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Deciphering the mechanism of Q145H SFTPC
mutation unmasks a splicing defect and explains the
severity of the phenotype

Céline Delestrain234 Stéphanie Simon!3*, Abdel Aissat">*°, Rachel Medina!”®, Xavier Decrouy3’6,
Elodie Nattes!">*, Agathe Tarze"">, Bruno Costes!?, Pascale Fanen"**>7 and Ralph Epaud*!>3%7

Mutations in the gene encoding surfactant protein C (SFTPC) have led to a broad range of phenotypes from neonatal respiratory
distress syndrome to adult interstitial lung disease. We previously identified the c.435G > C variant in the SFTPC gene associated
with fatal neonatal respiratory distress syndrome in an infant girl. Although this variation is predicted to change glutamine (Q) at
position 145 to histidine (H), its position at the last base of exon 4 and the severity of the phenotype suggested that it might
also induce a splicing defect. To test this hypothesis, we used hybrid minigene, biochemical and immunofluorescence tools to
decipher the molecular mechanism of the mutation. Immunoblotting and confocal imaging showed similar maturation and
localization of wild-type and Q145H proteins, but hybrid minigene analysis showed complete exon 4 skipping. Since the exon 4
is in frame, a putative truncated protein of 160 amino acids would be produced. We have shown that this truncated protein had
an altered intracellular trafficking and maturation. The ¢.435G > C mutation is deleterious not because of its amino acid
substitution but because of its subsequent splicing defect and should be referred to as r.325_435del and p.Leu109_GIn145del.

The absence of residual full-length transcripts fully explained the severity of the phenotype we observed in the infant.
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INTRODUCTION

The genetic surfactant disorders are a group of rare diseases
responsible for interstitial lung disease (ILD) in both children and
adults. Since the first description of ILD being associated with an
altered SFTPC gene in 2001, about 50 different mutations have been
reported, almost all with heterozygous status.! Mutations in the
SFTPC gene are defined by their location: the mutations within the
BRICHOS domain, which alter the ability of proSP-C to fold correctly,
causing aggresome formation and cellular dysfunction,®™ and the
non-BRICHOS mutations, which induce abnormal trafficking of
proSP-C, for functional impairment of lipid uptake.>® The phenotypes
associated with the SFTPC mutations vary, from neonatal respiratory
distress syndrome to adult ILD, and this wide phenotypic variability is
not fully explained by the genotype. Severe phenotypes have been
associated with two splicing mutations within the donor splice site at
the exon—intron 4 junction of SFTPC gene, c.435+1 G>A and
c.435G>A p.GIn145=."7 Both mutations result in SETPC exon 4
skipping.

The aim of this study was to decipher the molecular mechanism
leading to the ¢.435G>C deleterious effect. Although this variation is
a missense mutation, its position at the last base of exon 4 suggested
that it might induce a splicing defect and lead to the skipping of exon
4. A minigene strategy was used to test this hypothesis, together with
immunoblotting and confocal imaging to compare the cellular impact
of the amino acid change at position 145 and the deleted protein,

resulting from the splicing mutation, on the maturation and traffick-
ing of proSP-C. The results obtained with the splicing mutant agree
with the phenotype we found associated with this mutation: an
extremely severe neonatal respiratory distress syndrome that led to
death within the third month of life.?

METHODS

Recommendations of the Human Genome Variation Society (http://
www.hgvs.org/mutnomen/) were followed for mutation names, with
+1 used as the A for the ATG translation initiation start site in the
GenBank SFTPC reference sequence NM_003018.3. Exons are num-
bered like in NG_016968.1. The impact of ¢.435G> C, c.435G> A and
c435+1 G> A mutations on the strength of the splice donor site was
analyzed by using free online software as previously described.® In
addition, the Shapiro and Senapathy nucleotide weight matrices were
used to calculate each splice site score.!” The data of the study (variant,
phenotype and possible functional consequence) have been submitted
into the freely accessible public database LOVD (http://databases.lovd.
nl/shared/individuals/00090135).

We constructed a hybrid minigene containing the SFTPC exon 4
and its flanking intronic regions (231bp upstream and 334 bp
downstream) PCR-amplified from genomic DNA and subcloned into
the pETOl vector (Mobitec, Gottingen, Germany) as previously
described.!! Human proSP-C wild-type (WT) cDNA (Origene,
Herford, Germany) was subcloned into the pcDNA3.1/V5-His-TOPO
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Table 1 In silico analysis of impact of SFTPC mutation on strength of the exon 4 donor splice site by use of different bioinformatics resources

Score of donor strength (% variation)

Name wt c.435G>C Q145H  ¢.435G>A Q145Q¢ c.435+1G> A?
ESEfinder3.0 11.52 6.65 (-42.67%) 8.13 (-29.43%) 6.74 (-58.51%)
http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi

FSplice 10.44 0 (-100%) 0 (-100%) 0 (-100%)
http://linux1.softberry.com/berry.phtmli?topic = fsplice&group = programs&subgroup = gfind

GENSCAN 89 41 (-52.31%) 36 (-60.55%) 3(-92.63%)
http://genes.mit.edu/GENSCAN.html

HSPL 80 0 (-100%) 0 (-100%) 0 (-100%)
http://linux1.softberry.com/berry.phtml?topic = spl&group = programs&subgroup = gfind

Human Splicing Finder 90.04 79.02 (-12.04%) 79.46 (-11.76%) 63.20 (-29.81%)
http://www.umd.be/HSF3/HSF.html

MaxEntScan 6.99 3.78 (-46.93%) 3.84 (-45.17%) -1.18 (-100%)
http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html

NetGene2 0.75 0.31 (-59.66%) 0 (-100%) 0 (-100%)
http://www.cbs.dtu.dk/services/NetGene2/

NNsplice 95 44 (-53.32%) 38 (-60%) 20 (-68.95%)
http://www.fruitfly.org/seq_tools/splice.html

Shapiro-Senepathy 85.40 71.17 (-16.66%) 72.99 (-14.53%) 67.15 (-21.37%)
Shapiro-Senapathy19

SPLM 48 0 (-100%) 0 (-100%) 0 (-100%)
http://www.softberry.com/berry.phtmI?topic = spIm&group = programs&subgroup = gfind

WebGene (SpliceView) 89 81 (-9.17%) 83(-6.75%) 0 (-100%)

http://bioinfo.itb.cnr.it/oriel/splice-view.html

Data are score (%) of splice score variations. WT, wild type. *O indicates that the site is not recognized by the related tools.
aThe intronic mutation c.435+1 G>A and the exonic ¢.435 G> A, previously described to abolish this normal donor splice site, were used as positive controls.”

vector. All mutations were generated by using a site-directed muta-
genesis kit (Stratagene, Waghaeusel-Wiesental, Germany), and pET01
or pcDNA3.1/V5-His-TOPO constructs were transiently transfected in
A549 cells by using Lipofectamine 2000 (Life Technologies, Courta-
boeuf, France) according to the manufacturer’s instructions.

After 24 h of transfection, total RNA was extracted with use of
TRIzol Reagent (Life Technologies) according to the manufacturer’s
instructions. RT-PCR involved use of the Maxima First Strand cDNA
Synthesis kit for RT-qPCR with dsDNase (Thermo Scientific, St Leon-
rot, Germany). Amplified products were separated by capillary
electrophoresis as described.!!

Ratios of splicing isoforms were determined as the peak area of the
considered SFTPC isoform divided by the sum of peak areas of all
isoforms for each variant.

Human WT proSP-C or mutated cDNA was transiently transfected
in A549 cells for 24 h, then total cell protein extracts were collected
after cell lysis in RIPA buffer containing protease inhibitors. In total,
30 pg protein was immunoblotted with the following primary
antibodies rabbit polyclonal anti-proSP-C or mouse monoclonal
anti-beta actin (both Abcam, Cambridge, UK), then the secondary
antibodies horseradish peroxidase-conjugated goat anti-rabbit or goat
anti-mouse (both Cell Signaling, Danvers, MA, USA).

For immunofluorescence, A549 cells seeded on coverslips were
transfected for 24 h, then fixed with 4% paraformaldehyde. Immu-
nostaining involved use of the primary antibodies rabbit polyclonal
anti-proSP-C and mouse monoclonal anti-calnexin (both Abcam),
followed by the secondary antibodies goat anti-rabbit Alexa Fluor 488
and goat anti-mouse Alexa Fluor 568 (both Life Technologies). Nuclei
were detected with To-Pro-3 Iodide staining (Life Technologies)
according to the manufacturer’s instructions. Laser scanning confocal
microscopy involved use of a Zeiss confocal LSM 510 and Zeiss Zen
2009 software.
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RESULTS

The index patient was an infant girl delivered by caesarian section at
38 weeks after an uneventful pregnancy. Within the first month of life,
she experienced rapidly progressive respiratory failure that required
invasive ventilation related to severe respiratory distress syndrome.
High-resolution computed tomography scan revealed bilateral
ground-glass opacity with anterior pneumothorax. Despite methyl-
prednisolone pulses, exogenous surfactant administration and high-
pressure ventilation, the respiratory condition worsened and the
patient died at age 3 months.

The ¢.435G > C mutation was identified in one allele of the SFTPC
gene in the index patient.® Because this mutation is located at the last
nucleotide of exon 4, we used splicing bioinformatics tools to
investigate a putative change in the strength of this donor splice site
at the exon—intron 4 junction (Table 1). Globally, the ¢.435G>C
mutation induced a marked decrease or complete abolition of the
predicted scores of this donor splice site (11 of 11), in the same
manner as the two positive controls, which indicates that this
mutation could alter the recognition of the exon 4 by the splicing
machinery.

We then assessed in vitro splicing by using hybrid minigene assay.
Capillary electrophoresis analysis revealed a single 245- bp transcript
after empty-plasmid transfection (Figure 1a). With the WT construct,
two peaks could be detected (Figure 1b), including a major peak of
355 bp corresponding to the full-length exon 4 (75%) and a minor
peak of 245 bp corresponding to exon 4 skipping (25%). By contrast,
use of the c.435+1G> A construct revealed a single 245-bp transcript
(100%) (Figure 1c). A similar result was observed with the c.435G>C
construct (Figure 1d), which demonstrates the effect of this exonic
mutation on SFTPC splicing.

Minigenes may not precisely recapitulate the in vivo situation, and
alternative splicing could possibly occur in vivo. Hence, some amount



of normally processed transcript encoding the missense change may be
produced in patient’s cells. Therefore, we investigated the effect of
proSP-CQ5H and proSP-CAE™, the resulting protein of the splicing
defect, at the protein level. Immunoblot analysis with anti-proSP-C
antibody revealed two slight bands at 21 and 14 kDa with the empty-

vector transfection and no transfection (Figure 2a). With proSP-CWT
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Figure 1 Hybrid minigene splicing assays. Left: examples of capillary
electrophoresis analysis of RT-PCR products obtained after 25 cycles. RNA
was purified from Ab549 cells transfected with empty plasmid (pETO1)
(@), minigene containing exon 4 WT (b) or mutant exon 4: c.435+1G>A as
a positive control (c) and ¢.435G>C (d). RT-PCR with use of a FAM-labeled
forward primer located within the splice donor exon and a reverse primer
within the splice acceptor exon of the pETO1 plasmid. The corresponding
size and relative amount of each peak is indicated. The peak at 245 bp
corresponds to exon 4 skipped mRNA and 355 bp to full-length mRNA.
Right: schematic representation of the minigenes used in the splicing assay.
The minigenes contain wild-type (WT) or mutated SFTPC exon 4 flanked by
their natural intronic sequences (231 bp of the upstream intron 3 and
334 bp of the downstream intron 4). Data are mean percentage of at least
two independent measurements performed four times.
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transfection, lysates contained a strong band of 21 kDa corresponding
to a primary translation product, and higher and smaller processed
intermediates at 25 and 14 kDa (Figure 2a). ProSP-CR4>H transfection
resulted in a similar protein expression profile, which suggests normal
processing, whereas proSP-CAFx°"* transfection resulted in a smaller
primary translation product, =17 kDa, without post-translational
processing.

To assess cell trafficking modifications, we used immunostaining
with anti-proSP-C antibody (Figure 2b) after transfection of the
empty-vector plasmid (pcDNA3.1-V5-His) or WT (proSP-CVT) or
mutated (proSP-CAF*n and proSP-CQ4°H) plasmids into A549 cells.
Confocal microscopy revealed no signal with empty-vector transfec-
tion, which suggests very weak proSP-C endogenous expression. With
proSP-CWT, the proprotein predominantly localized in cytosolic
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Figure 2 ProSP-C  processing and trafficking. (a) Representative
immunoblotting of proSP-C in whole cell lysates of A549 cells untransfected
(Ctr.) or transiently transfected with empty plasmid (pcDNA3.1V5HisTOPO),
proSP-CWT,  proSP-C3145H and proSP-CAE*, (b) Representative confocal
images of Ab49 cells after 24 h expression of empty plasmid, proSP-C WT,
proSP-CA45H and proSP-CAE*, |mmunostaining was with rabbit polyclonal
anti-proSP-C (green) and mouse monoclonal anti-calnexin antibodies (red).
Nuclei were detected by ToPro-3 iodide (blue).
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vesicles and did not co-localize with endoplasmic reticulum. A similar
intracellular distribution was observed with proSP-CQ4H transfec-
tion. By contrast, the proSP-CAF*°™ protein was retained in the
endoplasmic reticulum (Figure 2b).

DISCUSSION

We have shown that, in vitro, the c.435G>C mutation, initially
interpreted as a missense mutation p.(GIn145His), results in the
complete skipping of exon 4 r.325_435del. Since the exon 4 is in
frame, a putative stable truncated protein of 160 amino acids
p-Leul09_GIn145del would be produced. We observed a similar
intracellular processing and trafficking of proSP-CU*H and
proSP-CWT, which suggests that if this protein was produced, this
substitution would not be responsible for the severe lung phenotype
observed in the infant girl.

As the ¢.435G>C induces complete exon 4 skipping, the effect is
similar to the substitution at the first nucleotide of intron 4 (c.435
+1G>A) described by Nogee et al.! Recently, severe lung phenotype
with onset of symptoms in early infancy was shown in a full-term
infant carrying the ¢.435G>A mutation, again affecting the donor
splice site at the exon—intron 4 junction.” In this case, analysis of
mRNA from frozen lung tissue from the patient confirmed exon 4
skipping. The severity of the phenotype is in accordance with our
results. Those results highlight that the donor splice site at the exon—
intron 4 junction is a hot-spot mutation in SFTPC gene leading to a
severe phenotype. We and others show that unmasking the splicing
defect hidden behind missense or nonsense mutations is important for
deciding appropriate therapeutic strategies for genetic surfactant

disorders and other rare genetic diseases.!!~13
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