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ABSTRACT: Identification of pathogenic variants in
monogenic diseases is an important aspect of diagno-
sis, genetic counseling, and prediction of disease sever-
ity. Pathogenic mechanisms involved include changes in
gene expression, RNA processing, and protein transla-
tion. Variants affecting pre-mRNA splicing are difficult
to predict due to the complex mechanism of splicing reg-
ulation. A generic approach to systematically detect and
characterize effects of sequence variants on splicing would
improve current diagnostic practice. Here, it is shown
that such approach is feasible by combining flanking exon
RT-PCR, sequence analysis of PCR products, and exon-
internal quantitative RT-PCR for all coding exons. Ap-
plication of this approach to one novel and six previously
published variants in the acid-alpha glucosidase (GAA)
gene causing Pompe disease enabled detection of a total of
11 novel splicing events. Aberrant splicing included cryp-
tic splice-site usage, intron retention, and exon skipping.
Importantly, the extent of leaky wild-type splicing corre-
lated with disease onset and severity. These results indi-
cate that this approach enables sensitive detection and in-
depth characterization of variants affecting splicing, many
of which are still unrecognized or poorly understood. The
approach is generic and should be adaptable for application
to other monogenic diseases to aid in improved diagnostics.
Hum Mutat 00:1–12, 2014. C⃝ 2014 Wiley Periodicals, Inc.
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Introduction
Identification of variants involved in human-inherited disease

is important for diagnosis, prediction of disease severity, and
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genetic counseling. Around 7,000 rare genetic diseases are known,
and in approximately 50% of cases the gene involved has been
identified [Boycott et al., 2013]. At present, over 148,000 vari-
ants have been deposited and include missense/nonsense variants
(55%), small deletions (15%), splicing variants (9%), gross deletions
(7%), and other variants at lower frequency (http://www.hgmd.
cf.ac.uk/ac/index.php). Detection of variants may be missed in di-
agnostic settings that involve sequencing of the exons only. This
would exclude detection of variants in promoters, UTRs, or introns,
which may affect gene expression, RNA stability, or pre-mRNA
splicing. Improved methods for DNA sequencing result in the iden-
tification of an increasing number of sequence variants of which
the potential pathogenic nature must be determined. With the ex-
ception of nonsense variants, it is difficult to predict the effect of
other types of variants. Coding variants can be easily studied by
introducing the variant in the cDNA from a gene of interest and
testing the effect on protein activity in a transient transfection assay.
It would be valuable to apply a routine functional approach that
would detect aberrant RNA expression or processing without the
need for prior DNA sequence analysis and targeted analysis of that
variant.

The difficulty to predict the effects of variants on pre-mRNA
splicing is related to the complex mechanism of splicing regulation.
Many cis-acting elements that are located either close to or more
distant from the splice sites may be involved. These include the
polypyrimidine tract, branchpoint, and loosely defined regulatory
elements present in either exons (exonic splicing enhancers and
exon splicing silencers) or introns (intronic splicing enhancers and
intronic splicing silencers) (reviewed in [Havens et al., 2013]). A
number of splicing prediction programs exist [Reese et al., 1997;
Pertea et al., 2001; Yeo and Burge, 2004; Desmet et al., 2009], but
they produce different predictions for the same variant, obscuring
data interpretation. Furthermore, when weakening of a splice site
is likely from in silico predictions, the effect on alternative splicing
is difficult to predict, and may include exon skipping/inclusion,
intron retention, utilization of a cryptic splice site, or generation
of a novel splice site. The outcome is important for the pathogenic
nature of the variant. For example, perfect skipping of an exon
while the reading frame is unchanged may generate a truncated
protein with significant residual function, whereas a change of the
reading frame results in a premature termination codon leading
to mRNA degradation via the nonsense-mediated decay (NMD)
pathway [Palacios, 2013].
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In this study, a generic approach has been developed for the
identification and characterization of variants affecting splicing and
mRNA expression in a fast, cheap, and accurate manner. It relies
on a combination of RT-PCR, qPCR, and sequence analysis us-
ing standard reactions amenable to validation in a diagnostic set-
ting. The approach has been applied to Pompe disease (Glycogen
Storage Disease II [GSDII]; MIM #232300), an autosomal-recessive
monogenic disease caused by variants in the acid-alpha glucosi-
dase gene (GAA; MIM #606800; reviewed in van der Ploeg and
Reuser 2008). Although >460 GAA variants have been described
(http://www.pompecenter.nl), and at least 38 variants have been pre-
dicted to affect splicing, only a few splicing variants have been fully
characterized [Huie et al., 1994b; Boerkoel et al., 1995; Zampieri
et al., 2011; Herzog et al., 2012; Dardis et al., 2014]. Pompe dis-
ease is caused by failure to degrade lysosomal glycogen, resulting
in glycogen accumulation that is particularly harmful for cardiac
and skeletal muscle cells. Severe variants that completely abrogate
GAA enzyme activity cause a classic infantile disease course with hy-
pertrophic cardiomyopathy, general skeletal muscle weakness, and
respiratory failure and result in death within 1.5 years of life. Milder
variants leave partial GAA enzyme activity resulting in a milder
phenotype with onset varying from childhood to adult [Kroos et al.,
2007; Laforet et al., 2013]. In general, a higher residual enzyme ac-
tivity in primary fibroblasts is associated with later onset of Pompe
disease [Umapathysivam et al., 2005]. Enzyme replacement therapy
(ERT) has been developed for Pompe disease, in which recombi-
nant human GAA protein is administered intravenously [Van den
Hout et al., 2000; Kishnani et al., 2006]. This treatment can rescue
the lives of patients with classic infantile Pompe disease [Kishnani
et al., 2007] and delay disease progression of patients with later on-
set [Regnery et al., 2012; Gungor et al., 2013; Toscano and Schoser,
2013], but the effects are heterogeneous. One important prognostic
factor for the success of ERT is the stage of disease at the time of
diagnosis combined with the severity of the GAA genotype. The
detection and analysis of the pathogenic nature of sequence variants
can therefore be relevant for the nature and timing of therapeutic
intervention.

Application of the approach to three previously characterized
Pompe patients confirmed published information. Testing of the
effects of previously partially or uncharacterized variants present in
five patients resulted in the detection, characterization, and quan-
tification of novel-splicing products that could be linked to disease
phenotype. The approach is generic and should be applicable to
other monogenic diseases as well. The information obtained is use-
ful for confirmation of diagnosis, prediction of disease severity, and
genetic counseling.

Materials and Methods
Analysis was performed as part of diagnostic practice with

informed consent of Pompe patients and a healthy control.
NM 000152.3 was used as reference sequence for GAA mRNA.
NP 000143.2 was used as a reference for GAA protein. c.1 represents
the first nucleotide of the coding region of the GAA mRNA. The co-
ordinates for the genomic GAA sequence used are chr17:80,101,556–
80,119,880 (hg38). Nomenclature was according to HGVS stan-
dards [den Dunnen and Antonarakis, 2000]. All variants are listed
in our Pompe Mutation Database (http://www.pompecenter.nl).
Cell culture, DNA, and RNA analysis were performed using stan-
dard conditions. Splicing predictions were performed using Ala-
mut Visual v.2.4.2 (interactive software, see Supp. Table S1 for
details). The activity of GAA in fibroblasts was measured with

4-methylumbelliferone (4-MU)-α-D-glucopyranoside as substrate
as described previously [Kroos et al., 2007]. A more detailed de-
scription of Materials and Methods can be found in the Supporting
Information (Supp. Materials and Methods).

Results

A Generic Approach to Detect Aberrant Splicing

A number of variants that may affect pre-mRNA splicing can
be predicted using several algorithms, but (1) this is not the case
for all variants; (2) the molecular consequences of alternative splic-
ing are very difficult to predict; and (3) predictions must be veri-
fied experimentally. The standard experimental approach is to use
total RNA from primary cells such as fibroblasts and to perform
RT-PCR of individual exons that are suspected to be affected, based
on the location of the variant. Aberrant PCR products obtained are
sequenced to define new splice-site boundaries. We reasoned that
currently available methods in principle enable a generic approach
to experimentally identify and verify bona fide splicing variants.
The approach consists of two parts. First (Fig. 1, left), a generic
RT-PCR is performed of the mRNA of interest using standard
primers that flank each individual canonical exon (flanking exon
PCR). The products are separated by agarose gel electrophoresis.
Changes in product size are indicative of alternative/aberrant splic-
ing. Splicing junctions can be precisely determined using sequencing
of products isolated from gel or by direct sequencing of the PCR
reaction. It should be noted that the flanking exon PCR is at most
semiquantitative and yields primarily qualitative information on the
identity of the aberrantly spliced products. Second (Fig. 1, right),
a standard qPCR is performed to quantify each individual coding
exon (exon-internal qPCR). Primers that anneal within each exon
are used. Results are normalized for β-actin mRNA and for expres-
sion in a healthy control. Results quantify exon skipping/inclusion,
and may also indicate whether a splicing variant allows leaky wild-
type splicing.

Development and Validation of the Approach

Healthy control

As previously determined, GAA activities in healthy individ-
uals can range between 40 and 160 nmol 4-MU/hr/mg protein
[van der Ploeg and Reuser, 2008]. To develop the approach, cells
from a healthy control were tested first. This individual showed
GAA enzyme activity of 122.4 nmol 4-MU/hr/mg protein, rep-
resenting an average activity within this range (Table 1). To de-
tect splicing junctions and exon sizes, flanking exon PCR analysis
was performed on cDNA prepared from primary fibroblasts using
primers that annealed to flanking exons (Fig. 2A; Supp. Table S2).
Gel electrophoresis and ethidium bromide staining showed the cor-
rect molecular weight products in all cases. This indicated canonical
splicing for all exons in these cells. Some additional products were
observed at minor amounts, notably, just above exon 6 and 7. Se-
quence analysis indicated that these represent products in which
intron 6 was retained. The products were observed in this healthy
control as well as in most Pompe patients studied and may indicate
noisy aberrant splicing, which is a known phenomenon [Pickrell
et al., 2010]. Individual coding exons 2–20 (the translation start
codon is localized in exon 2) were quantified using exon-internal
qPCR (Fig. 2E). Values were normalized for β-actin expression (as
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Figure 1. Workflow for the generic analysis of splice-site variants. Qualitative analysis of changes in splice-site usage is performed by PCR
using primers annealing to the flanking exons (flanking exon PCR), followed by sequencing (left part). Quantitative analysis of aberrant splicing
products is performed using primers annealing within each exon (exon-internal qPCR; right part).

measured by qPCR analysis), and were then ready to use for nor-
malization of patient samples.

Patients 1, 2, and 3

The approach was validated using variants with known effects on
RNA expression and splicing. A detailed description is provided in
the legends to Supp. Figures S1–S4 and a brief description is given
below. Patient 1 harbored the c.-32–13T>G (IVS1) splicing variant

on one allele, and the c.1636+5G>T variant, which induces NMD, on
the other allele. The three major splicing variants normal (N), splic-
ing variant (SV)2, and SV3 caused by the IVS1 allele were identified
by flanking exon PCR, and leaky wild-type splicing of 10%–20% was
quantified using exon-internal qPCR, in agreement with previous
reports [Huie et al., 1994b; Boerkoel et al., 1995; Dardis et al., 2014]
(Supp. Fig. S1A–C and F). In addition, an isoform-specific qPCR
method was developed that allowed quantification of the splicing
variants separately. This confirmed NMD of SV2 and SV3 (Supp.
Fig. S1D and E). All five splicing prediction programs used here

HUMAN MUTATION, Vol. 00, No. 0, 1–12, 2014 3



Table 1. Laboratory Diagnosis of Pompe Patients Included in This Study

Variant allele 1 Variant allele 2

GAA activity in primary
fibroblasts with 4-MU as

substrate (nmol
4-MU/hr/mg protein)

Age at
diagnosis

Onset
infantile/juvenile/adult

Control - - 122.4 - None
Patient 1 c.-32–13T>G (IVS1) c.1636+5G>T 14.1 59 years Adult
Patient 2 c.525delT c.525delT 1.3 0.5 months Infantile
Patient 3 c.1548G>A c.2481+102 2646+31del (del ex18) 0.1 3.5 months Infantile
Patient 4 c.-32–3C>G c.1551+1G>A 6.9 8.5 years Juvenile
Patient 5 c.1075G>A c.1075G>A 0.6 8.5 months Infantile
Patient 6 c.1552–3C>G c.1552–3C>G 12.6 16 years Juvenile
Patient 7 c.1437G>A c.1437G>A 3.0 37 years Adult
Patient 8 c.1256A>T c.1551+1G>T 5.4 1.3 years Juvenile

Reference sequence used for cDNA annotation is NM_000152.3.

(SpliceSiteFinder-like [SSF], MaxEntScan [MES], NNSplice [NNS],
GeneSplicer [GS], and Human Splicing Finder [HSF]) failed to de-
tect an effect of the IVS1 variant on splicing (Supp. Fig. S2A).

Patient 2 was homozygous for the c.525delT variant, which un-
dergoes NMD [Hermans et al., 1994]. Flanking exon PCR detected
low levels of products for all exons, which were not derived from
genomic DNA contamination (Supp. Fig. S3A and B). This enabled
identification of the c.525delT variant by sequence analysis (Supp.
Fig. S3A and D). Exon-internal qPCR analysis showed expression of
3%–9% for all exons relative to the healthy control (Supp. Fig. S3C).

Patient 3 carried a well-known deletion removing the en-
tire exon 18 plus its flanking sequences (del ex18, or
c.2481+102 2646+31del) on one allele, and c.1548G>A [Hermans
et al., 2004], a nonsense variant that induces NMD, on the other
allele. This case is interesting because the splice sites of exon 18
are removed. Flanking exon PCR confirmed that the del ex18 vari-
ant resulted in the precise skipping of exon 18 with a normal splice
junction between exon 17 and exon 19, as reported previously [Huie
et al., 1994a] (Supp. Fig. S4A, B, and D). Exon-internal qPCR anal-
ysis showed expression (relative to healthy control) of 3% of the
c.1548G>A allele and 40%–50% of the del ex18 allele, the prod-
uct of which was in-frame (Supp. Fig. S4C). GAA enzyme activities
were consistent with leaky wild-type splicing and adult disease onset
in patient 1, and the absence of leaky wild-type splicing and clas-
sic infantile Pompe disease in patients 2 and 3 (Table 1). Splicing
products are summarized in Table 2. Taken together, these results
validate that the approach can be used for the detection and iden-
tification of normal and aberrant splicing products, for their quan-
tification, and for prediction of disease severity. The sensitivity of
the approach can allow sequence identification of a variant inducing
NMD.

Characterization of Novel Splicing Variants

Next, a number of patients were analyzed that contained partially
characterized or uncharacterized variants.

Patient 4

Patient 4 contained a novel variant at c.-32–3C>G located in in-
tron 1 close to the splice acceptor site of exon 2 (Fig. 2C). This
variant is suspected to affect splicing of exon 2 based on its simi-
larity to the published c.-32–3C>A variant [Pittis et al., 2008]. In
this study, a perfect skip of exon 2 was reported. Splicing predic-
tion programs indicated that the c.-32–3C>G variant weakens the

splice acceptor site of exon 2 for some but not all programs (Supp.
Fig. S2C). The second allele contained a previously reported [Or-
likowski et al., 2011] but uncharacterized variant at c.1551+1G>A
which is located in intron 10 close to the splice donor site of exon 10
(Fig. 2D). Based on the similarity to the published c.1551+1G>C
variant [Huie et al., 1994b; Stroppiano et al., 2001], the c.1551+1G>A
variant is suspected to affect exon 10 splicing. Splicing prediction
programs indicated loss of the splice donor site of exon 10 (Supp.
Fig. S2C).

The results of the flanking exon PCR analysis indicated aberrant
splicing of two exons: exon 2 and exon 10 (Fig. 2B). Amplification
of exon 2 resulted in three major products, numbered 6–8, and
sequence analysis indicated that these products included wild-type
splicing, partial skipping of exon 2 via the cryptic splice acceptor
site at c.486 in exon 2, and perfect skipping of exon 2, respec-
tively (Fig. 2C; Supp. Fig. S5A). This indicates that two indepen-
dent variants in intron 1, namely, c.-32–13T>G, which is located in
the polypyrimidine tract, and c.-32–3C>G, located near the splice
acceptor site, have the same qualitative outcome with respect to
exon 2 splicing. Splicing prediction programs were insufficient to
accurately predict this outcome. Flanking exon PCR amplification of
exon 10 resulted in two major products, 9 and 10 (Fig. 2B). Sequence
analysis showed that product 9 contained wild-type junctions be-
tween exons 9, 10, and 11, and that product 10 represented precise
skipping of exon 10 mRNA (Fig. 2D; Supp. Fig. S5B) in which the
reading frame remains intact.

To determine the extent of splicing defects, exon-internal qPCR
was performed. Exon 10 was expressed at !6%, whereas all other
exons were expressed at !50% of healthy control levels (Fig. 2E).
This is consistent with the idea that the majority of mRNA is de-
rived from the c.1551+1G>A allele in which exon 10 is skipped. The
shorter product has an unchanged reading frame and is expected
to be stable. In contrast, the c.-32–3C>G allele results in (partial)
exon 2 skipping, which is known to result in mRNA degradation
analogous to the IVS1 variant. The c.-32–3C>G allele has only a mi-
nor contribution to the exon-internal qPCR results. Its contribution
can be judged from exon 10 expression, which can result from leaky
wild-type splicing of the c.-32–3C>G variant. However, an alterna-
tive source for exon 10 expression is leaky wild-type expression of
the c.1551+1G>A allele. The very low level of exon 10 expression
indicates that both the c.-32–3C>G and the c.1551+1G>A have low
or absent levels of leaky wild-type expression. This indicates that the
c.-32–3C>G variant may be more severe compared with the IVS1
variant, as the IVS1 variant allows a higher level of wild-type splicing
of 10%–20% (Supp. Fig. S1C). In contrast to the situation with, for
example, the c.525delT allele of patient 2, in which residual mRNA
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Figure 2. Splicing analysis of a healthy control and Pompe patient 4. A: Flanking exon PCR analysis of a healthy control. Exon numbers are
indicated above the lanes. PCR products were separated by electrophoresis on an agarose gel. Asterisks indicate alternative splicing events
detected in both healthy individuals and in Pompe patients. B: As (A), but for Pompe patient 4. Numbers besides the bands refer to the products
analyzed in further detail (see below). C: Cartoons of the genomic variant (upper cartoon) and the splicing variants 6–8 (lower cartoons, boxed)
detected for patient 4. The translation start site is indicated as c.1. Exons are indicated as boxes. Noncoding exons are in brown; coding exons in
green. Introns are depicted as lines. A broken line is used to indicate that the intron is longer than suggested in this drawing. An alternative splice
site at c.486 is indicated. D: As (C), but now for splicing variants 9 and 10. E: Exon-internal qPCR analysis. β-actin was used for normalization.
Values obtained from the healthy control were set to 100%. Error bars indicate SD (n = 3).

still carried a deletion and concomitant reading frame shift, the low
levels of residual mRNA expression in patient 4 reflect wild-type
mRNA. In agreement, the clinical course of Pompe disease indi-
cated a juvenile onset for this patient, consistent with a low level
of wild-type GAA expression and GAA enzyme activity levels that
were lower compared with adult onset patients (Table 1).

Patient 5

Patient 5 was homozygous for c.1075G>A, which is a p.G359R
missense variant located at the last base pair of exon 6 (Fig. 3B)
[Muller-Felber et al., 2007]. This variant has been classified as pre-
sumably nonpathogenic with possible effects on splicing [Kroos
et al., 2012a]. It is located near the splice donor site of exon 6,

and splicing prediction analysis indicated weakening of this site and
strengthening of a cryptic splice donor site 4 nucleotides upstream
(Supp. Fig. S2D).

Flanking exon PCR analysis showed absence of a product for
exon 7, low levels of the other exons, and a low level of a low MW
product for exon 2 (Fig. 3A). Based on the predictions and on the
location of this variant in exon 6, we suspected that splicing junc-
tions around exon 6 and 7 may be altered. In agreement, sequencing
of the exon 6 PCR product (product 11) showed that the cryptic
splice donor site in exon 6 located four nucleotides upstream at
c.1071 was used instead (Fig. 3B; Supp. Fig. S6B). This explains the
absence of a product for exon 7, as the forward primer for exon 7
amplification has four mismatches due to the changed splice donor
site. Remarkably, the flanking exon PCR assay failed to detect leaky
wild-type splicing for this variant. This would have resulted in the
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Figure 3. Splicing analysis of Pompe patients carrying homozygous variants. A: Flanking exon PCR analysis of patient 5. B: Cartoons of the
genomic variants and the splicing variant detected for patient 5. C: Flanking exon PCR analysis of patient 6. D: Cartoons of the genomic variant and
the splicing variants detected for patient 6. E: Flanking exon PCR analysis of patient 7. F: Cartoon of the genomic variant and the splicing variant
detected for patient 7. G: Exon-internal qPCR analysis of patients 5–7. Error bars indicate SD (n = 3).

presence of a wild-type band for exon 7 amplification, which was
not observed. To further investigate splicing of exon 7, an alternative
forward primer (qPCR GAA Exon 6 forward; see Supp. Table S3)
located in exon 6 was used. The expected product was now obtained,
and showed splicing from c.1071 in exon 6 to the canonical splice
acceptor site of exon 7 (Supp. Fig. S6A), as was observed for se-
quence analysis of product 11 (data not shown). The reading frame

of the resulting mRNA has been changed leading to a premature
termination codon (Table 2). The low MW product obtained with
exon 2 amplification has not been pursued further. It may be caused
by a yet unidentified intronic variant. Alternatively, wild-type GAA
mRNA is known to have leaky exon 2 skipping, the product of which
may be preferentially amplified because of mRNA degradation due
to the c.1071 variant.
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Quantification of GAA mRNA expression using the exon-internal
qPCR assay showed that all GAA exons were expressed at very low
levels, well below levels observed for the IVS1 variant but just above
the levels observed for the c.525delT variant (Fig. 3G). This con-
firmed the notion that leaky wild-type splicing levels in this patient
are very low or absent, whereas the majority of the mRNA is unstable.
In agreement, very low GAA activity in fibroblasts was measured and
the patient was diagnosed with the classic infantile form of Pompe
disease (Table 1).

Patient 6

Patient 6 carried a homozygous c.1552–3C>G variant. This vari-
ant is located in intron 10 close to exon 11 (Fig. 3D). Flanking exon
PCR analysis showed aberrant splicing of exon 10 with three major
products (12–14; Fig. 3C). Sequence analysis indicated that in prod-
uct 14, exon 10 was completely skipped while a splice acceptor site
near exon 11 at c.1552–30 was utilized (Fig. 3D; Supp. Fig. S6C).
This mRNA leaves the reading frame intact (Table 2). Product 13
was identified as wild-type spliced mRNA. Product 12 consisted of
mRNA in which the complete intron 10 was retained. The reading
frame is disrupted in this splicing product. While products 13 and
14 have been detected previously [Kroos et al., 2006], product 12 is
novel. Interestingly, splicing prediction programs were ambivalent
on predicting the extent of utilization of the canonical or the cryptic
splice acceptor sites of exon 11 (Supp. Fig. S2F). A priori, weakening
of the splice acceptor site of exon 11 would not be expected to re-
sult in the skipping of exon 10. Instead, two products seemed more
likely: one in which the splice donor site of exon 10 splices to the
cryptic acceptor at c.1552–30, resulting in extension of exon 11 with
a part of intron 10 and further normal splicing. The other expected
product would be a perfect skipping of exon 11. The completely dif-
ferent outcome illustrates that experimental validation is required
to analyze the molecular consequences of potential splicing variants.

Quantification of splicing defects was performed with the exon-
internal qPCR assay. This showed expression of all exons at !20%
of healthy control levels (Fig. 3G). No extra reduction of exon 10
expression was observed, suggesting that the majority of mRNA
included exon 10, favoring products 12 and 13 over 14. The presence
of leaky wild-type splicing (product 13) is consistent with residual
GAA enzyme activity and the milder phenotype of this patient with
late juvenile onset Pompe disease (Table 1). In conclusion, c.1552–
3C>G results in several splicing defects around exon 10 and intron
10, and it allows leaky wild-type splicing compatible with juvenile
onset disease.

Patient 7

Patient 7 was homozygous for c.1437G>A, a silent variant located
at the splice donor site of exon 9 (Fig. 3F). Flanking exon PCR
analysis showed two products instead of one for exon 9 amplifica-
tion, and low yields for exon 8 and exon 10 amplification (Fig. 3E).
Sequence analysis indicated that product 15 represented wild-type
spliced exon 9, whereas in product 16, exon 9 was perfectly skipped,
resulting in a shorter transcript in which the reading frame was un-
changed (Fig. 3F; Supp. Fig. S6D). As expected from its location, the
c.1437G>A variant was predicted in silico to weaken to splice donor
site of exon 9 (Supp. Fig. S2E). Products of exon 8 and exon 10
amplification had correct sizes but lower yield because exon 9 had
reduced availability to serve as template for annealing of the reverse
PCR primer (for exon 8) or the forward PCR primer (for exon 10).

Quantification using exon-internal qPCR showed near-normal
(70%–80% of control) expression levels for all exons except for
exon 9, which showed expression of only 5% of healthy control. This
suggests expression of 5% residual wild-type mRNA that should al-
low expression of low levels of wild-type GAA enzyme. In agreement,
residual GAA enzyme activity was measured to be 3 nmol/hr/mg,
which is consistent with nonclassic infantile onset (Table 1). It is
remarkable that this patient was diagnosed at the age of 37 years, as
other patients with higher enzyme activity showed juvenile disease
onset. This may indicate the existence of Pompe disease-modifying
factors, as suggested previously [Herzog et al., 2012; Kroos et al.,
2012b].

In summary, the c.1437G>A variant results in precise skipping of
exon 9 leaving the reading frame intact, and allows a low level of
leaky wild-type GAA splicing.

Characterization of a Complex Case: Patient 8

Genotype

Patient 8 contained the missense variant c.1256A>T on allele 1. It
is located in the middle of exon 8, results in p.D419V, and has been
classified as mildly pathogenic (Fig. 4B and C) [Kroos et al., 2012a].
The second allele contained a c.1551+1G>T variant, which is located
in intron 10 close to the splice donor site of exon 10 [Kroos et al.,
2012a]. It resembles the c.1551+1G>A variant described above for
patient 4 (Fig. 4D).

Analysis of splicing products

Flanking exon PCR analysis indicated multiple PCR products
from amplification of exons 8–10 (Fig. 4A). All these products were
analyzed by sequencing (Supp. Fig. S7). This indicated the pres-
ence of wild-type exon 8 splicing (product 17) and utilization of a
novel splice donor site in exon 8 at c.1254, which is located 2 nt
upstream of the c.1256A>T variant (product 18 in Fig. 4B and
product 20 in Fig. 4C). The c.1256A>T variant generated a con-
sensus GT dinucleotide splice donor site. This donor spliced from
between nucleotides c.1254G and c.1255G to the canonical splic-
ing acceptor site of exon 9 and the resulting reading frame was
unchanged (Table 2). Splicing prediction programs indeed showed
that c.1254 turned into a splice donor site due to the c.1256A>T
variant (Supp. Fig. S2G). The canonical splice donor site of exon 8
remained unchanged, and it was unclear which of the two sites
would be preferred from in silico predictions using Alamut. In fact,
prediction of relative splice-site strengths using ASSEDA [Mucaki
et al., 2013] showed that the strength of the novel cryptic splice
donor site was negligible (Ri of 2.4) relative to the canonical splice
donor site of exon 8 (Ri of 5.2) (data not shown), which was the op-
posite of the results found in vivo. Product 21 represented wild-type
splicing of exon 10, whereas product 22 was the result of per-
fect exon 10 skipping in which the reading frame remained intact
(Fig. 4D; Supp. Fig. S7). Loss of the exon 10 splice donor site by
the c.1551+1G>T variant was consistent with splicing predictions
(Supp. Fig. S2G), but the precise outcome remained unclear from
in silico analysis.

Evidence for low levels of leaky wild-type splicing

Along with the exon-internal qPCR analysis described below, the
flanking exon PCR assay provides information on the severity of
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Figure 4. Analysis of complex splicing changes in Pompe patient 8. A: Flanking exon PCR analysis. B: Cartoons of the genomic variant and the
splicing variants from allele 1, detected from flanking exon PCR analysis of exon 8. C: Cartoons of the genomic variant and the splicing variants from
allele 1, detected from flanking exon PCR analysis of exon 9. D: Cartoons of the genomic variant and the splicing variants from allele 2, detected
from flanking exon PCR analysis of exon 10. E: Exon-internal qPCR analysis. Error bars indicate SD (n = 3).

the variants via the relative intensities of the products. These can
be explained based on the identification of the splicing products
(Fig. 4B–D) and on the locations of the primers used for amplifica-
tion (Supp. Fig. S8).

Exon 7

Detection of exon 7 is performed with a forward primer that
anneals to the 3′ end of exon 6 and a reverse primer to the 5′ end of
exon 8 (Supp. Fig. S8). The 5′ end of exon 8 is retained in all cases
whereas the 3′ part is spliced out in the c.1256A>T allele. Flanking
exon PCR detection of exon 7 should therefore not be affected in
this patient and this was indeed the case (Fig. 4A).

Exon 8

Flanking exon PCR primers used for detection of exon 8 an-
neal to exon 7 and 9 (Supp. Fig. S8). Both exons are not affected
in this patient predicting that all splicing alterations of exon 8 it-
self should be detected in a semiquantitative manner. Indeed, a
strong wild-type product (number 17) was detected, dominated by
allele 2, and a slightly weaker smaller product 18 was detected due
to the novel cryptic splice donor site at c.1254 in allele 1. Assuming
that maximally 50% of product 17 can be derived from allele 2, its

stronger abundance compared to product 18 therefore suggests that
allele 1 has leaky wild-type splicing.

Exon 9

PCR primers for detection of exon 9 by flanking exon PCR anneal
to the 5′ part of exon 8, which is the part that is not skipped in allele
1, and to exon 10, which is completely skipped in allele 2 (Supp.
Fig. S8). This complicates detection of exon 9 from these two alleles:
a product from allele 1 would be shorter than normal due to the
partial skipping of exon 8. A product from allele 2 is not possible
due to the precise skipping of exon 10, because this exon is required
for primer annealing. The predominant product obtained was the
shorter product number 20 that was derived from allele 1. How-
ever, a small amount of wild-type product number 19 was also ob-
served. This indicates that at least one of the two alleles allows leaky
wild-type splicing.

Exon 10

Flanking exon PCR analysis of exon 10 is performed with primers
annealing in exon 9 and exon 11, both of which are unaffected.
The result therefore reflects the splicing alterations of exon 10
in a semiquantitative manner. Product 21 representing wild-type
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splicing was the most abundant, whereas product 22 in which
exon 10 was perfectly skipped was slightly less abundant. Because
exon 10 splicing of allele 1 is unaffected and can account for 50%
of wild-type product, this result suggests that allele 2 also has leaky
wild-type splicing similar to allele 1.

Quantification using exon-internal qPCR analysis

Quantification of mRNA expression of each exon revealed that all
exons except exons 8 and 10 showed approximately twofold higher
abundance compared with the healthy control. Exons 8 and 10
were expressed at twofold lower levels with respect to the other
exons but still at 80%–120% of the levels of the healthy control.
This indicates high mRNA expression in this patient. RNA from
allele 1 (c.1256A>T) shows partial skipping of exon 8 resulting in
failure of detection of a qPCR product. The detection of residual
exon 8 is therefore derived from allele 2 (c.1551+1G>T), expected
to contribute 50%, and the remaining expression is likely derived
from leaky wild-type splicing from allele 1. The same rationale
applies to detection of exon 10. In this case, expression was close
to 50% relative to other exons, suggesting that the c.1551+1G>T
variant allowed much lower levels of wild-type splicing. It should
be noted that it is unclear why this patient shows twofold higher
GAA expression relative to the healthy control, and whether this
increase applies to both alleles to similar extents. This patient has a
juvenile disease onset consistent with low levels of residual wild-type
expression of GAA mRNA and of GAA enzymatic activity (Table 1).

In summary, patient 8 contained two splicing variants. c.1256A>T
is a missense variant in exon 8 that causes p.D419V and in addition
generates a novel splice donor site at c.1254, resulting in partial
skipping of exon 8 and in leaky wild-type splicing. However, the
leaky “wild type” product still contains the p.D419V variant that
has been reported to lower the activity of the corresponding protein
[Kroos et al., 2012a]. Therefore, c.1256A>T has a dual effect: it affects
both splicing and enzyme activity of the remaining wild-type protein
product. c.1551+1G>T is located in intron 10 and causes perfect
skipping of exon 10 and in leaky wild-type splicing. The juvenile
onset of Pompe disease suggests that both variants are moderately
to severely pathogenic. This is consistent with the GAA enzyme
activity levels, which are lower compared with adult onset patients.

Discussion
A generic approach is described for the analyses of pathogenic

variants at the level of RNA expression and splicing. It includes
flanking exon PCR combined with sequencing to identify aberrant
splicing products, and exon-internal qPCR to quantify exons at the
RNA level. Although individual techniques are known and straight-
forward, these have so far not been combined and applied in a
standardized manner to analyze the pathogenic nature of human
gene variants. The approach has been developed for Pompe disease
but can be adjusted for application to other monogenic disorders.
Application of the approach to five partially or uncharacterized
Pompe patients identified novel major splicing products in all cases,
and enabled the quantification of leaky wild-type splicing, which
correlated with disease onset and progression. Splicing prediction
programs were largely unable to make accurate predictions. This
approach is cheap and simple and should be suitable for imple-
mentation in the routine diagnosis of monogenic diseases including
Pompe disease.

The approach provides three levels of information. First, aberrant
splicing products can be detected in an unbiased and functional

manner. This expands the options for detecting splice site variants
as current human variant analysis is based on prior knowledge and
often involves sequence analysis of exons. Second, all splicing prod-
ucts can be sequenced. Sequencing of all products is recommended
in a diagnostic setting to detect small changes in splice-site utiliza-
tion that cannot be detected by agarose gel electrophoresis. This is
illustrated by the detection of a splice-site switch of four nucleotides
in patient five harboring the c.1075G>A variant. Another reason to
sequence the products is to determine whether the reading frame
is left intact or not, which predicts whether mRNA degradation via
the NMD pathway may occur. Third, mRNA levels and the pres-
ence of each exon in the mRNA can be quantified by exon-internal
qPCR. This provides quantitative information on mRNA expression
and stability, and on the level of leaky wild-type splicing. Besides
splicing variants, variants present in regulatory regions such as pro-
moters and the UTRs should in principle also be detected using the
exon-internal qPCR analysis.

Some limitations of this approach include the following. The first
and the last exons cannot be analyzed by flanking exon PCR. A
GC-rich sequence, which occurs frequently in the first exon, may
prevent exon-internal qPCR analysis. This is the case for GAA exon 1.
Solutions include: (1) other analyses of the approach that provide
information on the missing exon. Variants in exon 1 that affect
splicing may affect exon 2, which can be detected by flanking exon
PCR. Effects on mRNA expression or stability should be detected
using the exon-internal qPCR analysis of the remaining exons. (2) A
variant-specific PCR strategy may be developed as shown in Supp.
Figure S1D and E. Another limitation is that the approach is based
on the analysis of RNA, which is not always available. On the other
hand, at any moment a skin biopsy may be obtained, and the estab-
lishment of a fibroblast culture from such biopsy is a routine tech-
nique. The effect of a splicing variant may depend on the cell type
and/or whether certain genes are expressed in a cell type-specific
manner [Barbosa-Morais et al., 2012]. In the case of Pompe dis-
ease, expression of GAA is ubiquitous. However, it remains possible
that splicing and/or mRNA stability differs between primary fibrob-
lasts and the most affected cells, which include cardiac and skeletal
muscle cells in the case of Pompe disease. Finally, certain aberrant
splicing events may be missed by this approach. When one allele
is fully expressed, it may dominate in the flanking exon PCR assay
over expression of the second allele undergoing RNA degradation.
Alternatively, a large aberrant splicing product may be formed that
is outcompeted by smaller PCR products in the flanking exon PCR
assay. False positive results can be minimized as shown by the –RT
flanking exon PCR results, which failed to detect background PCR
products (Supp. Fig. S3B). Taken together, whereas the false positive
rate of the approach is likely very small, false negative results should
be taken into consideration.

Alternative assays include exon arrays, deep RNA sequencing,
or expression of minigenes containing part of the gene of interest.
Exon arrays contain oligonucleotide probes to detect exons or exon
junctions to which the labeled sample is hybridized [Wang and
Cooper, 2007; Castle et al., 2008; Kwan et al., 2008]. This method is
useful for initial screening but it cannot provide the same level of
information obtained with the PCR-based methods described here.
Sequence variants including SNPs that do not necessarily affect
mRNA expression/processing may affect hybridization to the array.
A quantitative analysis can therefore be difficult. This information is
useful for estimating the extent of leaky wild-type splicing, which can
have a predictive factor for disease severity. Deep RNA sequencing
provides precise information on RNA splicing and processing [Wang
et al., 2008; Lalonde et al., 2011; Lappalainen et al., 2013]. For a
good sequence coverage of all exons, in-depth sequencing must be
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performed, which increases the costs and can be a challenge for lowly
expressed genes. Minigenes can be used when tissues of interest are
difficult to obtain [Sharma et al., 2014]. Although this method can
be very useful for the analysis of splicing variants, it is also time-
consuming. For these reasons, the implementation of exon arrays,
deep RNA sequencing, or minigenes in a standard diagnostic setting
have not been widespread so far.

Previously characterized variants including the del ex18 and the
IVS1 variant have been confirmed by the approach. The IVS1 vari-
ant yields three major products [Huie et al., 1994b; Boerkoel et al.,
1995; Dardis et al., 2014], all of which were accurately detected.
Alternative splicing forms are known to exist as well but these are
expressed at low levels. It is interesting to note that the IVS1 vari-
ant has a rather poor genotype–phenotype relationship [Wokke
et al., 1995]. This variant allows leaky wild-type splicing prevent-
ing the most severe classic infantile form of Pompe disease, but the
onset of the disease can vary from early childhood to late adult-
hood. It is at present unknown what the underlying mechanism
is for these differences. One could speculate that the level of leaky
wild-type splicing in vivo in skeletal muscle cells varies between
these patients, caused by variations in the expression or activity
of splicing regulatory proteins. This will be interesting for future
research.

Significant amount of novel information has been obtained us-
ing the approach (Table 2). (1) The c.525delT variant is a very
severe variant resulting in undetectable GAA protein levels. It has
therefore been classified as a CRIM (cross-reactive immunologic
material) negative variant: because the patient does not express any
GAA protein, a severe immunological response to intravenous treat-
ment with recombinant enzyme can occur [Kishnani et al., 2010].
Surprisingly, all full size exons could be detected by flanking exon
PCR (Supp. Fig. S3A), and exon-internal qPCR also detected low
levels of mRNA expression for all exons. This indicates that the ap-
proach has high sensitivity and detected the low levels of mRNA that
escaped NMD. The premature termination codon in the c.525delT
alleles however prevents production of significant levels of (par-
tial) protein from the remaining mRNA [Hermans et al., 1994]. (2)
Three exonic variants have been found to induce pathogenic splic-
ing events: c.1075G>A, c.1437G>A, and c.1256A>T. This highlights
the need for including exonic variants in the approach described
here to detect potential changes in mRNA expression/processing.
(3) The c.-32–3C>G variant presents an interesting case. It results in
the same splicing products as the IVS1 variant, with the exception
that it does not allow detectable levels of leaky wild-type splicing.
The mechanisms by which these two variants affect splicing are
presumably different. The IVS1 variant is located in the polypyrim-
idine tract, and interferes with the in vitro binding of the general
splicing factor U2AF65 [Lim et al., 2011; Dardis et al., 2014]. The
c.-32–3C>G variant is located close to the splice acceptor site of
exon 2, and is therefore expected to interfere with the binding of
the U2snRNP complex to this site. These different mechanisms still
don’t explain why the IVS1 variant allows leaky wild-type splic-
ing while the c.-32–3C>G variant does not. One might infer from
this finding that variants that are located close to a canonical splice
acceptor or donor site are more likely to inhibit leaky-wild type
splicing compared to variants in more distant regulatory regions.
Closer analysis of the data from this study suggests that this is not
the case. Leaky wild type splicing has been detected in both types of
variants, including IVS1 (c.-32–13T>G), c.1552–3C>G, c.1437G>A
(splice junction site), c.1256A>T (in the middle of an exon), and
c.1551+1G>T. The absence of detectable leaky wild-type splicing
was the case for c.-32–3C>G, c.1551+1G>A, and c.1075G>A (splice
junction site). Overall, these results show that it is not possible yet

to predict how splicing is affected and to what extent leaky wild type
splicing is allowed, highlighting the need for functional validation.

Finally, these and other results show that splicing is a promiscuous
process in which noisy splicing [Pickrell et al., 2010] and leaky
wild-type splicing are often present. The implication is that splicing
should be amenable to modulation. For example, small molecules
targeting splicing factors [Fan et al., 2011; Webb et al., 2013] may
present a worthwhile therapeutic strategy to treat genetic diseases
caused by splicing variants.
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