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Abstract

Establishing nucleic acid-based assays for genetic newborn screening (NBS) provides the possibility to screen for genetically
encoded diseases like spinal muscular atrophy (SMA), best before the onset of symptoms. Such assays should be easily
scalable to 384-well reactions that make the screening of up to 2000 samples per day possible. We developed a test
procedure based on a cleanup protocol for dried blood spots and a quantitative (q)PCR to screen for a homozygous deletion
of exon 7 of the survival of motor neuron 1 gene (SMN1) that is responsible for >95% of SMA patients. Performance of this
setup is evaluated in detail and tested on routine samples. Our cleanup method for nucleic acids from dried blood spots
yields enough DNA for diverse subsequent qPCR applications. To date, we have applied this approach to test
213,279 samples within 18 months. Thirty patients were identified and confirmed, implying an incidence of 1:7109 for the
homozygous deletion. Using our cleanup method, a rapid workflow could be established to prepare nucleic acids from dried
blood spot cards. Targeting the exon 7 deletion, no invalid, false-positive, or false-negative results were reported to date.
This allows timely identification of the disease and grants access to the recently introduced treatment options, in most cases
before the onset of symptoms. Carriers are not identified, thus, there are no concerns of whether to report them.

Introduction

Newborn screening (NBS) is a well-established public
health service in many countries [1]. NBS enables early
detection and treatment of a wide variety of diseases by
analyzing metabolites, hormones, and enzyme activities,
using dried blood spots (DBS). Sampling of the DBS occurs
1-2 days after birth. In NBS, diseases should only be
screened for, if specific treatment is available [2-4]. Based
on the often-cited Wilson and Jungner criteria [4], another
principle of NBS is not to report unaffected carriers.
Spinal muscular atrophy (SMA; OMIM #: 253300) is a
severe, autosomal-recessive neuromuscular disease, char-
acterized by the degeneration of a-motor neurons [5, 6].
The Caucasian population shows an incidence of
1:6000-1:10,000 [5-7], with estimates for Germany up to
1:4000 [8]. Based on direct genetic testing of SMNI copies
in a control population in Germany, a carrier frequency of
1:35 was found, resulting in an incidence of 1:4900 [9].
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Fig. 1 Schematic overview of the SMN-coding genes. SMNI is
encoded on chromosome 5 by nine exons (exons 2 and 3 are usually
referred to as exon 2a and 2b, respectively [12]). Exon 7 (the eighth
exon) is missing in most SMA patients, and is missing from SMN2
transcripts as well. SMNI and SMN2 only differ by five nucleotides as
indicated [c.835-44G>A (rs1454173648); c.840C>T (rs1164325688);

encodes a 38-kD SMN protein, which plays a key role in the
assembly and regeneration of small nuclear ribonuclear
proteins, mRNA splicing, and axonal RNA transport. The
SMN gene is located on chromosome 5 containing two highly
homologous copies of SMN, a telomeric (SMNI) and a
centromeric copy (SMN2) that differ by five bases altogether
(Fig. 1) [10-12]. The transcription of SMNI results in full-
length mRNA. In contrast, SMN2 transcription generates a
shortened mRNA lacking exon 7 (c.840C>T, a paralog
sequence variant; Supplementary Table 1) with a small
amount of full-length transcript also generated (Fig. 1).

Ninety-five percent of SMA-affected individuals have a
homozygous deletion involving SMNI exons 7 and 8, or
exon 7 only. The latter is true for around 5%, and represent
SMNI/SMN2 hybrid genes [10-13]. Further, disease-
causing variants, like subtle variants (3.4%) and no de
novo variants (2%) in the SMNI gene, contribute to the
incidence [14, 15]. The SMN2 gene is unable to compensate
for the homozygous loss of SMN1, but SMN2 copy number
is a well-established modifier on the variable SMA pheno-
type [5, 6, 9, 10].

SMA is classified into different phenotypes, based on the
age of onset and the motor function achieved. SMA type I is
the most severe and common type, which accounts for about
50% of patients. Life expectancy is generally considered to
be <2 years, due to the rapid progression of muscle weakness
and respiratory failure [5, 6, 16]. Although a therapy has
recently become available [5, 6, 17-20], the success of this
therapy strongly depends on early intervention, because
substantial loss of motor neurons occurs by 3 months of age
and progresses during the course of the disease [16, 21]. Only
a genetic test allows identification before the onset of
symptoms and offers a treatment in time.
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c.888+100A>G  (1s212214); c.888+215A>G  (rs1244569826);
c.1155G>A (rs1208416968)]. All variants shown are described using
the NM_000344.3 transcript reference sequence based on
NG_008691.1 for intron positions. Primers and probes for the
¢.840 site are indicated in gray; the site itself is indicated by a gray
square in the forward primer

Challenges presented by NBS genetic testing include the
extraction of sufficient DNA and selection of an appropriate
assay to detect the SMNI deletion. The pitfall in selecting an
appropriate assay for SMNI deletions is the high homology
to SMN2. In addition, homologous recombination between
the two genes can occur and might result in false-positive
results, if positions beyond exon 7 are screened (Fig. 1) [22].
Further, a cleanup procedure for DNA from DBS had to be
established and validated, addressing the questions of con-
tamination, and intra- and interassay variability. We aimed to
establish a protocol suitable to (i) extract DNA from standard
DBS in a rapid way that can be used for testing in multiplex
quantitative (qQ)PCR assays and further downstream applica-
tions, (ii) screen up to 2000 samples a day with one person
operating the molecular genetic screening procedure and the
least possible time occupying quantitative polymerase chain
reaction (QPCR) cyclers, (iii) identify and eliminate possible
sources and effects of contamination, and (iv) avoid false-
positive results by optimal assay design.

In addition, we demonstrate the functionality of the
protocol on over 210,000 DBS extracted and analyzed,
simultaneously generating the first data for SMA in a NBS
setting for a largely Caucasian population.

Materials and methods

Samples and preparation of DBS

The SMA screening has been approved by the local ethics
commission (Ethics Commission No. 16125 of the Bayer-

ische Landesérztekammer). Throughout the screening pro-
cedure, samples were mainly recruited from hospitals, with
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about 42% of the samples originating from the State of
North Rhine Westphalia (Northwest Germany) and 58%
from Bavaria (South Germany). Parents were informed and
required to decide if they wanted to participate in the study.
We acquired 3.2-mm punches from DBS cards (TFN,
Ahlstrom-Munksjo, Birenstein, Germany) using the Pan-
thera Puncher 9 (Perkin Elmer, Waltham, MA, USA). To
rule out the risk of a plate mixup, negative controls were
used alternating between various positions on each plate.
Special adaptors were required to fit 96-well semi-skirted
PCR plates (4ti-0770/C, 4titude, Surrey, UK). Plates were
sealed using a qPCR seal (4ti-0560, 4titude) for transport.
For additional experiments, DBS was prepared and air dried
for 48 h from fresh blood samples from anonymous donors.

Washing of DBS punches and DNA elution (CXCE-
buffer cleanup)

All pipetting steps were performed wusing the
ViaFlo96 system (Integra Biosciences, Zizers, Switzerland).
DBS punches were incubated in 96-well plates in 50 ul of
water for 10min on a plate shaker at 200rpm (IKA
Labortechnik, Staufen, Germany); then 150 ul of CX buffer
(1x PBS and 0.5% Thesit®) was added and incubated for a
further 10 min on the plate shaker at ~200 rpm. After a
centrifugation step (Rotanta 460, Hettich GmbH, Tuttlin-
gen, Germany) at 1000 rpm for 5 min, the supernatant was
removed with a vacuum device (VACUSAFE, Integra), and
further, 150 pl of CX buffer was added. Following another
centrifugation step as described above, the supernatant was
removed, and 150 pl of water was added to remove residual
PBS. After centrifugation and removal of the water, 50 ul of
CE buffer (10 mM Tris, 0.25 mM EDTA, and 2 mM NaOH)
was added to each well, and the plates were sealed using a
PCR seal (4ti-0500, 4titude). The plates were then incu-
bated in a thermal cycler (Applied Biosystems 2720, Foster
City, CA) for 10 min at 92 °C.

Primers and probes

An 82-bp fragment of SMNI exon 7 was amplified, as
described by Strom et al. [23], using a slightly modified
forward primer specifically targeting the SMNI c.840C
position (5'-TAT TTT CCT TAC AGG GTT CCA G-3'). A
reverse primer (5'-GCT GGC AGA CTT ACT CCT TAA
TTT AA-3') and a R6G-labeled probe (5'-F-ACC AAA
TCA AAA AGA AGG AAG GTG CTC ACA-Q-3’) bind to
SMNI and to SMN2. Since SMA detection is based on
failure of the SMNI exon 7 amplification, co-amplification
of a reference gene is required to control the PCR reaction.
The test can be combined with any genomic assay like beta-
actin (TIB Molbiol 66-0913-96). For this study, a TagMan
assay for cystinosin (CTNS, OMIM# 606272) was used as

control (Fleige et al., submitted) in a multiplexed qPCR.
gPCR was performed in 10-pl reactions with LightCycler
DNA Multiplex Master (Roche, Mannheim, Germany) in
384-well plates (Roche).

qPCR setup

gPCR reactions were set up by dispensing aliquoted primer/
probe mixes and enzymes from semi-skirted PCR plates to
384-well qPCR plates using the ViaFlo96 system. Samples
from the 96-well DNA plates were dispensed to the
384-well plates in a predefined manner. qPCR was per-
formed using a 384-well block on a LightCycler 480II
(Roche), with initial denaturation at 95 °C for 10 min, fol-
lowed by 45 cycles in three steps at 95 °C for 5 s, 60 °C for
10's, and 72 °C for 15 s. A single acquisition of fluorescence
signals was included in the 60 °C step. Sample lists were
generated from the punching log files, converted to fit the
384-well plates, and imported directly to the LightCycler.

gPCR evaluation

gPCR experiments were evaluated based on cycle quanti-
fication (Cq) applying the second derivate maximum ana-
lysis of the LightCycler software. An SMNI gene copy was
considered present, if a product was detected before cycle
36 (Cq-value <36), while the internal control was con-
sidered present if a Cq-value <34 was detected. If no pro-
duct was visible in any assay, the result was invalid. If only
the control assay showed sufficient product, the result was
considered positive with the patient likely to have a
homozygous deletion of SMNI exon 7. In both cases, fresh
DBS punches were retested (internal verification). In case of
a verified positive result for SMA in our laboratory, parents
were asked to consult a specialized treatment center (Center
for Neuromuscular Disorders in Childhood at the Dr von
Hauner Children’s Hospital in Munich, Neuropediatric
Department of the University Hospitals of Essen, or Miin-
ster), where a blood sample was taken and sent to an
independent laboratory for external confirmation of the
screening result. In addition, an MLPA analysis was per-
formed to determine SMN2 copy numbers [24].

Comparison of the CXCE-buffer cleanup with
MagnaPure96 extraction

Three punches were homogenized in 600 ul of PBS using
1.4-mm zirconium beads (Precellys, Bertin Technologies,
Montigny le Bretonneux, France) in a Precellys24 homo-
genizer. Two-hundred microliters of the homogenized
punches (corresponding to one punch) were extracted and
eluted in 50 pl of elution buffer on a MagnaPure96 system
(Roche), using the MagnaPure small-volume nucleic acid
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extraction kit. One punch was subjected to the CXCE-buffer
cleanup. Extractions were performed in eight replicates.

DNA quality and quantity were assessed based on the
sample’s performance in the SMA assay on the LightCycler
and further routine assays (supplementary material).

Robustness

Robustness of the DNA elution method was addressed by
retesting samples that had been tested invalid for the
internal control (Cq>34) in the first qPCR during our
routine screening. We collected 35 of such DNA samples
from 4 consecutive weeks and repeated the qPCR.

Evaluation of cross-contamination and precision

We aimed to identify possible contamination sources, i.e., the
punching process or the reusing of pipette tips during the
different washing steps. The punching procedure was analyzed
by punching from empty cards and cards prepared with blood
in an alternating manner. A 96-well PCR plate was filled with
punches according to the following pattern: column A-empty;
column B-blood; column C-empty, etc. For one plate, the
automated (plate A) Panthera Puncher 9 was used; the other
plate was punched manually (plate M), avoiding all possible
contamination by punching the empty cards first and then the
cards containing blood. For DNA preparation, fresh pipette
tips were used for every step for plate A, including removal of
the supernatant. According to the routine procedure, pipette
tips were not changed during the washing steps for plate M.
Extracts were analyzed using the SMA test.

All DBS punches were prepared from the identical DBS;
thus, the values are also representative for intra- and inter-
assay variability.

Statistics

Cqg-values are presented as means + standard error of means
(SEM). The statistical significance (p <0.05) of the differ-
ences between the experimental groups was tested using the
t test, corrected according to Bonferroni-Holm [25]. Con-
fidence interval (CI) calculations were performed using
MedCalc for Windows, version 19.0 (MedCalc Software,
Ostend, Belgium).

Results

Comparison of the CXCE-buffer cleanup method
with MagnaPure96 extraction

MagnaPure96 extraction resulted in a slightly but not sta-
tistically significant increased amount of DNA. On average,
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CXCE-buffer cleanup resulted in Cq-values of 31.85 +0.10,
which was approximately one Cq higher compared with the
extraction performed on a MagnaPure96 (30.90+0.07;
Fig. 2).

Robustness

Altogether, no sample has been reported invalid so far, as in
all cases of invalid results, processing of a fresh DBS
delivered valid results. However, to elucidate the reason of
invalid results in the first assessment, 35 samples have been
collected over 4 weeks, showing an invalid result. gPCR
was repeated using the original DNA. Out of these 35 DNA
samples, only one delivered an invalid result. This suggests
that incorrect pipetting in the PCR setup or incomplete
sealing of the qPCR plate led to invalid results rather than a
failure of the cleanup procedure.

Evaluation of cross-contamination and precision

All DBS punches were detected with Cqg-values ranging
from 30.73 to 32.96 on both plates. Plate A (automated
punching) and Plate M (manual punching) had several
wells with empty punches that displayed a late Cq (Cq >
37) in the SMA test. Plate A showed late Cqs in more
negative wells than Plate M (46% vs. 13%, respectively;
Fig. 3). This indicates that automated punching is the
main source of contamination. Variability shows a Cq of
31.36 £0.09 for 40 intra-assay technical replicates and
31.84+0.05 for another 40 intra-assay technical repli-
cates, reflecting an average variability below 1 Cq for 40
replicates each. Thus, reproducibility is given for all
samples (N = 80; sensitivity = 1, 95% CI = 0.91; specifi-
city=1, 95% CI=0.91).

Newborn screening

To establish the SMNI assay, blood samples from known
SMA patients (N =13) and a subset of their parents (het-
erozygous carriers; N = 8) were analyzed. In addition, the
samples were distributed on DBS cards and tested there-
after. All patients were identified as carrying the homo-
zygous deletion, while the parents showed Cq<36 for
SMN1 in the qPCR test (N = 21; sensitivity = 1, 95% CI =
0.75; specificity = 1, 95% CI=0.63).

The NBS for SMA started mid-January 2018. So far,
213,279 DBS have been analyzed for a homozygous
deletion of exon 7 of SMNI. Thirty samples showed
amplification of the reference gene, but no amplification of
SMNI; thus a homozygous deletion of exon 7 (N=
213,279; sensitivity =1, 95% CI=0.88; specificity = 1,
95% CI=1). All 30 cases identified were referred to a
neuropediatric center for consultation and were retested for
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Fig. 2 Performance comparison of the CXCE-buffer cleanup vs.
extraction of nucleic acids on a MagnaPure96. The amplification
curves show the performance of nucleic acids of both extraction
methods from the same sample (gray lines: MagnaPure96 extraction,
black lines: CXCE-buffer cleanup) in the SMN/ exon 7 deletion gPCR
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Fig. 3 Schematic contamination patterns on a 96-well plate. Plate A
shows the results of automated punching, Plate M from manual
punching with white wells: no amplification, black wells: expected
amplification, and gray wells: late amplification, i.e., contamination
including the respective Cq-values

the exon 7 deletion and their copy numbers of SMN2. Our
primary screening results were confirmed in all cases by
MLPA analysis from fresh blood samples in an indepen-
dent laboratory (Genetikum, Neu-Ulm, Germany). The
copy numbers for SMN2 varied between 2 and 4 (Vill et al.,
submitted). To date, no false-positive results have been
observed; no false-negative results have been reported to us
either. To date, we have determined the status of all sam-
ples from the original DBS, without any sample reported
invalid.

Discussion

SMA is the second most common autosomal recessively
inherited disease in humans after cystic fibrosis [26]. To
include this life-threatening condition in NBS, we devel-
oped an efficient genetic screening procedure.

We established a rapid and inexpensive method imple-
mented in a workflow that allowed us to screen a high
number of samples in the shortest possible turnaround time
(within 24 h per sample).

Our CXCE-buffer cleanup procedure resulted in eluates
containing enough DNA for retesting, or further genetic
assays like severe combined immunodeficiency (SCID),
with no special reagents or commercial kits required. We
limited the risk of sample mixups, a common pitfall in
laboratory medicine [27], by keeping the DBS punches in
the same well of a 96-well plate from arrival of the samples
to the setup of the qPCR assays.

Our study showed storage conditions of NBS cards did
not affect the quality of results. Automated punching of
DBS is commonly used in NBS. We demonstrated that trace
amounts of DNA are transferred into neighboring wells of a
96-well plate, and that this could not be avoided without
any additional laborious and time-consuming steps. Thus,
the typical range for Cq-values had to be established in the
first qPCR assays and confirmed during validation to
determine the appropriate cutoffs for late Cq-values. This
was straightforward for the SMNI assay, since a Cq dif-
ference >3 was detected between contaminations and het-
erozygous or homozygous wild-type samples.

Our results show the importance of considering the
contamination problem of automated punching for genetic
screening procedures.

The CXCE-buffer cleanup delivered reliable results from
gPCR reactions and for further molecular genetic approa-
ches. The number of samples requiring repeated testing due
to technical errors was very low (<1%). Repeated cleanup
and qPCR from fresh DBS resolved the error in all cases;
therefore, no invalid result had to be reported. In addition,
the data for intra- and interassay variability showed stable
reproducibility of the results. Using the MagnaPure96, an
automated, costly, and time-consuming extraction system,
the DNA yield was only slightly higher. The CXCE-buffer
cleanup is an easy DBS cleanup procedure that can be used
for various assays. Combining the cleanup with a 384-well
gPCR setup, limited the required qPCR capacity to one
cycler; thus, over 1000 reactions could be processed in three
runs in <5 h.

Among others, Saavedra-Matiz et al. described a similar
method for DNA cleanup [28]. The same protocol was
applied for a pilot- screening study of SMA in the New
York state [29]. Many other well-designed studies dealt
with DNA extraction for NBS, but have not described the
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screening of a large population subset or a complete
setup for routine screening from punching to qPCR
[13, 28, 30, 31].

Prior et al. described two pilot studies for SMA NBS,
giving detailed instructions for sample handling, but limited
to a commercial kit for DNA cleanup and to a 96-well
format [13]. Taken together, none of the previous studies
described a procedure that can be reproduced in a 384-well
format.

Few other large-scale genetic NBS projects have been
published so far; among others, a study of genetic screening
for hearing loss assessing three simple nucleotide variants
and a single-base deletion in over 140,000 samples. Genetic
screening for hearing loss was implemented to increase the
sensitivity of the physical test for hearing loss [32].

A study from Taiwan described the screening of 120,267
newborns for SMA. Within 22 months, 15 potential cases
were identified, where eight turned out to be false positive.
The introduction of a second-tier digital droplet (dd)PCR
assay was necessary to accurately diagnose SMA from DBS
without false positives. In the Taiwanese study, the SMNI-
specific ¢.888+100A site was targeted for screening.
However, in two cases, the targeted site was homozygous
¢.888 +100A>C; therefore, no product was visible. In five
further cases, the SMNI gene sequence was converted to
SMN?2 after the c.840C site [22]. Targeting the c.840C site
eliminates these possibilities of receiving false-positive
results and avoids second-tier testing [23, 33] for NBS,
while still detecting only homozygous deletions, i.e.,
affected newborns.

With our protocol, we were able to screen
213,279 samples from routine NBS within 18 months.
Thus, we provide the first unbiased population-based
screening for SMNI exon 7 deletions for a Caucasian
population. Based on the described incidence of the disease
between 1:4000 and 1:10,000, 20-50 cases were expected
for 200,000 samples. In fact, we found 30 cases with all
cases confirmed by an independent laboratory from fresh
blood samples (100% positive predictive value). Unknown
or de novo variants in the primer and probe sequences
remain as risk for false-positive results. No missed patients
have been reported to us to date (sensitivity: 100%; Vill
et al., submitted). However, we expect to encounter false-
negative results in the future, as other pathogenic variants
are not detected with this assay design. This would affect
~3-5% of SMA cases [12].

MLPA analysis or digital droplet PCR for determination
of SMN2 copy number seems to be feasible from newborn
blood spots in a two-tier protocol. However, with this
lethal condition, it is mandatory to confirm the first result
from a fresh blood sample. This confirmatory testing
including copy number determination was performed in
the independent laboratory. SMN2 copy numbers varied
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between 2 and 4 for the identified patients. Disease
severity has been shown to correlate with SMN protein
levels, and SMA Type O, I, II, or III has shown a sig-
nificant correlation to SMN2 copy number. In one study,
96% of individuals with Type I carried one or two SMN2
copies, whereas 100% of individuals with Type III carried
three or four copies [9]. However, the SMA degree type
does not show a complete correlation with the copy
numbers of SMN2 being present [16], as variants other
than the aforementioned deletion of exon 7 may contribute
to different phenotypic outcomes. Discordances have been
reported in the patients with 3-4 copies of SMN2, who may
develop SMA Type I, II, or III or rarely remaining even
asymptomatic [9, 34, 35]. Recently, a therapy (Nusinersen
(Spinraza™)) for SMA has been approved by health
authorities (U.S. Food and Drug Administration (FDA):
December 2016, European Medicines Agency: May 2017).
Notably, Nusinersen is among the first four therapeutics
licensed for clinical use, based on antisense oligonucleo-
tides [36]. Application results in more of the SMN2 full-
length transcript, which compensates for the loss of SMNI.
All identified patients from this study were consulted by
clinicians, with treatment advised to all patients, with two
or three copies of SMN2 [37].

Other therapeutics are still in clinical phase 1 or 2
trials, with another therapy (AVXS-101) aiming to
replace SMNI [38]. SMA has been added to the Recom-
mended Universal Screening Panel in the United States
for NBS as of July 2018. Genetic screening is already
offered in some countries/states for SCID screening.
From a purely technical point of view, it is not a classical
genetic screening, as no DNA sequence data are revealed.
SCID is a disorder of (T-cell) lymphocyte formation,
where in affected patients, no formation of the so-called
T-cell receptor excision circles takes place. However,
these DNA circles are found in healthy individuals, where
they can be detected. Combined assays for SMA and
SCID have already been tested in previous studies [30].
With the screening for SMA and SCID, we are at the
dawn of a new era of primary DNA-based NBS. How-
ever, to screen for multiple loci will require further
development in the field.
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