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Functional correction by antisense therapy of a
splicing mutation in the GALT gene

Ana I Coelho1, Sı́lvia Lourenço1, Matilde Trabuco1, Maria João Silva1,2, Anabela Oliveira3, Ana Gaspar4,
Luı́sa Diogo5, Isabel Tavares de Almeida1,2, João B Vicente1,2 and Isabel Rivera*,1,2

In recent years, antisense therapy has emerged as an increasingly important therapeutic approach to tackle several genetic

disorders, including inborn errors of metabolism. Intronic mutations activating cryptic splice sites are particularly amenable to

antisense therapy, as the canonical splice sites remain intact, thus retaining the potential for restoring constitutive splicing.

Mutational analysis of Portuguese galactosemic patients revealed the intronic variation c.820þ13A4G as the second most

prevalent mutation, strongly suggesting its pathogenicity. The aim of this study was to functionally characterize this intronic

variation, to elucidate its pathogenic molecular mechanism(s) and, ultimately, to correct it by antisense therapy. Minigene

splicing assays in two distinct cell lines and patients’ transcript analyses showed that the mutation activates a cryptic donor

splice site, inducing an aberrant splicing of the GALT pre-mRNA, which in turn leads to a frameshift with inclusion of a

premature stop codon (p.D274Gfs*17). Functional–structural studies of the recombinant wild-type and truncated GALT showed

that the latter is devoid of enzymatic activity and prone to aggregation. Finally, two locked nucleic acid oligonucleotides,

designed to specifically recognize the mutation, successfully restored the constitutive splicing, thus establishing a proof of

concept for the application of antisense therapy as an alternative strategy for the clearly insufficient dietary treatment in classic

galactosemia.
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INTRODUCTION

Over the last years, splicing mutations emerged as an important
pathogenic mechanism, underlying 10–30% of genetic diseases
(HGMD Professional 2013.1).1 Splicing accuracy depends not only
on the recognition of exon–intron junctions, defined by intronic cis-
elements: 50 splice site, 30 splice site, branch site and poly-pyrimidine
tract,2–4 but also on more discrete elements, entitled splicing
regulatory elements, which direct the splicing machinery to use the
correct splice sites. Exonic and intronic splicing enhancers stimulate
splicing and serve as binding sites mainly for serine/arginine-rich
proteins. Exonic and intronic splicing silencers repress splicing, and
often function by binding proteins from the heterogenous nuclear
ribonucleoprotein family.2,4–6 Although most reported splicing
mutations directly abolish an authentic splice site or create a novel
one, an increasing number of disease-associated variations that alter
splicing enhancers or silencers have been reported.2,7–9 Each
nucleotide modification should be considered a potential candidate
for splicing alterations, as not only intronic but also nonsense,
missense and silent modifications may impact splicing.7

Accordingly, constitutive and regulated splicing reactions are
considered potential therapeutic targets and novel strategies for
their correction are evolving. Among these, antisense
oligonucleotides display an exquisite specificity, being capable of
distinguishing a single nucleotide-mismatch.8 Effectively, spinal
muscular atrophy is a candidate for this therapy, with promising
results on patient-derived cell lines that have been already described.9–11

Moreover, many antisense oligonucleotides are already in phase II/III
clinical trials, namely AVI4658 (Eteplirsen), a morpholino oligo-
nucleotide for duchenne muscular dystrophy.12

Classic galactosemia (MIM #230400), which affects about 1/47 000
live-births, results from deficient activity of galactose-1-phosphate
uridylyltransferase (GALT, EC 2.7.7.12), an ubiquitous key enzyme
in galactose metabolism, essential for nursing infants, as lactose
represents their primary carbohydrate source.13,14 The present gold
standard of care is a lifelong dietary galactose restriction, which has,
however, proven to be insufficient to prevent the long-term
sequelae.13–17 The disorder is caused by mutations in the GALT
gene, which profoundly impair GALT enzymatic activity.15,18,19 GALT
is located in chromosome 9p13, arranged into 11 exons spanning
about 4.0 kb of genomic sequence, and encodes a 379 amino-acid
polypeptide, which is assembled as a B87 kDa homodimer.19–22

As many other autosomal recessive metabolic disorders, classic
galactosemia displays great allelic heterogeneity with 4260 variations
described (http://arup.utah.edu/database/GALT/GALT_display.php;
http://databases.lovd.nl/shared/genes/GALT).23 Although most are
missense mutations, other variations have been reported, namely
silent, nonsense and noncoding changes.18,24,25 Moreover, several
intronic variations have been identified in the GALT gene,
approximately half of which are known to affect splicing.23

Mutational analysis of 42 Portuguese patients confirmed c.563A4G
(p.Q188R) as the prevalent molecular defect (67.1%), and surprisingly
revealed an intronic variation, c.820þ 13A4G (IVS8þ 13A4G),
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as the second most frequent mutation, accounting for 8.0% of the
mutant alleles.26 Although this transition is currently classified as
benign, complete sequence of a galactosemic patient homozygous for
c.820þ 13A4G revealed no other alteration in his genomic DNA.23,26

Furthermore, this variation has never been identified in controls and
was found in Portuguese patients either in homozygous or compound
heterozygous state.26

The aim of this study is to confirm that the c.820þ 13A4G
transition is indeed a disease-causing mutation, to elucidate its
pathogenic mechanism, by in vivo, ex vivo and in vitro approaches,
to functionally characterize the resulting protein and, finally, to use
antisense oligonucleotides to modulate the deleterious effect of the
mutation.

MATERIALS AND METHODS

Patients
This study was approved by the local Ethics Committee and written informed

consents were obtained from patients and family members. The

c.820þ 13A4G variation was identified in six galactosemic patients: one

homozygous (http://arup.utah.edu/database/GALT/GALT_display.php) and

five compound heterozygotes, four bearing c.563A4G (p.Q188R) and the

other c.883C4A (p.P295T).26

In vivo splicing analysis
Total RNA was isolated from patients and control individuals lymphocytes

with TRIZOL (Invitrogen Corporation, Carlsbad, CA, USA). RNA was reverse

transcribed using the NZY First-Strand cDNA Synthesis Kit (NZYTech, Lisbon,

Portugal) and PCR analysis was performed using the CF and CR primers

(Table 1). After separation by 2% NuSieve GTG agarose gel electrophoresis,

PCR products were purified (Isolate PCR and Gel Kit, Bioline, London, UK)

and analyzed by direct sequencing.

Minigenes construction
Genomic fragments encompassing the GALT region (ID 2592, GenBank

accession no. NG_009029.1 / NM_000155.3) containing the c.820þ 13A4G

variation were PCR-amplified from a heterozygous patient carrying this

mutation, using the primers 7F and 9R (Table 1). The resulting 399 bp

fragment includes the end of intron 7 until the initial portion of intron 9

(exons are numbered as in NG_009029.1). Wild-type and mutant fragments

were cloned into pCR2.1TOPO (Invitrogen Corporation), and positively

selected by blue/white screening. Fragments were subcloned into the exon-

trapping vector pSPL3 (kindly provided by Prof Belén Pérez, Universidad

Autónoma de Madrid, Spain). Clones bearing the wild-type and mutant inserts

were digested with EcoRI and sequenced for confirmation of their correct

orientation.

Ex vivo splicing analysis
Empty pSPL3 vector or minigene constructs containing wild-type (pSPL3.wt)

and mutant sequences (pSPL3.mut) were transfected into eukaryotic cell lines

(HeLa and COS-7) using Lipofectamine 2000 (Invitrogen Corporation).

Twenty-four hours after transfection, total RNA was extracted using TRIZOL,

reverse transcribed using the NZY First-Strand cDNA Synthesis Kit and a PCR

reaction was performed using the pSPL3-specific primers SD6 and SA2

(Table 1). PCR products were separated by 2% Nusieve GTG agarose gel

electrophoresis, purified and sequenced.

Correction of alternative splicing with LNA oligonucleotides
Two antisense locked nucleic acid (LNA) oligonucleotides were designed,

synthesized and purified at Exiqon (Vedbaek, Denmark). LNA1 is a 15-mer

(50-CCAGGATCCTACCTG-30), whereas LNA2 is a 16-mer (50-GATCCT

ACCTGGGAGA/3Phos/-30); mutant nucleotide is underlined.

Cell cultures and minigene transfection followed the protocol as previously

mentioned. Five hours after minigene transfection, LNA1, LNA2 or saline

solution (control) were also transfected. Three concentration ranges were used,

nominally low (0.005–0.1mM), medium (0.15–0.25mM) and high (0.5–1.0mM).

Conventional RT-PCR for splicing analysis was performed after 24 h, using the

pSPL3-specific primers SD6 and SA2 (Table 1). PCR products were analyzed

by 2% Nusieve GTG agarose gel electrophoresis and sequenced.

Production of recombinant wild-type and variant GALT
GALT cDNA, a gift of Prof Judith Fridovich-Keil (Emory University, Atlanta,

USA) was cloned into pET24b(þ ) into the HindIII and SalI restriction sites.

The T7 tag was deleted using the NdeI and EcoRI enzymes. By site-directed

mutagenesis (QuikChange II XL Mutagenesis kit, Stratagene, La Jolla, CA,

USA) using the primers 6His-F and 6His-R (Table 1), six CAT codons were

inserted to introduce an N-terminal hexa-histidyl tag. All changes were

confirmed by sequencing in both orientations.

The c.820þ 13A4G mutation was generated by site-directed mutagenesis

(NZY mutagenesis kit, NZYTech) using the IVS8-Mut-F and IVS8-Mut-R

primers (Table 1), and confirmed by direct sequencing in both forward and

reverse orientations. Vectors bearing the wild-type or mutant GALT were

transformed into Escherichia coli BL21 (DE3) Rosetta, grown at 37 1C in

M9 minimal medium containing iron sulfate (100mM), zinc sulfate (100mM),

kanamycin (25mg/ml) and chloramphenicol (34mg/ml). Protein expression

was induced with 400mM isopropyl b-D-1-thiogalactopyranoside once the

Abs600 nm reached 0.3; the cultures were moved to 21 1C and the cells were

harvested after 4 h.

Bacterial pellets were resuspended in buffer A (50 mM Tris-HCl, pH 7.5,

300 mM KCl, and 10% glycerol) containing 1 mM phenylmethanesulfonyl

fluoride and 1 mg/ml lysozyme. After 30-min incubation at 4 1C, cells were

disrupted by sonication, centrifuged (10 000 g, 5 min, at 4 1C), and imidazole

(20 mM) was added to the soluble fraction. Proteins were purified by

immobilized metal affinity chromatography using a HisTrap FF column (GE

Healthcare, Uppsala, Sweden), pre-equilibrated with buffer A with 20 mM

imidazole. After loading the cleared supernatants, the column was washed with

10 column volumes (Vc) of buffer A containing 20 mM imidazole, and 5 Vc of

buffer A with 50 mM imidazole. Pure proteins were obtained by elution with

2.5 ml of buffer A containing 500 mM imidazole, subsequently eliminated with

a PD-10 desalting column (GE Healthcare). Protein solutions were concen-

trated by ultrafiltration using Vivaspin 15R (Sartorius, Goettingen, Germany)

30 kDa-cutoff filters, at 3000 g and 4 1C in a swinging-bucket centrifuge.

Immunoblotting and GALT activity determination were performed on the

same day as purification; the remaining samples were aliquoted, flash-frozen in

liquid nitrogen and stored at �80 1C.

Table 1 Sequence of DNA oligonucleotides used in this study

Oligonucleotides Sequence (50-30)

CF GTGAGGAGCGATCTCAGCA

CR GGAGCGGAGGGTAGTAATGA

BF CCCTCTCAACCCTCTGTGTC

DR TTCAAGGCCCTTTCTGCTTA

7F CACCTTGATGACTTCCTATCC

9R GAAATGGTGTTGGGGCTAAA

SD6 TCTGAGTCACCTGGACAACC

SA2 GCTCACAAATACCACTGAGAT

6His-Fa CCAGCGGATCCCCCTCAAAAA

TGCATCATCACCATCACCACATG

TCGCGCAGTGGAACCGATC

6His-Ra GATCGGTTCCACTGCGCGACAT

GTGGTGATGGTGATGATGCATTTTT

GAGGGGGATCCGCTGG

IVS8-Mut-Fb CCCCTGCTGAGCGTGATGGTCA

GTCTCCCAGATCTAGCCTCCATCATG

IVS8-Mut-Rb CATGATGGAGGCTAGATCTGGGA

GACTGACCATCACGCTCAGCAGGGG

aUnderlined residues encode the hexa-histidyl tag.
bUnderlined residues represent the first 13 nucleotides of intron 8.
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Immunoblotting
Purified proteins were applied to a 12.5% SDS-PAGE and transferred to

nitrocellulose membranes (Amersham Hybond ECL, GE Healthcare). After 2-h

blocking with 5% milk in PBS-T, the membrane was incubated for 1 h at room

temperature with anti-GALT antibody (sc-365577, Santa Cruz Biotechnology,

Santa Cruz, CA, USA, 1:1000 dilution). After washes with PBS-T, the

membrane was incubated for 1 h at room temperature with peroxidase-

conjugated Affinipure goat anti-mouse IgG antibody (Jackson Immuno-

Research Laboratories, West Grove, PA, USA; 1:1000 dilution). The Amersham

ECL Prime Western Blotting Detection Reagent (GE Healthcare) was used for

protein detection.

GALT enzymatic activity
GALT enzymatic activity was measured as previously described.27 All assays

were carried out at 37 1C, in a reaction mixture containing 40 mM Tris-HCl,

pH 7.5, 2 mM galactose-1-phosphate, 0.5 mM uridine diphosphate (UDP)-

glucose, 40mM dithiothreitol and 125 mM glycine. UDP-glucose and UDP-

galactose were separated by HPLC and analyzed by UV detection at

262 nm.26,27

Far-UV circular dichroism
Far-UV circular dichroism (far-UV CD) spectra and thermal denaturation

profiles were recorded in a Jasco J-710 spectropolarimeter, coupled to a Jasco

PTC-348WI Peltier temperature controller and a Haake G/D8 water bath. Each

protein spectrum (samples at 0.15 mg/ml, wild-type; or 0.25 mg/ml, variant)

resulted from six accumulations at 50 nm/min. Thermal denaturation profiles

were monitored at 222 nm between 20 and 90 1C (1 1C/min slope; data pitch:

1 1C; delay time: 0 s). Temperature scan curves were fitted according to a two-

state model.

Differential scanning fluorimetry
Differential scanning fluorimetry (DSF) was performed in a C1000 Touch

thermal cycler equipped with a CFX96 optical reaction module (Bio-Rad,

Hercules, CA, USA). All fluorescence measurements were performed at a final

protein concentration of 0.1 mg/ml in buffer A, and SYPRO orange (Invitrogen

Corporation) at a 5� working concentration, in a 50ml total volume. The

PCR plate was sealed with Optical-Quality Sealing Tape (Bio-Rad) and

centrifuged at 400 g for 1 min. DSF assays were carried out with a 10-min

incubation step at 20 1C followed by ramping the temperature from 20 1C to

90 1C at 1 1C/min, with a 1 s hold time every 0.2 1C and fluorescence

acquisition using the HEX channel. Data were processed using CFX Manager

software V3.0 (Bio-Rad). Temperature scan curves were fit to a biphasic

sigmoidal function, Tm values being obtained from the midpoint of the first

and second transitions.

Dynamic light scattering
Dynamic light scattering (DLS) analysis was performed on a ZetaSizer Nano-S

(Malvern Instrument, Worcestershire, UK) particle size analyzer, coupled to a

Peltier temperature control unit; a He-Ne laser was used as the light source

(633 nm). Samples were centrifuged at 15 000 g for 30 min at 4 1C, diluted in

buffer A to a final concentration of 0.15 mg/ml, and filtered with a 0.22mm

membrane to remove aggregates. Temperature was ramped from 20–70 1C at

0.5 1C/min, with the particle size average, distribution and total-scattering

intensity being collected. Data were processed using Zetasizer Nano DTS

software v7.01 (Malvern Instrument). The melting temperature (Tagg), at

which both size and intensity start to increase significantly, was determined by

fitting the obtained data to an equation defined by a plateau followed by one-

phase association. The kinetics of thermal aggregation was monitored at 37

and 42 1C for 60 min.

RESULTS

In vivo analysis confirmed that c.820þ 13A4G is a disease-causing
mutation
Patients carrying the c.820þ 13A4G mutation were selected for
transcript analysis. RT-PCR analysis of the GALT mRNA revealed the

presence of two fragments when analyzing either control individuals
or the homozygous patient, and four fragments when analyzing a
heterozygous patient.

Control individuals presented the expected fragment (378 bp),
resulting from the usage of the canonical splice sites and thus
including the end of exon 7, complete exons 8 and 9 and the
beginning of exon 10, and a very faint fragment (294 bp), resulting
from an alternative splicing event with skipping of exon 9 (Figure 1).
This mRNA does not induce a frameshift, rather causing the internal
deletion of 28 amino acids, between residues 273 and 302.

The homozygous patient profile also presented two fragments (391
and 307 bp), which differed from those of control individuals by the
additional 13 bp corresponding to the first nucleotides of intron 8,
and resulting from transcription of the allele carrying the
c.820þ 13A4G transition. Also, the fragment corresponding to exon
9 skipping is somewhat more intense than that of the control
(Figure 1).

The heterozygous patient transcript analysis revealed the presence
of the four previously mentioned fragments. Whereas the 391 and
307 bp fragments result from transcription of the allele carrying the
c.820þ 13A4G transition, the 378 bp fragment and a very faint band
corresponding to the 294 bp fragment result from transcription of the
missense allele yielding c.883C4A (p.P295T). A longer band is also
visible, resulting from heteroduplex formation, a common PCR-
derived phenomenon (Figure 1).28,29

In vivo, the c.820þ 13A4G mutation might induce a frameshift in
the open reading frame (ORF) and introduce a PTC 17 amino acids
downstream (p.D274Gfs*17) in the exon 9 including transcript, or 55
amino acids downstream (p.D274Gfs*55) in the exon 9 skipping
transcript.

Furthermore, and to rule out any PCR-related problem, we
performed transcript analyses using additional primer pairs, namely
BFþCR and CFþDR (Table 1), obtaining products covering regions
upstream and downstream the fragment initially amplified, but always
encompassing the variation site. The results always revealed the

HomPCtrl

C - control

P - patients

HetPMM
450 bp
400 bp

350 bp

300 bp

C1

C2
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P2
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C2

P1
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X

Figure 1 Transcript analysis of control and patients’ lymphocytes confirm

different splicing patterns. Total RNA was isolated from lymphocytes of

control and homozygous and heterozygous patients with the

c.820þ13A4G mutation. RT-PCR analysis of GALT mRNA revealed the

presence of two fragments: control showed the expected fragment (378 bp)

and a smaller and very faint fragment (294 bp) that resulted from an

alternative splicing event with skipping of exon 9; homozygous patient also

showed the two fragments, although both presented the first 13 nucleotides

of intron 8 (391 and 307 bp); heterozygous patient showed four fragments

corresponding to alleles carrying and not carrying the splicing mutation.
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presence of two transcripts corresponding to the presence and absence
of exon 9 (data not shown).

Ex vivo analysis revealed that the intronic mutation
c.820þ 13A4G causes aberrant splicing of the GALT transcript
Our previous in silico analysis26 predicted the activation of a cryptic
donor splice site located immediately downstream the variation in
intron 8 (c.820þ 14_820þ 15). Effectively, in the NetGene2 server,
the authentic GT site scores 0.68, whereas the cryptic GT site scores
0.99. Moreover, the authentic acceptor splice site in intron 8 scores
very low (0.4) in the same server, revealing its intrinsic weakness.26

To investigate if this intronic variation was sufficient to cause
aberrant splicing, the 399 bp fragment containing the wild-type or the
mutant regions of the GALT gene was cloned into the pSPL3 exon-
trapping vector. Minigene constructs pSPL3.wt and pSPL3.mut
differed exclusively in the 13th nucleotide of intron 8 (Figure 2a).
HeLa and COS-7 cells were transiently transfected with each construct
or empty vector, and the resulting splicing products were sequenced
using the pSPL3-specific primers, thus avoiding the amplification of
endogenous GALT transcripts. Transfection with the empty vector
showed a single 263 bp fragment according to the pSPL3 canonical
splicing sites (Supplementary Figure S1).

Transfection of HeLa cells with pSPL3.wt showed a single 396 bp
fragment, resulting from the inclusion of exon 8 and exclusion of

exon 9, whereas the pSPL3.mut originated a single 409 bp fragment,
also resulting from exon 8 inclusion and exon 9 exclusion, including
however the first 13 nucleotides of intron 8 (Figure 2b).

Minigenes transfection in COS-7 yielded several fragments, owing
to usage of all splicing sites, including a cryptic donor site in the
vector sequence (Figure 2c). Nevertheless, the transcript profile of the
mutant minigene was clearly different from that of the wild-type, as
all transcripts, except the one including the entire intron 8, presented
the additional first 13 nucleotides of intron 8 and the canonical donor
site was never used.

Minigene analysis in two different cell lines showed that the
c.820þ 13A4G mutation per se activates a cryptic donor splice site
(c.820þ 14_820þ 15), leading to inclusion of the first 13 nucleotides
of intron 8 in the mature mRNA, thus inducing an aberrant splicing
of the GALT transcript.

Antisense therapy allowed the ex vivo reversion of the alternative
splicing caused by the c.820þ 13A4G mutation
To investigate the possibility of restoring correct splicing by antisense
therapy, two LNA oligonucleotides were designed. Both oligonucleo-
tides, with slight differences in sequence coverage (Supplementary
Figure S2), were targeted to the cryptic splice site, sterically blocking
the access of the spliceosome machinery to this site, thus driving the
usage of the canonical donor splice site. HeLa and COS-7 cells were

500 bp

450 bp

400 bp

350 bp

mutwtMM

700 bp

600 bp

500 bp

450 bp
400 bp

mutwtMM
800 bp

Figure 2 Minigene constructs and transcript analysis of transfected cells. (a) schematic representation depicting the minigene constructs. The PCR

fragment comprising the last portion of intron 7, exon 8, intron 8, exon 9 and the first portion of intron 9 was cloned in the pSPL3 vector: pSPL3.wt

minigene presents the genomic wild-type fragment; pSPL3.mut minigene presents the genomic mutant fragment (c.820þ13A4G mutation); (b)

transfection of HeLa cells with the wild-type and mutant constructs; RT-PCR pattern and sequence analysis of the corresponding fragments are depicted in

the schemes; (c) transfection of COS-7 cells with the wild-type and mutant constructs; RT-PCR pattern and sequence analysis of the corresponding

fragments are depicted in the schemes.
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transfected with each minigene constructs and with either LNA at
three different concentration ranges. Results revealed that the wild-
type minigene was not affected by any of the antisense oligonucleo-
tides, at any concentration (Supplementary Figure S3). Transcripts
derived from the mutant minigene revealed that neither LNA at low
doses was able to prevent usage of the cryptic splice site. When the
concentration of each LNA was raised to the higher range, the
aberrant splicing was completely abolished and the natural splicing
mechanism was recovered, with no apparent differences between the
highest LNA concentrations (Figure 3).

The truncated variant GALT is stable but inactive and prone to
aggregation
Despite the c.820þ 13A4G mutation inducing a frameshift in the
ORF and introducing a PTC (p.D274Gfs*17), reverse transcription
analysis detected the aberrant mature transcript in all patients,
indicating that the variant protein may be translated in vivo.

The recombinant wild-type and truncated p.D274Gfs*17 GALT
were produced in a prokaryotic expression system, purified and
analyzed from a functional–structural viewpoint. Immunoblotting
analysis of wild-type and variant proteins showed two main bands
with molecular masses of B45 kDa for the wild-type and B34 kDa
for the truncated GALT (Supplementary Figure S4A). Besides the
main band, both proteins display bands with lower molecular mass
and much lower intensity. Recombinant wild-type GALT displayed a
specific enzymatic activity of 10.2mmol.mg�1.h�1, whereas
p.D274Gfs*17 had undetectable activity.

The structural impact of the variation was analyzed by different
biophysical techniques. By far-UV CD spectroscopy, we observed
nearly identical spectra for the wild-type and truncated GALT
(Supplementary Figure S5A). Monitoring CD ellipticity at 222 nm
as a function of increasing temperature, secondary structure thermal
denaturation profiles yielded Tm values of 53.0±1.3 1C and
54.6±2.1 1C, respectively for wild-type and p.D274Gfs*17 GALT.
DSF assays were used to obtain the proteins’ tertiary structure thermal
denaturation profiles. Two melting transitions were observed
(Supplementary Figure S5B), with similar Tm values for both proteins:
Tm1¼ 43.7±0.6 1C and Tm2¼ 52.5±1.1 1C for wild-type, and
Tm1¼ 43.4±0.1 1C and Tm2¼ 51.8±0.1 1C for p.D274Gfs*17 GALT.
The propensity to aggregate in solution was analyzed by DLS. Both
proteins displayed quite similar Tagg (Supplementary Figure S5C;
41.3±0.1 1C for wild-type and 41.1±0.1 1C for p.D274Gfs*17) and
overlapping aggregation kinetics profiles at 37 1C (t1/2¼
26.6±0.1 min for wild-type and 25.6±2.7 min for p.D274Gfs*17;
data not shown), contrasting with a faster aggregation of

p.D274Gfs*17 GALT relatively to wild-type at 42 1C (Supplementary
Figure S5D; t1/2¼ 7.0±0.2 min for wild-type and 5.0±0.1 min for
p.D274Gfs*17).

DISCUSSION

We report the functional characterization of an intronic variation in
the GALT gene, and the first description of antisense oligonucleotides
as therapeutic agents in classic galactosemia. In silico analysis of the
target sequence revealed the presence of a cryptic donor site
(c.820þ 14_820þ 15) that is activated in the presence of the
c.820þ 13A4G, leading to the exonization of the first 13 nucleotides
of intron 8 (r.(936_937ins936þ 1_936þ 13; 936þ 13G4A)).

Patients’ transcript analysis confirmed the presence of a fragment
containing the first 13 nucleotides of intron 8, in contrast to controls,
who presented a fragment resulting from constitutive splicing.
Surprisingly, a second fragment was identified, in patients and
controls, corresponding to exon 9 skipping, an unprecedented
observation that is much more prominent in patients. The occurrence
of exon 9 skipping in homozygous wild-type individuals rules out the
possibility that this alternative splicing event could result from the
c.820þ 13A4G mutation, but the results strongly suggest that this
transition favors it. Previous studies have described transcripts
resulting from alternative splicing as a ‘background’ noise of the
splicing process30 and, accordingly, this GALT alternative splicing
should correspond to a physiological event, at least in lymphocytes,
that we herein report for the first time.

Minigene analyses in two cell lines, HeLa and COS-7, fully
confirmed the patients’ genetic analysis. HeLa cells displayed a very
simple profile with one single fragment, corresponding to the
inclusion of exon 8 and skipping of exon 9, whereas COS-7 cells
displayed several fragments corresponding to the usage of all available
splicing sites. Nevertheless, a key observation common to both cell
lines is that the presence of the c.820þ 13A4G mutation always
induced the usage of the cryptic donor site instead of the canonical
one.

The in silico predicted weakness of the acceptor splice site in intron
826 was fully confirmed by the minigene assay. Wild-type minigene
analysis in both cell lines also displayed a fragment corresponding to
exon 9 skipping, confirming that this splicing event is not related with
the variation herein studied.

The splicing process, particularly the recognition of splicing sites, is
highly dependent on the availability of tissue-specific factors, which
explains the different transcript profiles of HeLa and COS-7 cells.31,32

Altogether, in vivo and ex vivo analyses demonstrated that the
c.820þ 13A4G variation is actually a disease-causing mutation.

mut

wtMM 0

[LNA1]

0.25 0.5 0.75 1.0 [LNA1]

500 bp
450 bp
400 bp

350 bp

(µM)

Figure 3 Antisense nucleotides correct the splicing pattern of mutant minigene. Transcript analysis of HeLa cells expressing the wild-type and mutant

minigene constructs and further treated with antisense oligonucleotides. RT-PCR pattern and sequence analysis of the corresponding fragment in untreated

(0) and treated (0.25, 0.5, 0.75 and 1mM) HeLa cells confirmed that both LNA oligonucleotides (herein depicted as LNA1) fully corrected the aberrant

splicing. LNA2 showed identical transcript profile, also subsequently confirmed by sequencing.
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Our results, neatly complemented by the in vivo analysis of patients’
cells, reiterate the reliability of the ex vivo minigene functional assay to
unravel the molecular mechanism(s) whereby a variation affects
splicing.33

Once proven the pathogenic effect of the c.820þ 13A4G muta-
tion, we investigated the possibility of restoring correct splicing by
antisense therapy. LNA oligonucleotides were chosen for their high-
mismatch discrimination ability34 and their high stability and low
toxicity in biologic systems.35 This variation activates a cryptic donor
splice site extremely close to the natural one, thus its steric blocking
by antisense oligonucleotides could affect the correct splicing. For that
reason, two oligonucleotides were designed, LNA1 and LNA2,
respectively 10 and 5 nucleotides distant from the canonical GT,
and were assayed separately. LNA concentrations in the reported
ranges (o0.25mM) failed to inhibit the alternative splicing process.
However, at higher concentrations (0.5–1mM), each LNA successfully
restored the normal splicing profile. Above the lowest LNA
concentration at which the normal splicing profile was obtained
(0.5mM), no improvement in efficiency was observed, which is in
accordance with previous pharmacological studies showing ‘threshold
affinity’ for LNA oligonucleotides.36

In patients, the transcript displaying the additional 13 nucleotides
of intron 8 induces a frameshift in the ORF, introducing a PTC 17
residues downstream (p.D274Gfs*17). PTC-containing transcripts
usually trigger the nonsense-mediated decay (NMD) system, thereby
preventing the production of aberrant proteins.2,37,38 This system is
elicited upon recognition of a PTC located 450–55 nucleotides
upstream the next exon–exon junction.38 The PTC induced by the
c.820þ 13A4G mutation is only 44 nucleotides upstream of the exon
9–exon 10 junction, thus preventing the NMD from degrading this
transcript which putatively encodes a 290 amino-acids polypeptide,
(Supplementary Figure S4B). Moreover, the C-terminal 17 residues of
p.D274Gfs*17 differ from the wild-type sequence. In line with the
literature, western blot detection of GALT from human samples, even
from control individuals, was unsuccessful, which precluded us from
demonstrating whether the truncated enzyme is produced in vivo.

Structural models of wild-type and p.D274Gfs*17 GALT
(Supplementary Figure S4C) were obtained based on the structure
of bacterial GALT (PDB code: 1GUP).39 The missing residues in the
truncated protein include (i) a helix that protrudes into the other
monomer to assemble the functional homodimer, and (ii) three of the
four non-heme mononuclear iron ligands in bacterial GALT.21,40,41

These observations led us to anticipate considerable structural–
functional perturbations in p.D274Gfs*17 and prompted us to
characterize recombinant wild-type and variant GALT by different
biophysical methods, which showed that p.D274Gfs*17 GALT does
not display significant alterations at the secondary and tertiary
structure levels, although it has a higher propensity than wild-type
GALT for aggregation upon thermal insult (Supplementary Figure
S5D). This observation, together with the null activity exhibited by
p.D274Gfs*17, suggests that, in a cellular context, the truncated GALT
will most likely aggregate and will be prematurely marked for
degradation. Therefore, despite the possibility that the stable mutant
mRNA is translated into p.D274Gfs*17 GALT in the patients’ cells, it
should be completely devoid of any functional ability. These
observations reinforce the importance of antisense therapy in
correcting splicing mutations and, particularly, in restoring GALT
function.

In conclusion, this study constitutes the first functional character-
ization of an intronic variation in classic galactosemia by two
distinct yet complementary approaches: patients’ genetic analysis

and minigene assays. Furthermore, two LNA oligonucleotides, speci-
fically designed to recognize the c.820þ 13A4G, have successfully
restored the splicing profile, thus establishing a proof of concept for
the application of antisense therapy for mis-splicing mutations in
classic galactosemia.
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