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Objective To determine the outcomes of patients with later-onset Pompe disease (LOPD) identified through
newborn screening (NBS).

Study design A prospective observational cohort study was conducted from the initiation of Pompe disease NBS
by following subjects every 3-12 months for motor development and biochemical markers.

Results Between 2005 and 2018, 39 of 994 975 newborns evaluated were classified as having LOPD based on low
acid «a-glucosidase (GAA) activity but no cardiac involvement at the time of screening. As of December 2020, 8 of
these 39 infants (21%) were treated with enzyme replacement therapy owing to persistent elevation of creatine ki-
nase (CK), cardiac involvement, or developmental delay. All subjects’ physical performance and endurance
improved after treatment. Subjects carrying c.[752C>T;761C>T] and c.[546+5G>T; 1726G>A] presented a pheno-
type of nonprogressive hypotonia, muscle weakness, and impairment in physical fitness tests, but they have not
received treatment.

Conclusions One-fifth of subjects identified through NBS as having LOPD developed symptoms after a follow-up
of up to 15 years. NBS was found to facilitate the early detection and early treatment of those subjects. GAA variants
c.[752C>T;761C>T] and c.[546+5G>T; 1726G>A] might not cause Pompe disease but still may affect skeletal mus-
cle function. (J Pediatr 2022;244:139-47).

ompe disease, or glycogen storage disease type 11, is a lysosomal storage disorder in which deficiency of acid a-gluco-
sidase (GAA; EC 3.2.1.20) causes intralysosomal accumulation of glycogen in all tissues, most notably in skeletal mus-
cles." Pompe disease exhibits a continuum of disease severity and can be classified as infantile-onset Pompe disease
when cardiac involvement and weakness occur before age 12 months and as later-onset Pompe disease (LOPD) if symptoms
occur after age 12 months. Enzyme replacement therapy (ERT) with recombinant human GAA (thGAA)>” is currently the sole
available treatment. Newborn screening (NBS) for Pompe disease” identifies patients with infantile-onset Pompe disease. NBS
also identifies newborns with genetic risk factors but no cardiac involvement at
birth; these infants are considered to have LOPD, and some develop symptoms
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ERT improves the outcomes of patients with infantile-onset Pompe disease,
especially those who are treated early.”® In contrast, the reported clinical benefit
from ERT treatment in individuals with LOPD is variable,”* although a delay in
treatment is an unfavorable prognostic factor.” An obstacle to initiating ERT in
LOPD is the difficulty in predicting the pathogenicity of GAA variants. To date,
648 pathogenic or likely pathogenic GAA variants and numerous variants of un-
known significance (VUSs) have been reported.'”'" Another obstacle is the lack
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of knowledge regarding the early manifestations of LOPD,
especially childhood- or juvenile-onset Pompe disease. The
currently published consensus for starting ERT in adult pa-
tients with Pompe disease is based on skeletal muscle weak-
ness.'”” The data from published studies generally lack
details on initial musculoskeletal involvement. Early signs
of LOPD, such as subtle muscular weakness, are often
mistaken for nonspecific hypotonia or developmental
delay."”'* We and others have reported the subsequent
occurrence of motor delay and increased creatine kinase
(CK) in a segment of these patients.”'>'°

In the present study, we analyzed the molecular and
biochemical data of subjects with LOPD identified through
NBS and correlated these data to their clinical manifestations.
We also summarized the outcomes of those who had been
treated with ERT.

The NBS Center at National Taiwan University Hospital initi-
ated a program for Pompe disease in 2005 involving
measuring GAA activity from dried blood spots. Newborns
with low GAA activity were referred for confirmatory diag-
nosis of Pompe disease, including lymphocyte GAA activity
and GAA whole-gene sequencing. GAA deficiency was
defined as lymphocyte GAA activity <3% of the normal
mean and GAA variants on both the maternally and paternally
inherited chromosomes. Subjects with only the pseudodefi-
ciency variant c.1726G>A [p.(G576S)] were excluded.
Infantile-onset Pompe disease refers to patients with cardiac
involvement at the time of diagnosis; all other cases were clas-
sified as LOPD. GAA haplotypes were defined according to a
previous report.'” Treatment with ERT was provided for sub-
jects with infantile-onset Pompe disease and those with LOPD
who developed signs and symptoms of Pompe disease during
follow-up. Subjects classified as LOPD were followed up every
3 months during the first year of life and every 6-12 months
thereafter.”'” Laboratory assessments included CK and uri-
nary glucose tetrasaccharide (uGlc4)."” Developmental as-
sessments included qualitative assessment of posture and
movement, as well as age-specific standardized assessments
including the Alberta Infant Motor Scale (AIMS), the Pea-
body Developmental Motor Scales 2nd Edition (PDMS-2),
the Pompe Pediatric Evaluation of Disability Inventory
(Pompe-PEDI), the Gross Motor Function Measure
(GMFM-66), the 6-minute walk test (6MWT), the Movement
Assessment Battery for Children, the Quick Motor Function
Test (QMFT),? and Taiwanese student physical fitness tests
(sit-ups in 30 seconds and broad jump). All standardized as-
sessments were administered and scored in accordance with
standardized, task-specific test procedures. Data from the
PDMS-2, Pompe-PEDI, Movement Assessment Battery for
Children, SMWT,”"**> and Taiwanese student physical fitness
tests are provided relative to the norms. Norms for sit-ups
and the broad jump are available starting at age 7 years.
The GMFM-66 provides information regarding the child’s in-
dividual development. The QMFT, a valid tool for muscle
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function assessment in patients with Pompe disease, consists
of 16 motor tasks that are especially difficult for these patients,
and a higher QMFT score indicates better motor function.”’
The follow-up program was approved by the hospital’s Insti-
tutional Review Board (200612017R, 200703045R, and
200804012R) and registered at ClinicalTrials.gov (identifiers
NCT00713245 and NCT02399748).

Mutagenesis and in Vitro Assays

Cell Culture. Fibroblasts and HEK293T cells were cultured
using proliferation medium (Dulbecco’s Modified Eagle Me-
dium; Gibco) supplemented with 10% fetal bovine serum
(Westburg) and 1% penicillin-streptomycin-glutamine
(Life Technologies). Transfections were performed at 80%
confluence using Lipofectamine 2000 (Invitrogen) as the
transfection reagent; the reagent was used according to the
manufacturer’s instructions. Cells were harvested using Try-
pLE (Life Technologies) at 72 hours after transfection. RNA
was extracted using the RNeasy Mini Kit (QIAGEN),
including DNase I (QIAGEN) treatment, and protein ex-
tracts were used to assess GAA activity.

Mutagenesis. To generate an expression construct, GAA
cDNA was reverse-transcribed from healthy control RNA us-
ing iScript (Bio-Rad) and amplified with PFU Ultra Hotstart
polymerase (Agilent Technologies). This product was cloned
into the Nhel and AflII restriction sites of the pcDNA3.1(—)
Myc-His A vector. The variants ¢.752C>T, ¢.761C>T, and
¢.[752C>T;761C>T] were introduced using the QuikChange
II Site-Directed Mutagenesis Kit (Agilent Technologies) and
verified by Sanger sequencing.

GAA Activity Assays. Measurements using 4-methylumbe-
lliferone-a-p-glucopyranoside (4-MU) as a substrate were
performed as a 1-step protocol using substrate dissolved in
citrate-phosphate buffer for 1 hour at 37°C, after which fluo-
rescence was measured at 365/448 nm using the Varioskan
system (Thermo Fisher Scientific), as described previously.”
Measurements with glycogen as a substrate were performed
using a 2-step protocol: the protein extract was first incu-
bated with 7.5% glycogen dissolved in citrate-phosphate
buffer for 2 hours, then incubated with glucose-detection re-
agent (exact composition”*) for 75 minutes, after which fluo-
rescence was measured at 420 nm using the Varioskan
system, as described previously.”* Enzyme activity measure-
ments performed in fibroblasts were corrected for total pro-
tein and measured using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific).””> Measurements based on
GAA cDNA expression constructs were corrected for trans-
fection efficiency using neomycin mRNA expression, as
described previously.”

Prediction of Splicing

To assess the presumptive effect of the ¢.546+5G>T variant on
splicing, we used 4 different in silico prediction tools: Splice
Site Finder,”> MaxEntScan,>° Splice Site Prediction by Neural
Network,”” and the GeneSplicer program.”® The output score
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Table. Genotypes and phenotypes of the study subjects
No. GAA Genotype Associated phenotype
Group 1
3* 0.8 €.[2238G>C;1726G>A]/c.2662G>T Childhood or adult/classic infantile
9* 0.46 ¢.[1935C>A;1726G>A]/c.[2238G>C;1726G>A] Classic infantile/childhood or adult
15* 1.14 ¢.872T>C/c.1798C>T Classic infantile/classic infantile
16* 0.74 ¢.[1935C>A;1726G>A)/c.1634C>T Classic infantile/childhood or adult
18 2.14 ¢.[1935C>A;1726G>A]/c.671G>A Classic infantile/adult
20 5.51 .-32-13T>6/c.[2214G>A;17266G>A] Childhood or adult/predicted severe
25* 1.01 ¢.[1935C>A;1726G>A]/c.[2238G>C;1726G>A] Classic infantile/childhood or adult
30" 4.59 ¢.1579del/c.1222A>G/ Predicted severe/classic infantile
36 2.64 €.[1935C>A;1726G>A)/c.2236T>G Classic infantile/predicted less severe
37 1.88 ¢.[1935C>A;1726G>A]/c.546G>A Classic infantile/adult
Group 2
1* 1.65 ¢.424_440del/c.[811A>G;1726G>A] Classic infantile/predicted nonpathogenic
4 1.27 €.2662G>T/c.1574T>A Classic infantile/predicted mild
5 1.45 ¢.424_440del/c.[533G>A;1726G>A] Classic infantile/uncertain prediction
6" 1.49 ¢.[1935C>A;1726G>A)/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
7 1.93 ¢.1080C>G/c.[546+5G>T;1726G>A] Predicted severe/uncertain prediction
10 0.35 ¢.1843G>A/c.[1324G>A;17266>A] Classic infantile/uncertain prediction
12 0.84 ¢.[1935C>A;1726G>A]/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
13 0.69 ¢.[1935C>A;1726G>A]/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
14 1.54 ¢.[1935C>A;17266>A)/c.[546+5G>T;1726G>A] Classic infantile/uncertain prediction
17 218 ¢.[1935C>A;1726G>A]/c.1958C>A Classic infantile/uncertain prediction
19 5.97 ¢.[1935C>A;17266G>A])/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
21 0.91 ¢.[1935C>A;1726G>A]/c.1958C>A Classic infantile/uncertain prediction
22 2.89 €.2662G>T/c.1757C>T Classic infantile/uncertain prediction
23 1.14 ¢.2185del/c.1958C>A Classic infantile/uncertain prediction
24 1.1 ¢.2815_2816del/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
26 1.38 €.[2238G>C;1726G>A)/c.[752C>T;761C>T] Childhood or adult/predicted nonpathogenic
27 NA ¢.671G>A/c.[752C>T;761C>T] Adult/predicted nonpathogenic
29 2.64 ¢.1843G>A/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
32 1.41 €.2236T>G/c.[752C>T;761C>T] Predicted less severe/predicted nonpathogenic
33 2.7 €.[1935C>A;17266G>A])/c.[752C>T;761C>T) Classic infantile/predicted nonpathogenic
34 4.64 €.[1935C>A;1726G>A)/c.[546+5G>T;1726G>A] Classic infantile/uncertain prediction
35 1.98 ¢.1577T>C/c.[752C>T;761C>T] Classic infantile/predicted nonpathogenic
39 0.86 ¢.[1935C>A;17266>A)/c.[546+5G>T;1726G>A] Classic infantile/uncertain prediction
Group 3
2 0.75 ¢.[752C>T;761C>T)/c.[752C>T;761C>T] Predicted nonpathogenic/predicted nonpathogenic
8 6.36 €.[546+5G>T;1726G>A]/c.[546+5G>T;1726G>A] Uncertain prediction/uncertain prediction
11 0.58 ¢.[752C>T;761C>T]/c.1958C>A Predicted nonpathogenic/uncertain prediction
28 0.99 ¢.[752C>T;761C>T)/c.[752C>T;761C>T] Predicted nonpathogenic/uncertain prediction
31 2.54 ¢.[752C>T;761C>T)/c.1048G>A Predicted nonpathogenic/uncertain prediction
38 0.36 ¢.[752C>T;761C>T)/c.[752C>T;761C>T] Predicted nonpathogenic/predicted nonpathogenic )

NA, not analyzed.
*Subjects on enzyme replacement therapy.

of each tool indicates the splicing signal strength, with a
higher value indicating a greater possibility of being a splicing
site in vivo. Primary skin fibroblasts were obtained from sub-
ject 7 (c. [546+5G>T;1726G>A]/c.1080C>G) and subject 8
(c.[546+5G>T;1726G>A], homozygous). RNA was extracted
from the fibroblasts, reverse-transcribed, amplified by
reverse-transcription polymerase chain reaction (RT-PCR),
and verified using Sanger sequencing.

Between 2005 and 2018, we screened 994 975 newborns and
identified 55 with Pompe disease, for a total incidence of 1
in 18090 (95% CI, 13970-23 664). Sixteen newborns were
found to have hypertrophic cardiomyopathy at the time
of diagnosis and were classified as having infantile-onset
Pompe disease,'” with an incidence of 1 in 62186 (95%
CI, 38470-101530). The newborns with infantile-onset
Pompe disease had been treated with ERT starting at age

5-34 days. Thirty-nine newborns were found to have no
cardiac involvement at birth and thus were classified as hav-
ing LOPD at the time of diagnosis (Table), with an
incidence of 1 in 25512.

The most common GAA haplotypes were 03 (31 of 78;
40%), 09 (28%), and 08 (12%). Haplotype "03 contains the
pseudodeficiency variant c¢.1726G>A [p.(G576S)], which de-
creases the activity of the enzyme.” Variants related to haplo-
type 03 are associated with c.1726G>A and expressed by
square brackets indicating that the 2 variants are located on
the same chromosome. The 3 most common GAA
variants in NBS-LOPD were c.[752C>T;761C>T] (p.[(S251L);
(S254L)]) (19 of 78; 24%), c.[1935C>A;1726G>A]
(p-[(D645E);(G576S)]) (21%), and c.[546+5G>T;1726G>A]
(8%) (Table). Variant c.[752C>T;761C>T] was related to
haplotype 09 and was not associated with c.1726G>A.

We divided NBS-LOPD into 3 groups according to the
pathogenicity of the variants, as listed in the Pompe disease
GAA variant database (Table)'*'": group 1, with 2 known
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pathogenic/likely pathogenic variants (n = 10; 9 with
biochemical data and 8 with follow-up data); group 2, with
1 known pathogenic/likely pathogenic variant and 1 VUS
(n = 23; 22 with biochemical data and 15 with follow-up
data); and group 3, with 2 VUSs (n = 6; all with
biochemical data and 4 with follow-up data). Biochemical
data, available for 37 subjects, revealed that 41% of them
had an initial CK > 200 U/L (22% with CK > 300 U/L),
and 49% had elevated uGlc4 (>12 mmol/mol Cre)
(Figure 1; available at www.jpeds.com). In group 1 (n =9),
78% had CK > 200 U/L (56% with CK > 300 U/L), and
67% exhibited uGlc4 elevation. In group 2 (n = 22), 36%
had CK > 200 IU/L (13% with CK > 300 U/L), and 50%
had elevated uGlc4. In group 3, only 1 subject displayed
uGlc4 elevation, and none had CK elevation. Compared
with group 2, group 1 subjects had a higher incidence of
CK > 200 U/L (P = .036) and CK > 300 U/L (P = .015) but
not of elevated uGlc4 (P = .397, x* test). The distribution
of these values among the different groups is depicted
in Figure 2.

Follow-Up

Onset of Signs and Symptoms. As of December 2020, 6 sub-
jects in group 1 (60%) and 2 subjects in group 2 (8.7%) had
been treated with ERT between age 1.6 months and 3 years.

Volume 244

Five of these subjects (1, 3, 6, 9, and 15) have been described
previously.'” The indication for ERT was persistent CK eleva-
tion in subjects 3, 9, 16, and 25; elevation of CK and the
occurrence of hypertrophic cardiomyopathy in subject 15;
hypotonia and delay in gross motor development in subjects
1, 3, and 6; and an unrecorded indication in subject 30. Sub-
jects 3, 9, and 25 carried 1 ¢.[2238G>C;1726G>A]
(p-[(W746C);(G576S)]) variant and 1 severe variant. The
c.[2238G>C;1726G>A]  variation, also modified by the
¢.1726G>A pseudodeficiency variant with GAA haplotype
"03, is usually associated with juvenile-onset Pompe dis-
ease.”’ Overall, 8 subjects (8 of 39; 21%) were undergoing
ERT at the time of this report. The other 4 subjects in group
1 were still asymptomatic at age 3-9 years. All 4 of these sub-
jects had a variant that was either predicted as milder or has
been observed in adult-onset Pompe disease. Taken together,
the conservative estimation of those who would have symp-
toms was 12 in 994975 (1 in 82915).

ERT Outcomes

After ERT, the biochemical variable (serum CK and uGlc4) of
all subjects improved, although the improvement was not
sustained in some subjects. Motor performance (GMFM-
66, PDMS-2 gross motor, and Pompe-PEDI mobility) also
improved in all subjects, and they could maintain average
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physical endurance as measured by the 6MWT (Figure 3).
The elder sibling of subject 9 (9a), who already had
lordosis and elevated CK levels at age 7 years,15 was also
stabilized (Figure 3, E). In contrast, subject 25, who started
ERT at age 4 months but withdrew at 10 months due to
family issues, showed worsening biochemical variables and
GMFM-66 after that (Figure 3, F). However, all patients
treated with ERT performed poorly in the sit-up test,
suggesting weakness of the abdominal and pelvic muscles.
Therefore, we reviewed the AIMS evaluation videos taken
at age 1 year in 5 patients from group 1 (subjects 3, 20, 25,
36, and 37) who were not on ERT at that time. We found
that all 5 (100%) had hip extensor weakness, 2 (40%) had
back extensor weakness, 4 (80%) had abdominal and pelvic
weakness, and 3 (60%) had hypotonia. Subject 3 later had
CK elevation and was treated (Figure 3, A). Subject 36 had
a PDMS-2 gross motor quotient at the 16th percentile at
age 12 months; the parents enforced training and reported
a later improvement in gross motor development, and the

ORIGINAL ARTICLES

subject remained under observation. Subjects 20 and 37 did
not develop gross motor delay or elevation of CK and
remained under observation.

Role of ¢.[752C>T;761C>T]

GAA Activity of ¢.[752C>T;761C>T]. Primary skin fibro-
blasts were obtained from subject 2, who was homozygous
for ¢.[752C>T;761C>T], and subjects 1 and 3, who were com-
pound heterozygous for c.[752C>T;761C>T] and 1 severe
variant. All 3 fibroblast samples revealed GAA deficiency
when tested using 4-MU as a substrate, and the values were
even lower than those in fibroblasts from an adult patient
with Pompe disease with a c.-32-13T>G/c.525del genotype
(Figure 4, A).

To examine the pathogenicity of ¢.[752C>T;761C>T] in-
dependent of the genetic background, 4 GAA ¢cDNA con-
structs were generated by mutagenesis (Figure 4, B). One
of these constructs contained a “healthy” copy of GAA, 1
construct contained a combination of ¢.[752C>T;761C>T],
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Figure 4. GAA activity of the ¢.[752C>T;761C>T] variant. A, GAA activity in primary fibroblasts of 3 subjects carrying the
c.[752C>T;761C>T] variant and 1 adult with Pompe disease. The genotypes of these subjects are provided in the table (right
inset). B, Schematic of the expression construct (left) and an overview of the introduced mutations (right). C, GAA activity of
HEK293T cells transfected with GAA expression constructs, as measured using 4-MU as the substrate. D, As in C, but measured
using glycogen as the substrate. Data are presented as mean + SD. The significance of the results was determined using one-

way ANOVA of independent samples with a post hoc Tukey test.

and each of the last 2 constructs contained 1 of the individual
variants alone. These constructs were expressed in HEK293T
cells. With 4-MU as the substrate, the GAA translated from
the ¢.752C>T-containing cDNA had 43% of the activity of
wild-type ¢cDNA, the product of the c.761C>T ¢cDNA had
13%, and the product of the c.[752C>T;761C>T] cDNA
had only 4% (Figure 4, C). Similar results were obtained
using glycogen as the substrate (Figure 4, D).
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Outcomes of ¢.[752C>T;761C>T] Heterozygotes. Twelve
subjects, including 1 subject homozygous for
c.[752C>T;761C>T], 9 subjects compound heterozygous
for c.[752C>T;761C>T] and 1 severe variant,”' and 2 subjects
compound heterozygous with a VUS, were followed
(Figure 1). Four subjects showed a transient elevation in
CK and/or uGlc4 at birth. Several subjects had PDMS-2
scores <20th percentile during follow-up (Figure 5;
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available at www.jpeds.com). AIMS videos of the 9 subjects
with compound heterozygous for ¢.[752C>T;761C>T] and
1 severe variant taken at age 1 year revealed that 4 (44%)
had hypotonia, 5 (56%) had hip extensor weakness, 2
(22%) had back extensor weakness, and 4 (44%) had
abdominal and pelvic weakness. One subject (subject 24;
11%) showed an initial delay in gross motor development
(based on both AIMS and PDMS-2 results) but was normal
by age 2 years. Subject 2 (group homozygous for
c.[752C>T;761C>T]) at age 13 years had performance
<20th percentile in sit-ups (Figure 3, J) and the broad
jump. However, all 12 subjects exhibited normal gross
motor performance at the latest evaluation. Therefore,
subjects with ¢.[752C>T;761C>T] and another severe
variant revealed a phenotype of hypotonia, nonprogressive
muscle weakness, and impairment in school physical fitness
tests. Owing to the nonprogressive nature of the symptoms,
these subjects have not yet been classified as having LOPD
and are not currently undergoing ERT.

¢.[752C>T;761C>T] Compound Heterozygotes at Older
Ages. We incidentally encountered 2 adults harboring the
¢.[752C>T;761C>T] variant. Adult case 1, whose other allele
was ¢.2024_2026del [p.(N675del)], displayed normal muscle
power, normal CK, and normal uGlc4 at age 43 years. Adult
case 2, whose other allele was ¢.1958C>A (p.(T653N)), pre-
sented with multiple joint edema and muscle pain at age
40 years. Although EMG was suggestive of myopathy, a mus-
cle biopsy from the left quadriceps revealed no glycogen
accumulation (examination by Dr Ichizo Nishino, National
Center of Neurology and Psychiatry, Tokyo, Japan). Serum
CK and uGlc4 values were normal.

Effects of the Splicing Variant c.[546+5G>T; 1726G>A].
The predicted effects of ¢.546+5G>T revealed a loss of the
original splicing donor site and the creation of a potential
new donor site at ¢.546+3. Subject 7 was compound hetero-
zygous for ¢.[546+5G>T; 1726G>A], with a predicted delete-
rious variant for the second allele. RT-PCR of RNA extracted
from primary fibroblasts revealed 2 fragments (Figure 6, A;
available at www.jpeds.com). The normal-sized RT-PCR
fragment contained 2 sequences, 1 normal and 1 with a
3-bp insertion (Figure 6, B and D); the aberrantly short
fragment was found to be the result of exon 2 deletion
(Figure 6, C and D). Subject 7 had an initial CK elevation
and a slight delay in gross motor development at age 1 year
and had generalized hypotonia, and weakness in the hip
extensor, knee extensor, and abdominal and pelvic muscles
on his AIMS video taken at age 1 year. Motor development
was normal at age 4 years, although slight hypotonia was
still present. According to the family, he was normal at
age 13 years.

In our prospective follow-up of LOPD identified through
NBS by sensitive developmental/motor and biochemical
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tests, we delineated early manifestations of these patients.
In the present study, the indications of ERT for the 8 treated
subjects were persistent CK elevation (n = 4), CK elevation
with cardiomyopathy (n = 1), and hypotonia with delayed
gross motor development (n = 2). CK elevation in Pompe
disease indicates myocyte injury and should trigger the initi-
ation of ERT; however, the normal range of CK is broad, and
any rise above the baseline CK value should be noted even if
the value is in the normal range. In addition, a transient CK
elevation is often seen in the neonatal period or after minor
injuries. Mild hypotonia and motor delay also can be missed
because of the wide individual variation in motor capacity;
therefore, longitudinal follow-up and a good baseline, as in
the present study, are indispensable.

We attempted to correlate patients’ initial biochemical
profiles, including GAA activity, CK, and uGlc4, with their
genotypes and final diagnoses. Patients with infantile-onset
Pompe disease had CK > 300 U/L and abnormal uGlc4 levels
(upper right quadrant in Figure 2). Unfortunately, 4 of the 9
subjects in group 1 (44%) were also located in the upper right
quadrant, whereas 2 of the 9 (22%) had completely normal
values. In addition, 3 of 22 NBS-LOPD group 2 patients
(14%) were located in the upper right quadrant, implying
false-positives predicted by the initial biochemical marker
profile. The poor predictive power of initial biochemical
markers for these genotypes may be related to the slow
progression of the disease and the wide variation in marker
values during the newborn stage. Nevertheless,
measurement of these biomarkers is critical during follow-
up to determine the appropriate timing of ERT initiation,
as well as its effect (Figure 2).

Predicting the pathogenicity of GAA variants may be prob-
lematic for NBS programs. In our program, we used different
in vitro functional studies to verify the pathogenicity of
VUSs. Nonetheless, we still cannot predict the time of symp-
tom onset in a subset of subjects. After a follow-up of up to
15 years, we know that subjects with c.[752C>T;761C>T]
or ¢.[546+5G>T; 1726G>A] could be asymptomatic or could
develop late adulthood symptoms. The inability to predict
phenotype by molecular findings and biomarkers is of
concern in other NBS programs, and so different terms
have been used, such as “later-onset” in Missouri,”” “possible
LOPD” in Illinois,” “suspected LOPD” in Pennsylvania,34
and “not otherwise specified Pompe disease” in California.’
The incidence of LOPD is likely overestimated in all NBS
programs, and further classification and terminology align-
ment may be necessary.

In the present study, 8 subjects received ERT starting at age
1.4 months to 3 years, and all maintained their physical
endurance during follow-up. This finding is in contrast to
our previous clinical experience in 15 patients with LOPD
diagnosed at age 10-38 years, in which 8 patients (53%)
required mechanical ventilation at the time of diagnosis or
shortly thereafter."* Our group also treated a 13-year-old
boy with a genotype of ¢.[1935C>A;1726G>A]/
c.[2238G>C;1726G>A] who had weakness only in the
abdominal muscles. Unfortunately, after 11 years of ERT,
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his CK level fluctuated between 1273 and 2336 U/L, muscle
degeneration progressed, and forced vital capacity, 6MWT
performance, and endurance decreased.’® Subject 25, as the
same genotype untreated comparator, showed worsening of
biological variables and low motor performance during
follow-up, whereas the treated comparators 9 and 9a, who
received ERT at a much younger age, were stabilized after
the appearance of minimal signs and symptoms. Our data
support that patients with LOPD identified through NBS
who were genotypically similar to the clinical cases improved
biochemically and clinically after early ERT. However,
abdominal and pelvic muscle weakness, resulting in poor per-
formance in the sit-up test, was present in most of the treated
patients with LOPD; in fact, weakness was already present
before age 1 year in group 1 subjects, even without ERT. We
speculate that the abdominal and pelvic muscles of patients
with LOPD were already damaged early in life, and that the
function of these muscles was not fully restored by ERT.
Nevertheless, we cannot use these early signs as criteria for
initiating ERT, because they were not progressive in subjects
carrying nonpathogenic GAA variants.

The most common variant in our subjects with NBS-LOPD,
¢.[752C>T;761C>T], also has been found in Iapanese37 and
California® programs. Although this variant is classified as pre-
sumably nonpathogenic in the Pompe disease GAA variant
database,'’ our present findings show that fibroblasts with
this variant have GAA activity in the patient range. A mutagen-
esis study further found that GAA cDNA containing this variant
caused cells to display only 4% as much GAA activity as control
cells. Similarly, c.[546+5G>T; 1726G>A] fibroblasts exhibited
GAA activity in the patient range, and RNA analyses revealed
aberrant splicing caused by the variant. Subjects harboring these
variants may show a phenotype of nonprogressive hypotonia,
muscle weakness, and impairment in physical fitness tests.
The GAA activity of all these subjects was lower than that of pa-
tients with LOPD with the c.-32-13T>G variant, which is asso-
ciated with adult patients with Pompe disease. Therefore, it is
reasonable to assume that c.[752C>T;761C>T] and
c.[546+5G>T; 1726G>A] also may cause Pompe disease in
adults. However, we are unaware of any patient clinically diag-
nosed with LOPD who carried either ¢.[752C>T;761C>T] or
¢.[546+5G>T; 1726G>A] variants. In contrast, we encountered
2 adults, aged 40 and 43 years, with the c.[752C>T;761C>T]
variant but no signs of muscular glycogen accumulation, sup-
porting the argument that this variant is nonpathogenic.
Regardless, a conservative approach is advised, as patients
with Pompe disease with the c.-32-13T>G variant may develop
symptoms in late adulthood. It is still likely that we underdiag-
nosed elderly patients with Pompe disease.

Another hypothesis for the underdiagnosis of adult Pompe
disease in subjects carrying c.[752C>T;761C>T] or
¢.[546+5G>T; 1726G>A] variants is based on atypical man-
ifestations, for example, only abdominal and pelvic muscle
weakness with no other muscle involvement. Abdominal
and pelvic muscle weakness is reminiscent of sarcopenia, a
condition marked by the loss of core abdominal muscles in
old age,””” with largely unknown etiology.’”*' Further
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studies, such as targeted screening of subjects with sarcope-
nia, may help elucidate the roles of these GAA variants.
This study highlights the importance of long-term follow-
up of NBS data. In this way, we have demonstrated the early
clinical and biochemical manifestations of LOPD and may
be able to predict LOPD after NBS. We also found favorable
early treatment outcomes in patients with LOPD, even
though residual pathology, characterized by abdominal and
pelvic muscle weakness, remains. Given their association
with muscle weakness, the correlation between Pompe disease
and several GAA variants requires further investigation. H
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Newborns with low GAA activity
(later-onset Pompe disease)

(n=39)
Group 1 (2 P/LP) Group 2 (1 P/LP + 1 VUS) Group 3 (2 VUS)
n=10* n=23# nl= 6
15t visit (n = 37, 95%) n=9 n=22 n=6
CK>300 U/L (>200) 5(7) 3(8) 0(0)
uGlc4 > 12 mmol/mol Cre 6 11 1
Follow up (n =27, 70%) n=8 n=15 n=4
Current age (yr) 3-14 2-15 3-14
under ERT 5 2 0
Followed cases with c.[752C > T;761C > T]
Homozygous (HH), n - 1
Heterozygous with a severe variant (HS), n 9
Heterozygous with a VUS (HU), n - 2

*Including one subject under ERT in another hospital
#Including one subject followed in another hospital

Figure 1. Patient flow in this study. LP, likely pathogenic; P, pathogenic.
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Figure 5. Gross motor development in subjects with the
¢.[752C>T;761C>T] variant. Individual data points from sub-
jects harboring c.[752C>T;761C>T] are depicted according to
age and percentile of the gross motor quotient of the PDMS-2.
HH, homozygote, HS, compound heterozygotes with 1 severe
(pathogenic/likely pathogenic) variant; HU, compound het-
erozygotes with 1 GAA gene variant of unknown significance.
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Figure 6. Effect of the splicing variant c.[546+5G>T; 1726G>A]. A, RT-PCR of RNA extracted from subject 7, heterozygous for
c.[5646+5G>T; 1726G>A], revealed 2 fragments. B, Sanger sequencing (from a primer on exon 2) of the normal-sized fragment (*1)
showed aberrant sequences after the splice junction, marked by a vertical line. C, Sanger sequencing (from a primer on exon 1) of
the aberrantly short fragment (*2) showed the connection of exon 3 to exon 1. The junction point is marked by a vertical line. D,
Graphic view of aberrant splicing in subject 7. The normal-sized RT-PCR fragment contained 2 sequences, 1 normal and 1 with a
3-bp insertion; the aberrantly short fragment was the result of exon 2 deletion.
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