem cell therapy protocols, which
includes the use of embryonic stem cells or induced pluri
potent stem cells for transplantation, as their sources is vast
and easily obtained. These cells have the ability to differ
entiate in vitro and in vivo into neural stem cells and motor
neurons.99-101The findings of improved SMAphenotype in
mice following the intrathecal transplantation of embryonic
stem cell-derived neural stem cells included proper migration
to target tissue in the spinal cord, neuroprotective function,
and a 58%increase in lifespan.P? Aprotocol to test neuronal
stem cells in SMApatients is currently on hold by the FDA.In
a similar neurodegenerative disorder such as amyotrophic
lateral sclerosis (ALS), Phase I clinical trials of intraspinal
stem cell transplantation have been completed and results
have been published indicating that this method is feasible
and well tolerated.l?" However, as of early 2015, no clinical
trials of stem cell therapy in SMA patients are being
conducted.

Need for early identification and treatment

The major obstacle in assessing the efficacy of any potential
therapeutics for SMAis the recruitment of affected individ
uals in the early stages of the disease, prior to the loss of
irreplaceable motor neuron units. For SMAtype I, such loss
typically begins in the perinatal period, with severe dener
vation in the first 3 months of life and loss of more than 90%
of motor units within 6 months of age.'?' This rate of
neuronal loss means that the benefit of potential therapeu
tics can be assessed only by prompt treatment of affected
newborns.

Newborn blood spot screening for spinal muscular
atrophy

NBSbegan in the 1960sas a public health initiative to identify
newborns with phenylketonuria and intervene with dietary
restrictions before they suffered cognitive deficits. Since then,
it has been expanded to detect over 30 congenital disorders
for which newborns benefit from pre-symptomatic identifi
cation.10sIn the case of SMA,early diagnosis through SMA
NBS could assist overall medical care, ultimately reducing
morbidity and mortality with the currently available tools,
analogous to the benefits of newborn screening for cystic
fibrosis." Looking forward, the identification of therapeutic
interventions that are effective pre-symptomatically would
create a compelling need for SMA-NBS.

Molecular methodologies for the detection and diagnosis of
SMA

Nobiochemical marker has been identified for SMA;however,
several approaches to detecting SMNIdeletion and intra genic
mutations have been developed. Some methods are used for
diagnostic purposes or carrier testing to detect the presence
or absence of SMNI as well as quantification of SMNI and
SMN2copy number. Other methods are used for screening
purposes and identifying the majority of the affected indi
vidual by detecting SMNIdeletions. All SMAcases identified
through SMA-NBSmethods must be confirmed with a reliable
diagnostic test. A summary of current diagnostic and screen
ing methods is listed in Table 3. These methodologies include
single-strand conformation polymorphism (SSCP),13restric
tion fragment length polymorphism (RFLP),l°6denaturing
high-performance liquid chromatography (DHPLC),l°?-109
multiplex ligation probe amplification (MLPA),110-112and
competitive PCR.36,113-11SOnly a few methods such as DHPLC
and high-resolution melting analysis (HRMA)are useful for
identifying intragenic mutations in SMNI. Digital PCR, a
recently introduced methodology with a growing range of
applications, is being used to identify SMAindividuals and to
quantify SMNIand SMN2copy number.116-118
Several methodologies have been utilized for screening

applications with dried blood spot (DBS)specimens and for
diagnostic applications; including liquid microbead suspen
sion arrays,S,6high-resolution DNAmelting analysis,3,119,120
and real-time PCR.7,37,121-12SMost screening assays will detect
all individuals with the complete deletion of SMNIor muta
tions around exon 7; however, these assays will miss approx
imately 5%of affected individuals with other intragenic SMNI
mutations.t+" Conversely, all of these methods would prob
ably yield a screen-positive result in the rare phenotypically
unaffected individuals with homozygous SMNIdeletions but
four or more copies of SMN2.
In order for an SMAdetection method to be suitable for

public health NBSprograms, itmust be cost-efficient, capable
of high-throughput, and easy to implement in NBSlaborato
ries. Screen-positive results should be confirmed as quickly as
possible and reported routinely within 5 days of specimen
receipt. Results should be comparable between laborato
ries.127Quality assurance must be established to ensure assay
performance. Amajor component of quality assurance is the
use of DBSreference materials from the Centers for Disease
Control and Prevention (CDC).128Such materials for SMA
screening have been developed at CDC and are currently
undergoing multi-laboratory validation.
High carrier frequency for SMA(V4D-l/60) is also an issue

to be considered in NBS. Identifying and reporting carriers
from screening tests could potentially overwhelm follow-up
activities; therefore, it may be disadvantageous to identify
carriers through the initial screen.
The following sections describe three methods that have

potential for use in traditional NBSlaboratories.

Liquid microbead assays
Liquid microbead suspension arrays have been used for
several disorders such as cystic fibrosis and hemoglobinopa
thies.129,130These methods involve PCR of the target



224 SEMINARS IN PERINATOLOGY 39 (2015) 217-229

Table 3 - Molecular methods for SMA

Method Application Year"

Single-strand conformation polymorphism (SSCP)
Restriction fragment length polymorphism (RFLP)
Completive PCR
Real-time PCRb

Absolute quantitative PCR
Relative quantitative PCR
Denaturing high-performance liquid chromatography (DHPLC)

High-resolution melting analysis"

Multiplex ligation probe amplification (MLPA)
Liquidmicrobead assay"
Digital PCRb

Reference

SMNl deletion
SMNl deletion
SMNl and SMN2gene quantitation
SMNl deletion
SMNland SMN2gene quantitation

13
106
36,113-115
2,7,37
37,121-124,138

1995
1995
1997
2002

SMNldeletion
SMNl and SMN2gene quantitation
Intragenic mutation detection
SMNl deletion
SMNl and SMN2gene quantitation
Intragenic mutation detection
SMNl and SMN2gene quantitation
SMNl deletion
SMNl and SMN2gene quantitation

108-1102002

2009 3,119,120

2006
2007
2011

110-112,139
5,6
116-118

a Year of earliest publication.
b Molecular methods have been validated on dried blood spots.

sequence with synthetic nucleobases, allele-specific target
extension of the unique base in SMN1exon 7, microbeads
that hybridize to tags on the extension region, and fluores
cent signal detection. An advantage of using these assays is
the large multiplex capability of 80-100 targets.
An initial study was done on 367 DBSsamples using two

different liquid bead assays: the MultiCode-PLxprotocol and
the Tag-it protocol." Scatter plot distribution plots showed
distinct clusters that separated the SMA-affected samples
from the carrier and unaffected samples. This method was
then adapted to the high-throughput protocol that was able
to screen 400-500 samples daily and used to test DNA
extracted from 40,103 anonymized DBS.sResults from this
study showed 4 samples were detected with homozygous
SMN1deletions and deletion was confirmed using compet
itive PCR.The estimated incidence of the general population
affected by SMAwas 1 in 10,026,consistent with previous
literature. Carriers are not distinguished from unaffected
individuals in these assays, and it is not useful for SMN1or
SMN2 copy number quantification. The reported cost of
reagents and consumable for these methods were less than
$10for the MultiCode-Plxassay and less than $5 for the Tag-it
assay. The time to run these assays from postextraction to
final detection is about 3 h for the MultiCode-Plxassay and
about 6 h for the Tag-it assay. The repeat rate for the high
throughput protocol was less than 0.02%.4

High-resolutionDNAmelting analysis (HRMA)
HRMAhas been used to evaluate individuals for SMA in
screening and diagnostic applications.3.119.120The difference
in SMN1and SMN2copy number present in the specimens
will create various unique HRMAprofiles, distinguishing a
heterozygous PCR product from a homozygous product.
Therefore, the SMN1homozygous deletions can be readily
identified since these samples will generate the same profile
independent of SMN2copy number. Dobrowolski et a1.3ana
lyzed 1000 residual newborn blood spots and showed that
unaffected individuals have distinct HRMAprofiles from
those of SMAindividuals with SMN1homozygous deletion.

This study also showed that SMN2copy number can be
determined by mixing DNA from a homozygous SMN1-
deleted patient with DNA that has a single copy of SMN1
and SMN2, then matching the HRMAprofiles with the
corresponding profile of a carrier sample with a known
SMN2copy number. Therefore, this method has the ability
to identify SMNl and SMN2deletions and also to quantify
copy number for both the genes. SMA carriers will be
identified using the method, since they will generate different
profiles dependent on the SMN2copy number. As reported,
the assay takes under 3 h, and the cost of reagents and
consumables is under $3 per sample. Preliminary results
using HRMAwere reported from a pilot study in nine
hospitals in Utah, Colorado, and Illinois; 16,736 specimens
were tested, but no affected individuals were identified.P?

Real-timepeR
Several real-time quantitative PCRassays have been devel
oped for SMAdiagnosis, some of which have been applied to
DBS specimens.f+" Some assays can only identify SMN1
deletion (Fig.3),while others can identify and quantify SMN1
and SMN2copy numbers. The main challenge in developing a
PCRassay for SMN1absence is the cross-reactivity with the
nearly identical SMN2sequences; both genes are amplified, so
the probe must be highly specific for SMN1.26.132A multiplex,
real-time PCR designed to detect homozygous deletions of
SMN1and a reference sequence in an RNaseP subunit gene
was tested on DNA extracted from 153 DBS specimens."
Results showed 100%concordance with clinical status, identi
fying all of 57 affected individuals, while excluding 39 carriers
and 56 unaffected individuals. Successful reduction in cross
reacting fluorescent signals due to probe binding to SMN2
target was achieved by using an unlabeled SMN2probe as a
blocker, in combination with a labeled SMN1probe with a
minor grove binder group at the 3' end.
Real-time PCRis also used to identify newborns with severe

combined immunodeficiency (SCID)by measuring T-cell
receptor excision circles (TREC).The TRECassay is currently
used by many NBS laboratories in the United States and
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0.5

Threshold

First cycle:
20 min at 95°C

Cycles 2-45:
15 sec at 95°C Denaturation
60 sec at 65°C Annealing-Elongation

10 2015 25 30 35 40 45

Cycles

Pig, 3 - Real-time qPCRmethod for SMNI deletion detection. PCRamplification curves from normal controls, SMA parental
carriers, and SMApatients with homozygous SMNI deletion, No amplification of SMNI above cycle threshold was observed in
SMApatients. Real-time qPCRmethod for SMNI deletion detection. (Adapted with permission from Tayloret al.~

globally. A recent publication established that SMNI genotyp
ing could be multiplexed with the TREC assay to simulta
neously detect SMAand SCID.2The assay described does not
require DNA extraction, and the real-time PCR reaction is
carried out with the DBSpunch in the PCRtube with the PCR
reagents. A reference sequence in the RPP30gene is used as a
control for amplification. The multiplex TREC-SMNI-RPP30
assay has the advantage of using an existing NBS platform,
which enhances its robustness, assures adequate throughput,
and minimizes incremental costs. Detecting SMAby adding
SMNI-specific PCRreagents to the TRECassay increases the
cost by less than five cents per test; the cost of consumables
and reagents to screen for both diseases is the less than $1 per
specimen. The turnaround time from sample preparation to
data analysis is less than 3 h. This assay reduces the cross
reactivity between SMNI and SMN2sequences by increasing
the stringency of probe hybridization using a novel locked
nucleic acid (LNA)technology. LNAoligonucleotides increase
assay specificity through restriction of the ribose conforma
tion in the oligonucleotide backbone, allowing shorter probe
sequences and the use of higher annealing temperatures.P"
In the TREC-SMNI-RPP30assay, an LNAprobe was used to
discern the single nucleotide polymorphism (SNP)in intron 7
of SMNI from SMN2. Specimens from SMA patients with
homozygous SMNI deletion produced no signal above the
cycle threshold, making the analysis of results very quick and
easy to interpret Samples from carriers are essentially indis
tinguishable from unaffected individuals in this assay; all
samples produce robust signals when at least one copy of the
SMNI gene is present The double-blinded study of this
method with 26 residual DBS specimens showed 100% con
cordance with the clinical status.

Confirmatory and follow-up testing
After initial screening, a second-tier test may be used to quantify
the number of SMNI and SMN2genes in the screen-positive

sample to further characterize the SMAgenotype and provide
prognostic information. The second-tier assay may be based on
lower-throughput platforms such as digital PCR,118since the
number of the samples to be tested will be smaller. Second-tier
testing will confirm screen-positive samples as well as identify
newborns who are at the highest risk for infantile onset

Legal, ethical, and social issues
Studies have been conducted to examine the legal, ethical,
and social issues with population-based pilot studies for SMA.
A study focused on the parental decision-making process in
population-based pilots by engaging a focus group in public
acceptability in an opt-out research pilot study.P" Parental
attitudes toward NBS for Duchenne Muscular Dystrophy and
particularly SMAin a recent survey also showed overwhelming
parental support for NBS,even without further development in
treatments.P" The Newborn Screening Translational Research
Network (NBSTRN)Bioethics and Legal Issues Work Group has
assessed questions related to parental consent for NBS pilot
studies and concludes that a signed consent document is
appropriate in some circumstances for pilot screening.P"
Furthermore, with known diagnosis, genetic counseling can
be useful and educational; however, the approach and timing
of the counseling will need to be refined.i"
In 2008, SMAwas submitted for formal consideration to the

US Health and Human Services Secretary's Advisory Com
mittee on Heritable Diseases in Newborns and Children by a
collaborative group of physicians, researchers, the SMAcom
munity, and the Families of SMA The consensus of this
committee's internal Nomination and Prioritization Work
group was that the addition of SMAto the uniform screening
panel was premature at that tirne.P" The Workgroup recom
mended the implementation of prospective pilot studies of
the screening method by one or more traditional public
health laboratories to validate the reproducibility of the
preliminary findings in research settings. The Workgroup
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also noted that the time required for such validation would
allow for an assessment of potential therapies of drugs and
other treatment benefits rather than just relying on the
nutritional support and respiratory care options. Since then,
clinical trials have made considerable progress, and the
validation of screening methods in public health NBS labo
ratories is just beginning. As of this publication, an initial
pilot has been completed by the Wadsworth Center of the
New York State Department of Health+? with further vali
dation planned, and a population-based pilot study in Taiwan
that began in November 2014had detected two cases within 4
months (personal communication: Yin-Hsiu Chien, National
Taiwan University Hospital, February 2015).

Summary and future directions

The molecular basis for SMA,the leading genetic cause of
death in children, was uncovered some 20 years ago. Since
then, scientific progress has spurred the development of
innovative therapies that are just beginning clinical trials in
pre-symptomatic patients. NBS pilot studies to establish
technical reliability and operational feasibility in the context
of public health programs will be essential to prepare for the
prospect of effective pre-symptomatic treatment. Such pilot
studies will provide the information needed for evidence
based review, both by NBS programs and their advisory
committees, when considering the inclusion of SMA in
routine NBS panels. As clinical trials progress and public
health programs prepare, the vision of preventing the burden
of death and disability caused by SMAwill become a reality.
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Newborn Bloodspot Screening Test Using
Multiplexed Real-Time PCRto Simultaneously Screen
for Spinal Muscular Atrophy and Severe Combined

Immunodeficiency
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BACKGROUND: Spinal muscular atrophy (SMA) is a mo
tor neuron disorder caused by the absence of a functional
survival of the motor neuron 1, telomeric (SMNl) gene.
Type I SMA, a lethal disease of infancy, accounts for the
majority of cases. Newborn bloodspot screening (NBS)
to detect severe combined immunodeficiency (SCIDl
has been implemented in public health laboratories in
the last 5 years. SCID detection is based on real-time
PCR assays to measure T-cell receptor excision circles
(TREC), a byproduct ofT-cell development. We modi
fied a multiplexed real-time PCR TREC assay to simul
taneously determine the presence or absence of the
SMNI gene from a dried blood spot (DBS) punch in a
single reaction well.

METHOD: An SMNI assay using a locked nucleic acid
probe was initially developed with cell culture and um
bilical cord blood (UCB) DNA extracts, and then inte
grated into the TREC assay. DBS punches were placed in
96-well arrays, washed, and amplified directly using re
agents specific for TREC, a reference gene [ribonuclease
P/MRP 30kDa subunit (RPP30)],and the SMNI gene.
The assaywas tested on DBS made from UCB units and
from peripheral blood samples of SMA-affected individ
uals and their family members.

RESULTS: DBS made from SMA-affected individuals
showed no SMNI-specific amplification, whereas DBS
made from all unaffected carriers and UCB showed
SMNI amplification above a well-defined threshold.

TREC and RPP30 content in all DBS were within the
age-adjusted expected range.

CONCLUSIONS: SMA caused by the absence of SMNI can
be detected from the same DBS punch used to screen
newborns for SCID.
© 2014 American Association for Clinical Chemistry

Spinal muscular atrophy (SMA),5 the most common ge
netic cause of death in infancy (1), is an o-motor neuron
disorder caused by insufficient concentrations of the sur
vival of motor neuron (SMN) protein. In about 95% of
SMA cases, the reduction in SMN concentrations is due
to deletions involving the survival of motor neuron 1,
telomeric (SMNl)6 gene (2). The nearly identical sur
vival of the motor neuron 2, centromeric (SMN2) gene, a
paralog of SMNl, also produces SMN protein, but at
much lower concentrations. SMN2 copy numbers vary
widely between individuals, ranging from complete ab
sence to 5 or more copies per genome (3). Because some
SMN protein is essential for fetal development, all babies
born with SMA have at least 1 SMN2 gene. Higher
SMN2 copy numbers in SMA patients are associated
with later onset and milder disease, including juvenile
onset (type III; OMIM 253400) and adult onset (type
IV; OMIM 271150). However, the majority of SMA
newborns become symptomatic as infants (type I;
OMIM 253300) or toddlers (type II; OMIM 253550).
Type 1 children will never sit unsupported, often require
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ventilatory support in the first year oflife, and usually die
before 2 years of age. Type II children can survive to early
adulthood but will never walk. Cognitive abilities are not
impaired by SMA and affected children are generally
bright and sociable.

Several potential therapies for SMA are in develop
ment (1, 4), 2 of which are undergoing clinical trials in
symptomatic children with some encouraging results
(5, 6). Because of the early onset and rapid progression of
infantile SMA, evaluation of these therapies in presymp
tomatic infants will require prompt detection. Such early
detection would be possible in about 95% of SMA cases
by screening newborn dried blood spots (DBS) for the
homozygous absence of SMNI sequences around exon 7
(7, 8). .

The most recent condition added to the US Recom
mended Uniform Screening Panel for newborn blood
spot screening (NBS) is severe combined immunodefi
ciency (SCID) (9), a congenital disorder with severe
impairment of cellular and humoral immune function
due to a profound deficiency in T cells (10).The assay
most commonly used for SCID-NBS is real-time PCR to
measure T-cell receptor excision circles (TREC), extra
chromosomal DNA byproducts of somatic recombina
tion in T cells (10).SCID is the first NBS condition for
which DNA analysis is the primary (first-tier) screening
method. Since the initial pilot experiences in 2 US state
public health laboratories (11, 12), SCID-NBS has ex
panded to many other state programs (13, 14) and now
covers the majority of newborns in rhe US aswell asmany
newborns globally (15). SCID-NBS prevents infant
death rhrough early medical intervention and is highly
cost-effective (16, 17).

Because of similarities in methods, we reasoned
that both SCID and SMA could be detected in the
same real-time PCR reaction-well by modifying exist
ing high-throughput TREC PCR assays to include
SMNI genotyping. The combined assay had to be spe
cific for SMNI to avoid cross-reactivity with the SMN2
gene. Here we show that homozygous SMN 1 absence can
be reliably detected from the same DBS punch used to
measure TREC at minimal incremental cost.

Materials and Methods

SOURCESOF SAMPLES
DBS and DNA extracts with TREC values in the ex
pected range for typical term newborns were made from
residual excluded umbilical cord blood (UCB) units col
lected at the Duke University Stem Cell Laboratory.
SCID-like DBS were prepared from peripheral blood
containing no measurable TREC obtained from adults
above age 50 years. Before spotting, the blood was de
pleted of mononuclear cells by layering on Histopaque
(Sigma-Aldrich), centrifuging 30 min at 2100g, aspirat-

2 ClinicalChemistry61:2 (2015)

ing the fluid above rhe buffy coat, and reconstituting to
50% hematocrit with pooled serum. Immortalized B
lymphocyte and fibroblast cell lines from patients with
SMA (GM 23689, GM 10684, GM 03813, GM 00232,
and GM 09677) and carriers (GM 23688, GM 23687,
GM 03814, and GM 03815) were obtained from the
Coriell Institute for Medical Research. DBS with SMA
affected or -carrier genotypes were made from residual
peripheral blood samples obtained with informed con
sent (3) from 11 SMA-affected individuals (age range,
1-50 years) and from 15 unaffected parents (age range,
25-57 years). DBS were stored in low-permeability zip
lock bags with silica gel desiccant packs (Poly Lam Prod
ucts) up to one month at room temperature, up to 6
months at 4°C, and up to 2 years at - 20°C. The CDC
laboratory staff was blinded to sample status and had no
access to personal identifiers. The study was therefore
classified as human subjects research for which the CDC
was not engaged.

REAL-TIMEPCRASSAYS
All primers and probes (Table 1) were custom synthe
sized by Integrated DNA Technologies. Real-time PCR
assays were conducted in PCR plates (96-well formats;
Agilent Technologies) using a scanning phorofluorornet
ric thermal cycler (Stratagene MxPro 3000p). Cycle
thresholds were initially determined by inspection of am
plification curves and then retained in fixed positions.
Quantification cycles (Cq) were reported by instrument
software.

TRECQUANTIFICATION IN DBS
The real-time PCR assay of in situ DBS was performed
on 2-mm discs punched from DBS samples directly into
96-well PCR arrays. After 125 ILLwash buffer was added
(DNA elution solution, Qiagen) to each well, the PCR
array was incubated at room temperature for 15 min on a
micro titer plate shaker set at 1200 rpm. The wash buffer
was then removed, and 15 ILLof the complete real-time
PCR master mix (PerfecTa Toughmix, Quanta Biosci
ences) containing primers and probes (Table 1) was
added to each sample well. The PCR plate was sealed
with optical film and processed using rhe following am
plification conditions: 45°C for 3 min and 95 °C for 10
min, followed by 45 cyclesof95 °C for 15 sand 60°C for
1 min. A reagent blank and a blank filter paper punch
(no-template control) were included in the analytical
runs.

SMN1 ANALYSIS IN DNA EXTRACTS
DNA was extracted from cell lines or UCB samples using
the Qiagen QlAamp® Mini DNA kit according to the
manufacturer's protocol. DNA extracts were analyzed
immediately or stored at -20°C for up to 6 months.
Extracts from tissue culture cells contained 3-50 ng/ ILL
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Target/reagent Sequence
Concentration
(nrnol/L)"

Table1. PCRprimers and probes for the triplex real-time PCRassay to amplify sequences in the
8Rec·1J1Jasignal joint (TREC)and in RPP30 and SMN1.

TREC
Forward primer
Reverseprimer
Probe

RPP30

5'-TTIGTAAAG GTGCCCACT CCT-3'
5'-TAT TGCAAC TCGTGA GAA CGGTGA AT-3'
5-FAM/CGGTGATGCATAGGCACCT/lowa Black quencher-3'

800

800
120

Forward primer
Reverseprimer
Probe

SMN1

5'-TTI GGA CCT GCGAGC G -3'
5'-GAG CGG CTGTCT CCA CAA GT-3'
5'-HEXmCTGACCTGAAGGCTCTGCGCG/lowa Black quencher-3'

60

150

200

Forward primer
Reverseprimer
LNAprobe"

5'-GTGGAAAACAAATGTTTITGAACA IT-3'
5'-GTAGGGATGTAGAIT AACCnn ATCTAATAGTTI-3'
5'-Cy5/CAA0TTIT AA~AT0 13IAbRQ5p-3'

900

900

100

a Final concentration in peR reaction.
b Basesin bold italic font denote LNAnucleotides; the underlined nucleotide indicates the position of the A>G transition in intron 7 that distinguishes SMNJ from SMN2.

DNA and extracts from UCB contained 100-150 ng/uL
DNA. Real-time PCR was conducted in 20-ILL reaction
volumes containing 5 ILLof the DNA extract, a commer
cial real-time PCR premix (PerfecTa, Toughmix,
Quanta), the SMNI forward primer and reverse primer,
the SMNllocked nucleic acid (LNA) probe overlying the
A>G transition at position 100 ofintron 7 to distinguish
SMNI from SMN2, and the RPP30 forward primer, re
verse primer, and probe (Table 1). Primers and probe
sequences for SMNI were designed using Primer Express
(Life Technologies) and confirmed for in silico specific
ity. Probe modification with LNA bases was designed
with software from IDT Biophysics. To determine the
optimal annealing temperature, reactions were carried
out in a Bio-Rad Laboratories CFX96 real-time PCR
instrument with the following amplification conditions:
45°C for 3 min and 95 °C for 10 min, followed by 45
cycles of melting at 95°C for 15 s and annealing/exten
sion between 60°C and 67 °C for 1 min.

Results

SMN1 ASSAYDEVELOPMENT
Prototype assays were initially explored using extracted
DNA from cell lines of patients with SMA, cell lines of
SMA carriers, and UCB samples. We first used a temper
ature gradient to determine the optimal PCR annealing
temperature for maximal specificity to discriminate
SMNI and SMN2 amplification. The results (Fig. 1)
showed increasing discrimination between the patients
and unaffected controls with increased annealing tem-

perature. At 65°C, no SMNI amplicon was detected by
the LNA probe in patients with SMA, whereas healthy
individuals and carriers showed clear amplification. This
annealing temperature of 65°C provided the highest an
alytical specificity and was chosen for all subsequent
experiments.

The working parameters for a duplex assay that in
cluded SMNI and a genomic sequence of RPP30 as an
internal control reference for PCR amplification were
then optimized. This duplex assay was applied to DNA
extracts prepared from commercially available cell lines
from 5 SMA patients and 4 parental carriers as well as
cellular DNA from 5 UCB samples. Results (Fig. 2) dem
onstrated a 100% concordance with the clinical status of
the donors. No amplification was seen with DNA ex
tracted from any of the SMA patient cell lines, indicating
no detectable cross-reactivity with SMN2. In contrast,
DNA extracted from cell lines from the unaffected carri
ers and UCB produced robust amplification, with Cq
values ranging from 18 to 25 cycles.RPP30in all samples
showed amplification in the expected Cq range.

Having established the working conditions for the
SMNI assay, we incorporated it into the DBS assay for
TREC with the annealing temperature raised to 65°C.
Reference DBS samples from a SCID-like positive con
trol with no TREC, a positive control from an SMA
infant with no SMNI, and a normal control from a UCB
sample showed clear discrimination between the ampli
fication patterns of the corresponding targets (Figs. 3).
Varying the SMN primer concentration from 50 nmollL
to 900 nmollL exerted no effect on the other multiplexed
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Fig.1. Seven temperatures (60°C to 67°C) were tested to determine the appropriate annealing temperature for the SMN1 gene;
results are shown for 4 selected temperatures. The dashed grey horizontal line denotes the fluorescence threshold for positive
results and Cqdetermination. RFU,relative fluorescence units.

targets (TREC and RPP30; see Fig. 1 in Data Supple
ment that accompanies the online version of this article at
http://www.clinchem.org/content/voI61/issue2). There
fore primer limitation was not necessary, and the maxi
mum primer concentration (900 nmol/L) in the range
tested was used for both forward and reverse SMN1
primers in all subsequent experiments.

To determine whether the inclusion of the SMN1
target and the higher (65 CC) annealing temperature
would alter the TREC assay,we first compared results on
DNA extracts (see online Supplemental Fig. 2). The
TREC Cq values were highly correlated (r2 = 0.87) and
showed no significant difference berween the original du
plex (TREC and RPP30at 60 "C annealing temperature)
and the modified triplex assay (P> 0.14 by paired z-test).
Next we tested 150 DBS made from ueB with both the
original duplex assayand the modified triplex assay.All sam
ples showed the typical amplification curves expected for
TREe, SMN1, and RPP30. TREC Cq values obtained by
the in situ DBS triplex assayshowed a slight decrease (mean
0.4 Cq) compared to those from the duplex assaybut were
consistent with the overall ranges for term newborns re
ported by public health newborn screening programs (11-
14). The Cq values for SMN1 showed a near-gaussian dis
tribution (Fig. 4A). Cq values for SMN1 and RPP30 (Fig.
4B) were significantly correlated (1= 0.66, Sylx = 0.47,
P < 0.01), suggesting that the variation between samples
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was due mostly to differences in leukocyte content and thus
in the total amount of genomic DNA.

VALIDATION IN CLINICAL SAMPLES
The clinical validity of the TREC-RPP30-SMN1 triplex
assay was examined in a double-blind testing of DBS
made from 26 blood samples from SMA patients and
their carrier parents. This sample set was analyzed inde
pendently at the 2 collaborating laboratories (CDC and
Biogen Idee) using the triplex in situ DBS method. The
SMN1 categorical genotypes obtained by both laborato
ries were identical and showed 100% concordance with
the clinical status of the patient (Table 2). All samples
showed typical amplification of the internal reference
control RPP30, and the TREC Cq values were within the
expected range for the age of the donor. Reagent blank
and blank filter paper punches (no template controls)
showed no amplification for any of the 3 targets.

Discussion

The early onset and precipitous clinical course of infan
tile SMA make it a prime target for early detection
through NBS (7). Compared with other conditions cur
rently recommended for NBS in the US (18), SMA has a
high birth prevalence, ranking among the 3 NBS primary
target conditions presently on the Recommended Un i-
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form Screening Panel (congenital hypothyroidism, cystic
fibrosis, and hemoglobinopathy). As with SCID, early
detection of SMA is likely to provide the best opportu
nity for effective treatment. With multiple therapeutics

currently in clinical trials, and more in development
(1, 3, 19, 20), NBS laboratories are in an ideal position
to facilitate presymptomatic intervention that could
maximize the benefits of potential therapies.
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Over the last 2 decades, the complex biology and
natural history of SMA have been largely delineated
(2, 5). Although several factors influence pathogenesis,
about 95% of diagnosed SMA cases are caused by the
homozygous absence of a functional SMN1 gene through
either deletion or gene conversion. Various approaches to
detecting the SMN1 null genotype have been developed,
and some have been validated in DBS samples, including
real-time PCR (8), high-resolution melting (21), and
microbead suspension arrays (22).

Two major considerations determined our approach
to developing an NBS assay for SMA. First, it would be
preferable to use an assay platform that iswell established
in public health newborn screening. Although genotype
based sickle cell disease screening had been performed
previously (23), until recently none of the primary
screening assays used in public health NBS programs
used molecular DNA methods. The incorporation of a
DNA-based assay has been prompted by the recom
mended inclusion ofSCID-NBS, which is based on mea
suring TREC (24). The preferred platform for measur
ing TREC is real-time PCR, and this technology is now
routinely used in screening the majority of newborns in
the US for SCID. Second, it would be advantageous to
multiplex the SMN1 assaywith an existing routine NBS
assay, thereby assuring its robustness and minimizing the
incremental cost for detecting SMA. We therefore ex
plored the possibility that SMN1 genotyping could be
multiplexed with the TREC assay developed at CDC,
which is used to characterize DBS reference materials for
global distribution to participants in the CDC Newborn
Screening Quality Assurance Program (25).

The main challenge in developing a PCR assay for
SMN1 gene absence is caused by the near identity of the
SMN1 and SMN2 gene sequences. Conventional real
time PCR probes to any targeted SMN1 sequence could
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cross-react with the corresponding SMN2 sequence and
produce false amplification signals when the SMN1 se
quence is absent, as in an affected SMA sample. Other
investigators have previously reported successful reduc
tion of cross-reacting fluorescent signals by using unla
beled SMN2 probes as a blocker, in combination with a
labeled SMN1 probe with a minor grove binder group at
the 3' end. We opted for an alternative approach to
achieve the required analytical specificity by increasing
the stringency of probe hybridization using a novel LNA
probe. LNA oligonucleotides increase assay specificity
through restriction of the ribose conformation in the oli
gonucleotide backbone, allowing the use of higher an
nealing temperatures. These shorter probes are known to
improve the ability to discern single-nucleotide polyrnor
phisrns (26), such as those that distinguish SMN1 from
SMN2. LNA probes therefore simultaneously increase
both the specificity and sensitivity of the assay.

Another important concern in multiplexing PCR is
the potential for different amplicons to compete for PCR
reagents. Since TREC is present in a much lower concen
tration than SMN1, the effect of competition would be a
decreased amplification for TREe. A serial dilution series
for the SMN1 primers was analyzed to explore this possibil
ity and showed no effect on the other multiplexed targets
(TREC and RPP30). However, with DNA extracts of nor
mal UCB samples and carrier cell lines, higher primer con
centrations did increase the plateau fluorescencefor SMN1,
increasing visual discrimination from the baseline fluores
cence of SMNI-absentSMA patients.

In addition to familiar instrumentation and multi
plexing capability, another factor in developing an ap
proach to SMA-NBS was the high prevalence of SMA
carriers. In our assay, both normal and carrier SMN1
genotypes showed robust SMN1 amplification, and the
difference in Cq was not sufficiently precise for reliable
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Table2. Results of blinded testing of DBS samples prepared from peripheral blood samples of 11
SMA patients and 15 parental carriers by the multiplex TREC-SMN1-RPP30DBSreal-time PCRassay.

SMA status SMA type Age, years SMN1 result" SMN1,Cqb RPP30,Cqb TREC,Cqb

Patient III 4 Absent NoCq 23.8 30.2
Patient III 2 Absent NoCq 24.2 31.7

Patient II 50 Absent NoCq 25.1 34.6
Patient III 3 Absent No Cq 23.5 29.6
Patient II 1 Absent NoCq 24.5 30.0
Patient II 22 Absent NoCq 23.7 30.4
Patient III 13 Absent No Cq 23.2 31.3
Patient III 3 Absent No Cq 23.2 29.5
Patient II 1 Absent NoCq 21.6 28.7
Patient III 4 Absent NoCq 22.6 28.5

Patient III 2 Absent No Cq 22.5 29.1
Carriere NAd 45 Present 24.2 23.3 34.3
Carrier NA 33 Present 26.9 25.0 34.3
Carrier NA 34 Present 25.6 24.8 33.9
Carrier NA 29 Present 25.0 23.8 34.0
Carrier NA 32 Present 24.2 23.2 34.4
Carrier NA 43 Present 23.3 22.2 34.8
Carrier NA 43 Present 22.7 21.9 33.0
Carrier NA 41 Present 23.0 22.4 35.0
Carrier NA 57 Present 25.5 24.9 34.4

Carrier NA 48 Present 22.7 22.3 35.3

Carrier NA 48 Present 22.5 22.8 34.4

Carrier NA 44 Present 25.8 25.1 36.7
Carrier NA 35 Present 21.1 21.1 31.3
Carrier NA 33 Present 22.6 22.6 NoCq

Carrier NA 25 Present 21.8 22.0 31.8

a Concordant categorical results from CDCand Bioqen-ldec laboratories.
b Cq results from CDClaboratory.
C Unaffected parent of SMA patient.
dNA, not appicable.

carrier identification. In contrast, all of the homozygous
SMNl-negative samples failed to cross the cycle thresh
old, and they were clearly discriminated from samples
with one or more SMN 1 copies.

The determination of SMN2 copy number is an es
sential second-tier assay for following up screen-positive
samples. It is the most informative prognostic marker
and will guide selection criteria for clinical trials. SMN2
copy number may be determined by real-time qPCR
(27) aswell as other methods (28). Ideally, public health
NBS laboratories could perform a single second-tier assay
that would both confirm the absence of SMNI and quan
tify the SMN2 copy number, thereby identifying new
borns at high risk for infantile onset. Preliminary studies
in our laboratories suggest that digital droplet PCR (29)

will also be a useful platform for independent confirmation
and characterization of SMA screen-positive samples.

The rapid and increasingly widespread implementa
tion of SCID-NBS has ushered real-time PCR technol
ogy into the repertoire of NBS laboratories. Since its
inception in 2008, SCID-NBS has been implemented in
23 US state public health NBS programs, collectively
identifying SCID at rwice the previously estimated birth
prevalence and achieving high survival rates in treated
infants (11). This experience strongly suggests that
SMA-NBS will be technically feasible and cost-efficient.

In conclusion, we developed a multiplexed real-time
PCR assay to simultaneously measure TREC and screen
for the absence of SMNI in a single reaction-well. The
addition of SMNI genotyping to the TREC assay does
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not require new equipment or any changes in sample
processing or the overall testing procedure. The addi
tional reagent and supply costs beyond those of the cur
rent TREC assay are limited to the SMNl primers and
probe, which amount to less than 5 cents per test. The
assay allows clear identification of the SMNl null geno
type without quantifying copy number, thereby avoiding
carrier detection. NBS programs screening for SCID will
require evidence of effective presymptomatic interven
tion in newborns with SMA before combining the 2 tests
into routine screening. However, as soon as an effective
therapy becomes available, SMA-NBS could be readily
implemented alone or in combination with TREC mea
surements by public health programs already using real
time PCR to screen for SCID.

Author Contributions: All authors confirmed they have contributed to
the intellectual content of thispaper and have met thefollowing 3 require
ments: (a) significant contributions to the conceptionand design, acquisi
tion of data, oranalysisand interpretation of data; (bj drafiing or revising

1. Arnold WD, Burghes AH. Spinal muscular atrophy: de
velopment and implementation of potential treat
ments. Ann NeuroI2013;74:348-62.

2. Tiziano FD. Melki J. Simard LR.Solving the puzzle of
spinal muscular atrophy: what are the missing pieces?
Am J Med Genet A 20131161A:2836-45.

3. Crawford TO, Paushkin SV, Kobayashi DT, Forrest SJ,
Joyce CL, Finkel RS,et al. Evaluation of SMN protein,
transcript, and copy number in the Biomarkers for Spi
nal Muscular Atrophy (BforSMA) clinical study. PLoS
One 2012;7:e33572.

4. Porensky PN, Burghes AH. Antisense oligonucleotides
forthetreatmentof spinal muscular atrophy. Hum Gene
Ther 2013;24:489-98.

5. Isis pharmaceuticals. Severe and rare. http://
www.isispharm.com/Pi pe lin e/The rapeu ti c·Areasl
SevereandRare.htm#ISIS·SMNRx (Accessed October
2014)

6. Trophos. Trophos announces top-line results of pivotal
trial of olesoxime in spinal muscular atrophy. http://
www.trophos.com/news/pr20140310.htm (Accessed
October 2014).

7. PriorTW. Spinal muscular atrophy: a time for screening.
Curr Opin Pediatr 201 0;22:696-702.

8. Pyatt RE,Prior TW. A feasibility study for the newborn
screening of spinal muscular atrophy. Genet Med 2006;
8:428-37.

9. Buckley RH.The long quest for neonatal screening for
severe combined immunodeficiency. J Allergy Clin lrn
munoI2012;129:597-604.

10. CLSI. Newborn blood spot screening for severe com
bined immunodeficiency by measurement of l-cell reo
ceptor excision circles; draft guideline. CLSIdocument
I/NBS06·A [ISBN 1·56238·871·1 (print); ISBN 1·
56238·872-X (electronic). Wayne (PA): CLSI;2011

11. Baker MW, Grossman WJ, Laessig RH, Hoffman GL,
Brokopp CD,KurtyczDF,etal. Developmentof a routine
newborn screening protocol for severe combined irn
munodeficiency. J Allergy Clin Immunol 2009;124:
522-7.

8 Clinical Chemistry 61:2 (2015)

the articlefor intellectual content; and (cjfinal approval of the published
article.

Authors' Disclosures or Potential Conflicts of Interest: Upon man
uscript submission, all authors completed the author disclosureform. Dis
closuresand/or potential conflictsof interest:

Employment or Leadership: ].F. Staropoli, Biogen Idee; J.P. Car
ulli, Biogen Idee; H. Hannon, Clinical and Laboratory Standards
Institute.
Consultant or Advisory Role: None declared.
Stock Ownership: J.F. Staropoli, Biogen Idee; J.P. Carulli, Biogen
Idee.
Honoraria: None declared.
Research Funding: CDC Foundation through an agreement with
Biogen-Idee; G.K. Yazdanpanah, Biogen Idee through the CDC
Foundation.
Expert Testimony: None declared.
Patents: None declared.
Other Remuneration: H. Hannon, CDC Foundation, Travel SMA
Meeting, DC.

Role of Sponsor: The funding organizations played a role in the design
of study, choice of enrolled patients, review and interpretation of data,
and preparation and final approval of manuscript.

References

12. Gerstel-Ihornpson J~ Wilkey JF, Baptiste JC, NavasJS,
Pai SY, Pass KA, et al. Hiqh-throuqhput multiplexed
l-cell-rereptor excision circle quantitative PCR assay
with internal controls for detection of severe combined
immunodefiCiency in population-based newborn
screening. Clin Chem 2010;56:1466-74.

13. Kwan A, Church JA, Cowan MJ, Agarwal R, Kapoor N,
Kohn DB, et al. Newborn screening for severe com
bined immunodeficiency and T-cell lymphopenia in
California: results of the first 2 years. J Allergy Clin lrn
munoI2013;132:140-50.

14. Vogel BH, Bonagura V, Weinberg GA, Ballow M, lsa
belle J, DiAntonio ~ et al. Newborn screening for SCID
in New York State: experience from the first two years.
J Clin ImmunoI2014;34:289-303.

15. Modell V, Knaus M, Modell F, Roifman C, Orange J,
Notarangelo LD. Global overview of primary
immunodeficiencies: a report from Jeffrey Modell Cen
ters worldwide focused on diagnosis, treatment, and
discovery.lmmunol Res2014;60:132-44.

16. Chan K,DavisJ, PaiSY,Bonilla FA,PuckJM,Apkon M. A
Markov model to analyze cost-effectiveness of screen
ing for severe combined immunodeficiency (SCID).
Mol Genet Metab 2011:104;383-9.

17. Modell V, Knaus M, Modell F.An analysis and decision
tool to measure cost benefit of newborn screening for
severe combined immunodeficiency (SCID) and reo
lated J-celllymphcpenia. Immunol Res2014;60:145-
52.

18. USDepartment of Healthand Human ServicesDiscretion
ary Advisory Committee on Heritable Disorders in New·
borns and Children. recommended unifonm screening
panel. http://www .h rsa.gov/advi sorycom m ittees/
mchbadvisory/heritabledisorders/recommended
panel/index.html (AccessedOctober 2014).

19. Benkhelifa·Ziyyat S, BesseA, Roda M, Duque S,Astord
S, Carcenac R, et al. Intramuscular scAAV9·SMNinjec
tion mediates widespread gene delivery to the spinal
cord and decreases disease severity in SMA mice. Mol
Ther 2013;21 :282-90.

20. Nikolai A, Naryshkin NA, Weetall M, Dakka A,
Narasimhan J, Zhao X, Feng Z, et al. SMN2 splicing
modifiers improve motor function and longevity in
mice with spinal muscular atrophy. Science2014;345:
688-93.

21. Dobrowolski SF,Pham HT,Downes FP,PriorTW, Naylor
EW,Swoboda KJ Newborn screening for spinal museu
lar atrophy by calibrated short-arnplicon melt profiling.
Clin Chem 2012;58:1033-9.

22. Pyatt RE,Mihal DC, Prior TW.Assessment of liquid mi
crobead arrays forthe screening of newborns for spinal
muscular atrophy. Clin Chem 2007;53:1879-85.

23. Lin Z, Suzow JG, Fontaine JM, Naylor EW. A high
throughput beta-qlobin genotyping method by multi
plexed melting temperature analysis. Mol Genet
Metab 2004;81 :237-43.

24. Chan K, Puck J. Development of population-based
newborn screening for severe combined imrnunodefi
ciency. J Allergy Clin ImmunoI2005;115:391-8.

25. DeJesus VR, Mei JV, 8ell (J, Hannon WHoImproving
and assuring newborn screening laboratory quality
worldwide: thirty·yearexperience at the Centersforflis
ease Control and Prevention. Semin Perinatol 2010;
34:125-33.

26. Vester B, Wengle J. LNA (locked nucleic acid): hiqh
affinity targeting of complementary RNAand DNA.Bio
chemistry 2004;43: 13233- 41.

27. Anhuf D, Eggermann T,Rudnik-Schoneborn S,Zerres K.
Determination ofSMN1 and SMN2 copy number using
TaqMan technology. Hum Mutat 2003;22:74 -8.

28. McAndrew PE,ParsonsDW,Simard LR,Rochette C, Ray
PN,Mendell JR. PriorTW, BurghesAM.ldentification of
proximal spinal muscular atrophy carriers and patients
by analysis of SMNT and SMNC gene copy number.
Am J Hum Genet 1997;60:1411-22.

29. McDermottGP, Do D, LitterstCM, MaarD, Hindson CM,
Steenblock ER,et al. Multiplexed target detection us
ing DNA·binding dye chemistry in droplet digital PCR.
Anal Chem 2013;85:11619-27.


