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Abstract
Background: Pompe disease is an autosomal recessive inherited metabolic disorder caused by a
de�ciency of the acid α-glucosidase (AαGlu). Pompe disease manifests as an accumulation of lysosomal
glycogen in the skeletal and heart muscle. We conducted newborn screening (NBS) for Pompe disease in
Japan from April 2013 to October 2020 to determine the feasibility and utility of NBS for Pompe disease.

Results: From the 296,759 newborns whose enzyme activity was measured, 107 of which underwent GAA
analysis, we found one patient with infantile-onset Pompe disease (IOPD) and seven with potential late-
onset Pompe disease (LOPD). We identi�ed 34 pseudode�cient individuals and 65 carriers or potential
carriers. The frequency of patients with IOPD was similar to that in the United States, but signi�cantly
lower than that in Taiwan. One patient with IOPD underwent early enzyme replacement therapy within a
month after birth before presenting exacerbated manifestations, whereas those with potential LOPD
showed no manifestations during the follow-up period of six years.

Conclusions: The frequency of IOPD in Japan was similar to that in the United States, where NBS for
Pompe disease is recommended. This indicates that NBS for Pompe disease may also be useful in
Japan. Therefore, it should be used over a wider region in Japan.

Background
Pompe disease, also known as glycogen storage disease type II (OMIM 232300), is an autosomal
recessive inherited metabolic disorder caused by a de�ciency of the enzyme known as acid α-glucosidase
(AαGlu, EC 3.2.1.20/3) that breaks down glycogen in the lysosome, leading to the accumulation of
lysosomal glycogen in skeletal and heart muscles (1). Clinically, two classical phenotypes have been
described according to the age of onset: infantile and late-onset types (2). Patients with infantile-onset
Pompe disease (IOPD) exhibit a nearly complete absence of AαGlu activity and present with hypotonia
and hypertrophic cardiomyopathy in early infancy. These patients eventually die of cardiorespiratory
failure within the �rst year of life because of the extensive accumulation of glycogen in skeletal and heart
muscles. In contrast, patients with late-onset Pompe disease (LOPD) have a variable residual AαGlu
activity and predominantly manifest skeletal muscle dysfunction but rarely present cardiac muscle
dysfunction. Enzyme replacement therapy (ERT) is essential for the treatment of IOPD (3, 4). To achieve
optimal outcomes, ERT should be started before symptoms clearly manifest and prior to the development
of irreversible damage (5, 6). The early initiation of ERT in patients with IOPD can improve survival rates
and quality of life, reduce the need for ventilation, and promote earlier independent walking (7, 8).

Newborn screening (NBS) is one of the best approaches for the early diagnosis and treatment of Pompe
disease. Asian populations have a high frequency of pseudode�ciency alleles c.1726G > A and 2065G > A
in GAA, which signi�cantly reduce AαGlu activity (9). Particularly, in the Japanese population, the
frequency of these alleles is estimated to be 3.9% and 30.5% in homozygous and heterozygous forms,
respectively (10). Therefore, the presence of pseudode�ciency alleles are major obstacles that have
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negatively affected NBS for Pompe disease in our previous pilot program, which analyzed 715 Japanese
newborns and 18 previously diagnosed patients (10). Some NBS programs for Pompe disease, including
ours, have shown that the combination of AαGlu enzyme assays using dried-blood spot (DBS) cards and
GAA gene mutation analysis could be useful in distinguishing false-positive cases from patients with
Pompe disease.

Previously, we conducted a screening program for Pompe disease among 103,204 newborns in the
Kumamoto and Fukuoka prefectures in Japan, and we identi�ed no patient with IOPD and only three
individuals with potential LOPD (11). Therefore, in this study, we conducted the program at a larger scale,
screening 297,387 newborns from April 2013 to October 2020 by employing a �uorometric enzymatic
assay with 4-methylumbelliferyl α-D-glucopyranoside (4MU-αGlc) on DBSs to detect AαGlu activity. We
identi�ed a patient with IOPD and detected individuals with potential LOPD. This is the �rst report of the
determination of the frequency of IOPD in Japan through NBS.

Results

NBS for Pompe disease
The experimental work�ow and the results of our NBS program for Pompe disease are shown in Fig. 1. In
total, 297,387 newborns were screened. We established e�cient AαGlu assay methods I to III by
modifying the reaction time and buffer composition to achieve multiple high-throughput screening
options. In summary, the median AαGlu activities were 25.0 (interquartile range (IQR), 17.3–33.8) (Fig. 2),
45.4 (31.8–62.5), and 40.0 pmol hr− 1 disk− 1 (28.6–53.1) in Methods I–III, respectively (Additional �le 1).
Next, 316 DBSs whose AαGlu activities were under the cutoff values (< 6.5 pmol hr− 1 disk− 1 in Method I;
<3.5 pmol hr− 1 disk− 1 in Methods II, III) were recalled for a second AαGlu assay. The cutoff value for
Method I was set at the 4th percentile in the pilot study, whereas those for Methods II and III were set at
the 0.1 percentile. Moreover, 154 newborns whose AαGlu activities were under the cutoff for the second
AαGlu assay were examined at the outpatient clinic. Physical and biochemical examinations, including
that for alanine transaminase, aspartate aminotransferase, lactate dehydrogenase, and creatine kinase
(CK), and echocardiogram assessments were performed at referral hospitals. The third AαGlu assay was
then performed. The DBSs of 107 newborns whose AαGlu activities were under the cutoff for the third
AαGlu assay were subjected to GAA gene sequencing analysis. Overall, we identi�ed one patient with
IOPD and seven individuals as potential LOPD patients.

Detected variants
The GAA gene is highly polymorphic, and many novel variants are continually being discovered. Based on
the Pompe disease GAA variant database (12) (http://www.pompevariantdatabase.nl; Accessed March 3,
2021) and the ClinVar Miner database (13) (https://clinvarminer.genetics.utah.edu/; Accessed March 3,
2021), we identi�ed 910 and 1,170 sequence variations, respectively. Table 1 shows the 78 variants
identi�ed from 107 newborns, 71 of which were registered in the Pompe disease GAA variant database or
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ClinVar Miner. The other seven variants, i.e., c.439G > A (p.G147S), c.539_543delACTTC (p.F181Dfs*6),
c.1170delC (p.N390Kfs*2), c.547-27A > G, c.1194 + 19_1194 + 20 insA, c.1552-52C > A, and c.2859G > A
(non-coding), were not registered. The last two variants are considered as nonpathogenic according to
our previous report (11), whereas the other �ve are novel. One missense variant, c.439G > A (p.G147S),
was predicted by using PolyPhen-2 as “probably damaging.” Two variants, c.539_543delACTTC
(p.F181Dfs*6) and c.1170delC (p.N390Kfs*2) had �ame shift changes and were predicted as pathogenic.
The pathogenicity of two intronic variants, c.547-27A > G and c.1194 + 19_1194 + 20 insA, are unknown;
however, c.547-27A > G was predicted using the Human Splicing Finder (14) as a “potential alteration of
splicing.” Therefore, we focused on four variants predicted as disease-associated, namely c.439G > A
(p.G147S), c.539_543delACTTC (p.F181Dfs*6), c.1170delC (p.N390Kfs*2), and c.547-27A > G.

Of the 78 variants, 29 were classi�ed as disease-associated (pathogenic or predicted pathogenic
variants), and the other 49 were classi�ed as non-pathogenic (polymorphisms or predicted
nonpathogenic variants) (Table 1). The most common disease-associated variant was c.752C > T + 
c.761C > T, accounting for 31 alleles (14.5%, 31/214). Meanwhile, c.752C > T and c.761C > T occurred in
cis formation (15); thus, these variants were treated as c.752C > T + c.761C > T. The second most common
disease-associated variant was c.317G > A (p.R106H), which accounted for 10 alleles (4.7%, 10/214),
whereas the third most common was c.1316T > A (p.M439K), which accounted for seven alleles (3.3%,
7/214).

Identi�ed individuals with GAA variants

We detected one individual as IOPD patient (subject ID 140), seven as potential LOPD patients (subject
IDs 84, 87, 93, 127, 130, 131, and 133), 65 carriers or potential carriers, and 34 with pseudode�ciency
alleles (Table 2). A total of 102 of 107 individuals with low AαGlu activity (95.3%) had a pseudode�ciency
variant, c.[1726G > A; 2065G > A].

One patient with IOPD had two pathogenic variants, c.539_543delACTTC (p.F181Dfs*6) and c.1798C > T
(p.R600C), and one predicted pathogenic variant, c.547-27A > G. The c.539_543delACTTC variant was
novel, whereas c.1798C > T has been reported as pathogenic in patients with IOPD (16). In addition, this
patient developed hypotonia, hypertrophic cardiomyopathy, and hyperCKemia (714 IU/L) within a month
after birth, and was subjected to ERT in the �rst month of life. On day 3 of treatment, the hypotonia
improved, and the hypertrophic cardiomyopathy improved after 10 weeks. At 7 months of age, this
patient had mild hyperCKemia (200–300 IU/L) but had normal psychomotor development.

Seven individuals who presented with more than two disease-associated variants did not develop any
symptoms related to Pompe disease and thus received no treatment. They were classi�ed as potential
LOPD patients. Their AαGlu activities and gene mutations are shown in Table 2. Six individuals had
c.752C > T + c.761C > T. The other variants included c.317G > A (p.R106H), c.1244C > T (p.T415M),
c.1857C > G (p.S619R), c.2003A > G (p.Y668C), c.2173C > T (p.R725W), and c.2647-7G > A. Three of these
seven individuals (i.e., subject ID 84, 87, and 93) had been previously identi�ed (11) and were subjected to
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follow-up evaluation. As of February 2021, they showed no signs or symptoms associated with Pompe
disease.

Discussion
Previously, we have reported the �rst large-scale newborn screening (N = 103,204) for Pompe disease in
Japan and identi�ed no IOPD patients and three potential LOPD patients (11). By October 2020, 297,387
newborns have been screened, and one patient with IOPD and four potential newborns with LOPD were
identi�ed. The patient with IOPD was able to undergo early ERT in the �rst month of life before presenting
with exacerbated symptoms.

This screening program demonstrated the effectiveness of NBS for Pompe disease both in Japan and
overseas. The frequency of IOPD detected in this program (i.e., 1/296,759) is similar to that in the United
States (i.e., California 1/226,000 (17), Illinois 1/228,000 (18), and Pennsylvania 1/265,570 (19)). In
contrast, the NBS for Pompe disease in Taiwan identi�ed six patients with IOPD from 402,281 newborns
(1/57,000) (8). Although Japan and Taiwan are geographically near, the rate of detection of IOPD
pathogenic variants is different. In Taiwan, �ve of six IOPD patients are homozygous or heterozygous for
the same variant c.1935C > A. In contrast, our study only detected one individual (No. 141) with the same
variant among 107 newborns who underwent GAA sequencing analysis (allele frequency: 0.47%)
(Table 2). The high frequency of IOPD patients in Taiwan is attributed to the founder effect, which is the
loss of genetic variation that occurs when a population is descended from a small group of individuals
that were isolated from a larger population. On the other hand, the Missouri program (20) detected more
patients with IOPD than our program. Particularly, 10 patients with IOPD were identi�ed from
approximately 467,000 newborns (1/46,700). In addition, c.525delT was detected in three alleles, whereas
c.1447G > A, c.1802C > T, c.2560C > T, c.-32-13T > G, and del exon 18 were detected in two alleles. The high
frequency of these speci�c variants may contribute to the high frequency of patients with IOPD.

The IOPD patient identi�ed in this study harbored one pathogenic variant, c.1798C > T and two predicted
pathogenic variants, c.547-27A > G and c.539_543delACTTC. To date, the c.539_543delACTTC variant is
unreported but considered as pathogenic. It contains a stop codon in the amino acid sequence with a
frameshift mutation due to a defect in 5 bases (Additional �le 2). On the other hand, c.1798C > T is a
known pathogenic variant (16) and is common in Japanese patients with IOPD (21). However, the
frequency of this allele in this study was 0.9% (2/214), indicating that it is not a hotspot mutation.
Human Splicing Finder, which is a tool to predict the effects of mutations on splicing signals or to identify
splicing motifs, predicted c.547-27A > G as “potential alteration of splicing.” However, the actual
pathogenicity of c.547-27A > G is unknown. Moreover, as the parents of the patient had not been
sequenced for the GAA gene, which variant was in which allele remains unclear. However, we predicted
that the patient has compound heterozygosity for the c.539_543delACTTC and c.1798C > T variants.

Of the seven individuals diagnosed with potential LOPD in this study, six had c. 752C > T + c.761C > T (�ve
heterozygous and two homozygous). c.752C > T + c.761C > T is one of the most frequently detected
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variants in NBS (allele frequency: 14.5% 31/214). In Taiwan, �ve of the 13 individuals with potential
LOPD were homozygous or heterozygous (22). The pathogenicity of this variant remains controversial.
Chien et al. (23) reported a female patient with c.752C > T + c.761C > T, harboring a potentially pathogenic
variant (c.1958C > A) with compound heterozygozity. She presented with proximal muscle weakness
without elevated blood CK and urinary glucose tetrasaccharide (Glc4) levels. Individuals with this variant
require long-term follow-up to determine variant pathogenicity. Notably, the pathogenic variant c.-32-13T 
> G, which is frequently detected in patients with LOPD in Europe and the United States (24), was not
detected in our screening program.

The total recall rate in this program was 0.1%, which was approximately �ve times higher than that of the
United States (17, 19). We attribute the high false-positive rate to the high frequency of the
pseudode�ciency variant c.[1726G > A; 2065G > A] in East Asia. Our results demonstrated that most of the
107 newborns who underwent genetic analysis had homozygous or heterozygous pseudode�ciency
variants (Table 2). A false-positive result constitutes an economic burden and causes subsequent
psychological distress on patients and their families. To reduce the false-positive rate, it is necessary to
distinguish between pseudode�cient subjects and Pompe disease patients at the time of screening
before recall. Liao et al. reported that measuring enzyme activity using tandem mass spectrometry can
reduce the incorrect inclusion of individuals with pseudode�ciency among false-positive results (25). On
the other hand, in Illinois, where NBS for Pompe disease was performed by measuring enzyme activity
using tandem mass spectrometry, 39 of the 395 individuals who presented with positive screening results
were pseudode�cient, and all of them were of Asian descent (18). Therefore, it may be di�cult to
distinguish pseudode�ciency only by measuring enzyme activity using tandem mass spectrometry.
Additional GAA sequencing analysis by next-generation sequencing (NGS) using DBS prior to recall may
be effective in reducing the false-positive rate (26). Furthermore, some studies propose using microRNA
(miR-133a) as a biomarker for Pompe disease (27, 28) as it can distinguish patients with IOPD from
those with LOPD, indicating its value as a tool for diagnosis and the monitoring of therapeutic effects
(28).

This study has some limitations. First, as NBS was conducted in limited areas only, which constitutes
approximately 5.4% of the entire population, our results do not re�ect the frequency of disease-associated
variants throughout Japan. To solve this problem, it is necessary to conduct NBS for Pompe disease
throughout Japan. Second, the combination of the enzyme assay and DNA analysis still did not
de�nitively diagnose LOPD patients manifesting no clinically-recognized symptoms. Currently, we are
conducting follow-up assessments on individuals with potential LOPD and monitoring their blood CK
levels and muscle symptoms to determine if they have LOPD. Additionally, urinary Glc4 level has been
suggested as a useful biomarker for Pompe disease (29, 30). Thus, urinary Glc4 measurements should be
considered in future screening for LOPD.

Conclusions
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We report the current results of NBS for Pompe disease in Japan among 296,759 newborns and identi�ed
one patient with IOPD and seven individuals with potential LOPD. The frequency of IOPD in Japan was
similar to that in the United States, where Recommended Uniform Screening Panel (RUSP) suggests NBS
for Pompe disease; this indicates that newborn screening for Pompe disease may also be useful in
Japan. The IOPD patient immediately underwent ERT within a month after birth before presenting
exacerbated manifestations, whereas the seven individuals with potential LOPD underwent long-term
follow-up and showed no manifestations. Long-term follow-up from the neonatal period may allow
treatment with ERT to begin before irreversible symptoms progress and therefore may improve the quality
of life of patients. In the future, inter-racial marriage and migration may increase the frequency of Pompe
disease. Therefore, NBS for Pompe disease should be extended over a wider region in Japan.

Materials

Study population and sample collection
The study population consisted of 297,387 newborns from Kumamoto and Fukuoka prefectures between
April 2013 and October 2020. Dried-blood spot (DBS) samples were prepared in each maternity clinic or
obstetric department using a heel prick procedure 4–6 days after birth for newborn mass screening
across all municipalities. After blotting with blood spots (Toyo Roshi Kaisha, Ltd., Tokyo, Japan), the �lter
paper was dried for at least 4 h at room temperature (i.e., 20 ± 5°C), and the samples were sent to the
Newborn Screening Center at KM Biologics Co., Ltd. (Kumamoto, Japan), where publicly-funded newborn
mass screening was conducted, within 1 week of collection. After analysis, the DBSs after testing were
transferred to Kumamoto University to assay AαGlu activity.

NBS program for Pompe disease
Our proposed NBS for Pompe disease utilizing AαGlu assays on DBSs involves three steps (Fig. 1). First,
DBS samples whose AαGlu activity was under the cutoff value (< 6.5 pmol hr− 1 disk− 1 in Method I; < 3.5
pmol hr− 1 disk− 1 in Methods II, III) were recalled, and DBSs were prepared again for a second AαGlu
assay. Second, newborns whose AαGlu activity was under the cutoff value were referred to the hospital
within two months for clinical examination, and physical and biochemical assays were performed to
con�rm the symptomatic signs of IOPD. The new DBS samples were subjected to hemoglobin
precipitation using the Ba/Zn method to considerably improve the 4MU �uorescence intensity and a third
AαGlu assay was also performed. Finally, GAA gene sequencing was performed in newborns whose
AαGlu activity was under the cutoff value following the third AαGlu assay to con�rm the presence of GAA
gene variants. Additionally, the AαGlu activity of the �broblasts of the newborns was measured between
April 2013 and November 2016 (11). The results of the �rst AαGlu assay was acquired 1–2 weeks after
birth; the second AαGlu assay, within 4 weeks after birth; clinical examination, within 2 months after birth;
GAA gene analysis and �nal diagnosis, up to 6 months after birth.

AαGlu assay
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Method I
AαGlu assays on DBSs and �broblasts were performed as previously described (11). Brie�y, one disk (3.2
mm in diameter) was punched from DBS cards and placed into a well of a 96-well clear microwell plate
(Corning, NY, USA) with 100 µL of 0.8 mM citrate in 24 mM potassium phosphate buffer (pH 6.0)
containing 0.1% Triton X-100 for 1 h at room temperature with gentle mixing. In a 96-well black microwell-
plate (PerkinElmer, Waltham, MA, USA), a 20 µL aliquot of the extract was then added to 40 µL of 2.0 mM
4MU-αGlc in 0.12 M citrate/0.15 M potassium phosphate buffer (pH 4.0) containing 4.5 µM acarbose,
incubated at 37°C for 24 h, and quenched by adding 190 µL of 0.2M glycine/NaOH buffer (pH 10.7)
containing 0.1% Triton X-100 and 0.2% SDS to measure �uorescence intensity.

For the Ba/Zn method, a 3.2 mm diameter disk was placed in a 1.5 mL reaction tube with 60 µL of 0.12 M
citrate/0.15 M potassium phosphate buffer (pH 4.0) containing 2.0 mM 4MU-αGlc and 3.0 µM acarbose
and gently mixed for 10 min at room temperature. The reaction mixture was incubated at 37°C for 24 h,
added with 30 µL of 0.15 M barium hydroxide, vortexed, and further incubated at room temperature for 5
min. Then, 30 µL of 0.15 M zinc sulfate was added, and the tubes were mixed by vortexing, incubated for
10 min at room temperature, and centrifuged for 5 min at 12,000 rpm and 5°C. Finally, 90 µL of the
supernatant was transferred to a 96-well black microwell plate, and 160 µL of 0.4 M glycine/NaOH buffer
(pH 10.7) containing 0.1% Triton X-100 was added to measure �uorescence intensity. Stock solutions of
0, 6.25, 12.5, 25, 50, and 100 µM 4-methylumbelliferone (4MU) in 20 mM sodium phosphate buffer (pH
7.0) were used for standardization of the liberated 4MU concentration. Enzyme activity was expressed as
pmol of 4MU released per hour per disk (pmol h− 1 disk− 1). Each assay was performed in duplicate.

Method II
Method II for multiple assays was developed in collaboration with KM Biologics Co., Ltd. (see details at
JP6360848B) and implemented in December 2016. Brie�y, a single 3.2-mm diameter disk punched from
DBSs was incubated in the well of a 96-well clear microwell plate (Corning, NY, USA) with 100 µL of 5 mM
MgCl2, 0.5 mM dithiothreitol, 0.05% NaN3, and 0.1% Triton X-100 in 0.8 mM citrate/24 mM potassium
phosphate buffer (pH 6.0) for 1 h at room temperature with gentle mixing. A 20 µL aliquot of the extract
was added to 40 µL of 2.0 mM 4MU-αGlc in 0.12 M citrate/0.15 M potassium phosphate buffer (pH 4.0)
containing 4.5 µM acarbose in a 96-well black microwell-plate (PerkinElmer, Waltham, MA, USA). The
reaction mixture was incubated at 37°C for 4 h and quenched by adding 200 µL of 0.3 M glycine/NaOH
buffer (pH 10.6) containing 10 mM EDTA to measure �uorescence intensity.

Method III
Method III for more high-throughput assays was also developed in collaboration with KM Biologics Co.,
Ltd. (see details at P2017-245523) and implemented in February 2019. A single 3.2 mm diameter disk
punched from DBSs was incubated in the wells of a 96-well clear microwell plate (Corning, NY, USA) with
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200 µL of 38 mM KCl, 5 mM MgCl2, 0.05% NaN3, and 0.1% Triton X-100 in 5 mM sodium acetate buffer
(pH 5.2) for 1 h at room temperature with gentle mixing. A 20-µL aliquot of the extract was added to 40
µL of 2.0 mM 4MU-αGlc in 0.12 M citrate/0.15 M potassium phosphate buffer (pH 4.0) containing 4.5 µM
acarbose in a 96-well black microwell-plate (PerkinElmer, Waltham, MA, USA). The reaction mixture was
incubated at 38°C for 3 h, and the reaction was stopped by adding 200 µL of 0.3 M glycine/NaOH buffer
(pH 10.6) containing 10 mM EDTA to measure �uorescence intensity.

AαGlu assay of �broblasts
AαGlu assays of �broblasts were conducted between April 2013 and November 2016. Brie�y, �broblasts
were collected from a skin biopsy and cultured under standard conditions in Dulbecco’s modi�ed Eagle’s
medium with 10% fetal calf serum and antibiotics (50 kU/L penicillin and 50 mg/L streptomycin). After
growing to 100% con�uence, �broblasts were harvested and washed with phosphate-buffered saline. The
cell pellet was stored at -80°C until use. Fibroblasts (2 to 4 × 106 cells) were homogenized in 150 µL of
water using sonication on ice, and 10 µL of the cell homogenate was added to 40 µL of the substrate
solution containing 2.0 mM 4MU-αGlc in 0.12 M citrate in 0.15 M potassium phosphate buffer (pH 4.0)
containing 3.75 µM acarbose (�nal concentration: 3.0 µM) in a well of a 96-well black microwell-plate.
The reaction mixture was incubated at 37°C for 1 h, and the reaction was stopped by the addition of 200
µL of 0.2 M glycine/NaOH buffer (pH 10.7) containing 0.1% Triton X-100 to measure �uorescence
intensity, with blank correction. A stock solution of 250 µM 4MU in 20 mM sodium phosphate buffer (pH
7.0) was used for calibration of the liberated 4MU concentration. Enzyme activity was expressed as
nanomoles of 4MU released per hour per milligram of cellular protein (nmol h− 1 mg− 1 protein). Each
assay was performed in duplicate.

GAA sequencing using NGS
GAA sequencing using NGS was conducted as described previously (31). Brie�y, genomic DNA was
extracted from total blood using a Gentra Puregene Blood Kit (Qiagen, Hilden, Germany) and stored at
-80°C until use. The 22-kbp region, including the GAA, was ampli�ed by dividing the genomic DNA into
three fragments using long-range polymerase chain reaction (Supplementary Fig. S2) with DNA
polymerase (KOD FX; Toyobo, Osaka, Japan) on a Veriti Thermal Cycler (Applied Biosystems, Foster City,
CA, USA). PCR products were puri�ed using an Agencourt AMP XP PCR Puri�cation Kit (Beckman Coulter,
Brea, CA, USA) and quanti�ed with a Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA)
using a Qubit 2.0 Fluorometer (Life Technologies). Simultaneous fragmentation of PCR products and
adaptor ligation were performed using a Nextera XT Kit (Illumina, San Diego, CA, USA). Indexed DNA was
puri�ed using an Agencourt AMP XP PCR Puri�cation Kit (Beckman Coulter). Each library was validated
using High Sensitivity D1000 ScreenTape (Agilent Technologies, Santa Clara, CA, USA) with an Agilent
2200 TapeStation and quanti�ed using a Qubit dsDNA HS Assay Kit with a Qubit 2.0 Fluorometer to allow
for library normalization. Sequencing was performed with a MiSeq Reagent Kit v3 on MiSeq sequencer
(Illumina) using the “paired-end” sequencing run method. Data were aligned to target sequences on the
human reference genome sequence using the MiSeq Reporter software (Illumina). Sequence data
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analysis, mapping, and variant calling were streamlined using MiSeq Reporter v2 (Illumina). Brie�y, reads
were aligned to the reference sequence from 80,101,882 to 80,123,207 of the genome sequence of
chromosome 17 (NC_000017.11) using bwa-0.6.1. Single-nucleotide polymorphism and
insertion/deletion identi�cations were performed using the Genome Analysis Toolkit (GATK v1.6; Broad
Institute, Cambridge, MA, USA), and visualization was performed using IGV_2.3.40 (Broad Institute).

GAA resequencing using the Sanger method
Variants detected in the GAA gene using NGS were re-sequenced using the Sanger method (12). Brie�y, a
region including the variant was ampli�ed using PCR with an appropriate set of primers. PCR products
were sequenced on an ABI3500xl auto sequencer (Applied Biosystems) and analyzed using Sequencher
5.0 (Gene Codes Corporation, Foster City, CA, USA).

Mutation analysis of the variants
The mRNA reference sequence (RefSeq) NM_000152.4 was used, whereby the “A” nucleotide of the ATG
codon at nucleotide position 398 of the RefSeq constituted + 1 numbering of the cDNA sequence. The
ATG codon was also represented as + 1 for amino acid numbering as set forth by the AαGlu preprotein
sequence NP_000143.2. Mutation nomenclature followed the guidelines established by the Human
Genome Variation Society (http://varnomen.hgvs.org/). The Pompe disease GAA variant database (12)
(http://www.pompevariantdatabase.nl; Accessed March 3, 2021) and the ClinVar Miner (13)
(https://clinvarminer.genetics.utah.edu/; Accessed March 3, 2021) were to classify each variant.
PolyPhen-2 (32) (http://genetics.bwh.harvard.edu/pph2; Accessed March 3, 2021) was used to predict the
potential effect of an amino acid alteration on the function of AαGlu. The online bioinformatics tool,
Human Splicing Finder (14) (http://www.umd.be/HSF3/; Accessed March 3, 2021) was used to estimate
the effects of mutations on splicing signals.
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sequence.
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Figure 1

Flowchart of the newborn screening program for Pompe disease. *same subject
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Figure 2

Histograms of AαGlu activity in the newborns. Histograms of AαGlu activity are shown for Method I (N =
99,936) in the newborns. Dashed line indicates the cutoff level.
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