
Splicing defects caused by exonic mutations in PKD1 as a new
mechanism of pathogenesis in autosomal dominant polycystic
kidney disease

Felix Claverie-Martin*, Francisco J Gonzalez-Paredes, and Elena Ramos-Trujillo
Unidad de Investigacion; Hospital Nuestra Se~nora de Candelaria; Santa Cruz de Tenerife, Spain

The correct splicing of precursor-
mRNA depends on the actual splice

sites plus exonic and intronic regulatory
elements recognized by the splicing
machinery. Surprisingly, an increasing
number of examples reveal that exonic
mutations disrupt the binding of splicing
factors to these sequences or generate
new splice sites or regulatory elements,
causing disease. This contradicts the gen-
eral assumption that missense mutations
disrupt protein function and that synon-
ymous mutations are merely polymor-
phisms. Autosomal dominant polycystic
kidney disease (ADPKD) is a common
inherited disorder caused mainly by
mutations in the PKD1 gene. Recently,
we analyzed a substantial number of
PKD1 missense or synonymous muta-
tions to further characterize their conse-
quences on pre-mRNA splicing. Our
results showed that one missense and 2
synonymous mutations induce signifi-
cant defects in pre-mRNA splicing.
Thus, it appears that aberrant splicing as
a result of exonic mutations is a previ-
ously unrecognized cause of ADPKD.

Introduction

Most human precursor-mRNAs (pre-
mRNAs) contain noncoding sequences or
introns that must be deleted to generate
the correct joining of exons in the mature
mRNAs. This highly regulated step in
gene expression is known as pre-mRNA
splicing. The spliceosome, a large complex
comprising 5 types of small nuclear ribo-
nucleoproteins (snRNPs) and many addi-
tional proteins, catalyzes the splicing

process.1 The high accuracy of this process
is accomplished through identification of
cis-acting elements within the pre-mRNA
and a large number of RNA-RNA, RNA-
protein, and protein-protein interactions.2

The spliceosome assembles on intron-
exon boundaries and, through U6 snRNA
catalyzes 2 consecutive trans-esterification
reactions that result in intron removal and
joining of exons.3 In addition to canonical
splice sites, the pre-mRNA molecules con-
tain, both in the exons and the introns,
sequence motifs that regulate constitutive
and alternative splicing.

Splice Sites

The most conserved splicing sequences
are the donor and acceptor splice sites
located at the 5’ and 3’ of the intron ends,
respectively.4 The donor splice site is
mainly composed of an intronic GU dinu-
cleotide preceded by an exonic AG dinu-
cleotide, and the acceptor splice site
contains the intronic branch point
sequence (YNYURAY), a polypyrimidine
tract and an AG at the intron boundary.
These sequences are detected repeatedly
by components of the spliceosome during
the processes of intron removal and exon
joining. The donor splice site is initially
recognized by the U1 snRNP, whereas the
branch point sequence and the acceptor
splice site are bound by the U2 snRNP
and the U2 auxiliary factor (U2AF),
respectively (Fig. 1A).2 Successive interac-
tions with other snRNPs result in forma-
tion of an active complex that carries out
the transesterification reactions leading to
mRNA.

Keywords: ADPKD, disease-causing vari-
ant, exonic mutations, missense mutation,
mRNA analysis, minigene assay, pre-
mRNA splicing, PKD1, synonymous
mutation, splice site mutation

Abbreviations: ADPKD; autosomal dom-
inant polycystic kidney disease; ESE;
exonic splicing enhancer; ESS; exonic
splicing silencer; ISE; intronic splicing
enhancer; ISS; intronic splicing silencer;
NMD; nonsense-mediated mRNA decay;
RT-PCR; reverse-transcribed polymerase
chain reaction; SR proteins; serine/
arginine-rich proteins; SRE; splicing regu-
latory element.

*Correspondence to: Felix Claverie-Martin;
Email: fclamar@gobiernodecanarias.org

Submitted: 11/26/2014

Revised: 01/17/2015

Accepted: 01/22/2015

http://dx.doi.org/10.1080/15476286.2015.1014291

www.tandfonline.com 369RNA Biology

RNA Biology 12:4, 369--374; April 2015; © 2015 Taylor & Francis Group, LLC
POINT-OF-VIEW



Splicing Regulatory Elements

Splicing regulatory elements (SREs)
are binding sites for regulatory factors
that modulate splicing efficiency by
either increasing or decreasing spliceoso-
mal component recruitment.5-12 These
sequences of about 10 nucleotides are
referred to as exonic or intronic splicing
enhancers (ESE or ISE) or silencers
(ESS or ISS). However, depending on
their relative location in pre-mRNA,
some of these splicing regulators can
function as either enhancer or
silencers.13,14 Most ESEs are binding
sites for members of the serine/arginine-
rich (SR) protein family, which are char-
acterized by having one or more RNA
binding domains and an arginine/serine-

rich domain for protein–protein interac-
tions.15-17 SR proteins promote the ini-
tial steps of spliceosome assembly by
recruiting U1 snRNP to the donor
splice site or by antagonizing the effects
of ESSs in the neighborhood.15 In some
cases, however, SR proteins can interfere
with exon recognition when bound to
intronic positions, possibly due to steric
hindrance.18

ESSs and ISSs are binding sites for
splicing repressors of the heterogenous
nuclear ribonucleoprotein (hnRNP) fam-
ily, a diverse group of proteins containing
one or more RNA-binding domains and
protein-protein interaction domains.19,20

hnRNPs proteins are mainly implicated
in exon skipping and function by differ-
ent mechanisms.8,11 For instance,

hnRNP I can compete
with auxiliary factor U2AF
for its binding site close to
the 30 splice site, whereas
hnRNP A1 binds to ESSs
and can prevent binding of
SR proteins to their ESEs.6

Genetic Variants that
Cause Splicing

Defects in Disease

Alterations in pre-
mRNA splicing due to gene
mutations are the underly-
ing cause of many human
diseases.11,4,21,22 For some
genes, up to 50% of dis-
ease-causing mutations are
found to affect splicing.23

These mutations occurring
in coding or non-coding
regions may disrupt splice
sites or SREs (Fig. 1).24

Other exonic or intronic
variants are able to generate
new splice sites or regula-
tory sequences that can
cause disease. The most eas-
ily recognized mechanism
of splicing alteration,
accounting for 10% of all
human disease-causing
mutations, involves substi-
tutions in the GU and AG
splice site dinucleotides and
neighboring bases.23,25

Branch point sequence and polypyrimi-
dine track mutations are rare.26 Over the
last 15 y it has been demonstrated that dif-
ferent exonic mutations have an effect on
pre-mRNA splicing.10,24,27 In fact, recent
studies suggest that approximately 25% of
exonic mutations are likely to affect this
process.28 The alterations can lead to skip-
ping of exons, inclusion of introns, gener-
ation of new splice sites or activation of
cryptic splice sites (Fig. 1B).10,29-31

Defective mRNAs produced by these
events may include exons or intron
sequences with premature stop codons. It
is not easy to predict the cytoplasmic fate
of these aberrant messages, but some of
them are probably degraded by nonsense-
mediated decay (NMD).32

Figure 1. Splice sites, regulatory elements and splicing alterations caused by mutations. (A) Yellow or blue boxes
and black lines symbolize exons and introns respectively. The acceptor (AG) and donor (GU) sites, branch site (A),
polypyrimidine (Py) tract and splicing regulatory elements (ESE, ESS, ISE, ISS) are indicated. Mutations in any of these
sites could disturb pre-mRNA splicing by disruption of binding of the respective splicing factors. An SR protein and
a splicing inhibitor (hnRNP) bind to an exonic splicing enhancer (ESE) and an exonic splicing silencer, respectively.
The U2AF splicing factor binds to the Py tract, and this promotes binding of U2 snRNP to the branch site. U1 snRNP
binds to the donor splice site. Arrows indicate protein-protein interactions between the splicing factors. (B) Exam-
ples of splicing alterations caused by mutations (indicated by vertical arrows) that affect an acceptor splice site, ESE
or ISE, a mutation that generates a new acceptor site or activates a cryptic one, and a mutation that affects a donor
splice site.
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Identification of Pre-mRNA
Splicing Alterations

Analysis of the mRNA from a patient
by RT-PCR and sequencing is probably
the most reliable method of determining
whether a specific mutation disturbs pre-
mRNA splicing. However, in the majority
of cases tissue RNA samples are not acces-
sible or unavailable. Even if they are avail-
able, the detection of the altered mRNAs
might be difficult as they can be degraded
rapidly by NMD. An experimental
method that is commonly used to examine
pre-mRNA splicing defects is the mini-
gene assay.33,34 An exon of interest with
part of its intronic flanking regions can be
amplified from a patient carrying the
mutation and cloned into the minigene
vector. Alternatively, specific mutations
can be introduced by site-directed muta-
genesis of a minigene containing the wild-
type exon. The resulting minigenes are
then transfected in a suitable cell line.
After cell culture, RNA is extracted and
analyzed by RT-PCR followed by DNA
sequencing. The effectiveness of minigene
analyses has been established by different
studies, and a high level of consonance
between data obtained with these assays
and data from patients RNA has been
found.35,36

This experimental method can be com-
bined with in silico approaches that pre-
dict splicing defects for mutations in
splice sites and in splicing regulatory ele-
ments. The effects of splice sites mutations
on the mature mRNA are relatively easy to
deduce. There are several in silico methods
that analyze the strength of splice sites and
the effect of different mutations on them,
including NNSplice (http://www.fruitfly.
org/seq_tools/splice.html), Genscan
(http://genes.mit.edu/GENSCAN.html),
Human Splicing Finder, (http://www.
umd.be/HSF/) and MaxEntScan, (http://
genes.mit.edu/burgelab/maxent/Xmax-
entscan_scoreseq.html).37–40 However,
evaluating precisely how disease-causing
mutations influence the loss or gain of
ESE or ESS motifs and its effects on pre-
mRNA splicing is much more difficult.
2,11,24 ESEs, ESSs, e intronic GGGs can
be detected using informatics tools like
Human Splicing Finder (http://www.
umd.be/HSF/), ESEfinder (http://rulai.

cshl.edu/tools/ESE/), Rescue-ESE (http://
genes.mit.edu/burgelab/rescue-ese), or
ExonScan (http://genes.mit.edu/exon-
scan/).40–43 These tools still present con-
siderable degrees of inaccuracy in the
identification of pre-mRNA splicing
defects; therefore, their findings need to
be confirmed by using experimental meth-
ods.44,45 More recently, 2 novel machine-
learning approaches have been developed
to predict the impact of genetic variants
on pre-mRNA splicing: MutPredSplice
(http://mutdb.org/mutpredsplice/submit.
htm) and SPANR (http://tools.genes.tor-
onto.edu/).46-47 A combination of various
predictive procedures is, up to now, the
best chance of identifying potential splic-
ing mutations.45 In order to improve the
in silico prediction of ESEs, one can evalu-
ate the strength of the splice sites of the
exons. If the donor or acceptor sites were
weak, then the likelihood of the prediction
being accurate would increase.4

As described below, we contributed to
this topic by identifying the first reported
PKD1 exonic mutations that induce aber-
rant mRNAs.

Summary of Our Paper

In a recent study, we have analyzed a
significant number of PKD1 exonic muta-
tions, previously designated as missense or
synonymous in the literature or databases,
for their consequences on pre-mRNA
splicing.48 These mutations were selected
from the Autosomal Dominant Polycystic
Kidney Disease (ADPKD) Mutation
Database (http://pkd.mayo.ed). Muta-
tions in PKD1, which encodes polycystin-
1, are responsible for the majority and
most severe cases with ADPKD, one of
the most common monogenic disorders,
characterized by progressive cysts develop-
ment and enlargement leading to end-
stage renal disease (ESRD) and a variety
of extrarenal manifestations.49 ADPKD
shows high phenotypic variability as well
as locus and allelic heterogeneity.

Our study included a total 416 PKD1
mutations (258 missense and 158 synony-
mous) that were initially investigated
using several bioinformatics tools
(NNSplice, Human Splicing Finder, Res-
cue-ESE and ESEfinder) in order to

predict their potential effect on the exist-
ing splice sites and SREs. We found that
28 missense mutations and 4 synonymous
mutations had a potential effect on pre-
mRNA splicing. These mutations were
then investigated in a minigene system,
and the results indicated that 3 of them,
one missense, p.R3719Q (c.11156G > A)
and 2 synonymous, c.327A > T (p.
G109G) and c.11257C > A (p.R3753R),
induced pre-mRNA splicing defects.

Mutation p.R3719Q, which affects the
last nucleotide of exon 38, results in skip-
ping of exon 39 and incorporation of part
of intron 38 in the mRNA. The location
of such substitution usually has a negative
effect on the recognition of the splice site
by the cellular machinery.50 Based on our
data, we suggested that the donor splice
site of intron 38 is disrupted by the muta-
tion and a cryptic site downstream in
intron 38 is activated. We concluded that
mutation p.R3719Q is pathogenic
because it generates an altered mRNA
molecule instead of the normal mRNA in
the minigene-based assay. Synonymous
mutation c.11257C > A, located within
exon 39, induces the incorporation of a
shortened exon in the mRNA. Our data
show that this mutation creates a new
donor splice site that is used by the spli-
ceosome. Also, this mutation decreases the
score of a putative SRSF6 binding
sequence and generates ESS sequences. In
contrast to mutation p.R3719Q, with
c.11257C>A a certain amount of full-
length mRNA is produced by the mini-
gene that could be translated into wild-
type polycystin-1. However, previous
studies have shown that a decrease in
PKD1 expression can generate the disease
onset or affect the severity of the pheno-
type.51,52 Consequently, the reduction of
PKD1 expression due to the splicing
defect in patients with mutation
c.11156G > A could cause the disease.
Similarly to c.11257C > A, synonymous
mutation c.327A > T, situated within
exon 3, results in incorporation of a trun-
cated exon in the mRNA. This mutation
generates a new donor splice site that is
recognized by the splicing machinery.
Additionally, no full-length mRNA was
detected in our analysis. Thus, we con-
cluded that c.11257C > A and c.327A >

T could be responsible for the disease
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phenotype by eliminating the expression
of polycystin-1. Furthermore, the altered
mRNA forms generated by these 3 muta-
tions present premature stop codons and,
therefore, they probably undergo degrada-
tion by the NMD pathway.32

Since we started our study, more muta-
tions have been added to the ADPKD
Mutation Database, which contains now
780 missense and 352 synonymous PKD1
mutations. Therefore, we updated the pre-
vious report analyzing another 337 mis-
sense and 99 synonymous mutations. The
same selection criteria and bioinformatics
tools were used, including mutations that
create, activate or disrupt splice sites.
Mutations located in exon 15 were not
included in the study since this exon is
rather large (3.6 kb) and is well defined.
We selected 90 missense and 49 synony-
mous mutations with potential effects on
pre-mRNA splicing. The results are sum-
marized in Tables S1 and S2, and a few
illustrations of the results obtained with
ESEfinder and Rescue-ESE are shown in
Fig. S1 (Supplementary Material).
Thirty-two missense and 25 synonymous
mutations affected existing splice sites or
activated or created new ones, whereas 47
missense and 19 synonymous mutations
disturbed potential ESE sequences. For
instance, synonymous mutations c.1209C
> T and c.7866C > T, located in poorly-
defined exons 6 and 21, respectively,
reduce the score of the acceptor splice sites
in introns 5 and 20 according to
NNSplice prediction, and c.1209C > T
also disrupted a potential ESE sequence
present in exon 6 (Table S2). On the
other hand, synonymous mutation
c.11007C > T generated a new donor
splice site (score: 0.74) in exon 37 that
could compete with the functional donor
site (score: 0.67), and synonymous muta-
tion c.11313G > A activated a cryptic
acceptor splice site in exon 40 (score:
0.44) that could compete with the func-
tional acceptor site (score: 0.34)
(Table S2). Two missense mutations, p.
D3469N and p.D3469Y, which affect the
last nucleotide of exon 33, reduced the
score of the functional donor splice site
from 0.99 to 0.68 and 0.60, respectively
(Table S1). Missense mutations p.P404R,
p.R454C, p.R454P, located in poorly
defined exon 6, and p.L3610P, and

synonymous mutation c.11523C>T
affected potential ESE sequences accord-
ing to ESEfinder analysis (Fig. S1A).
Rescue-ESE analysis of c.11523C>T and
p.L3610P also revealed disruption of
ESE sequences (Fig. S1B). As shown in
Figure S1B, Rescue-ESE analysis also pre-
dicted disruption of ESE sequences with
mutations p.N101D, p.D3649Y and p.
D3649N.

Open Questions

In our study, the assessment of the
potential effects of PKD1 gene mutations
on pre-mRNA splicing was performed by
minigene analysis, which is a standard test
to confirm splicing mutations. A major
issue with the use of minigene constructs
is whether they accurately recapitulate the
in vivo situation. The minigene we used to
study the effect of exons 38 and 39 muta-
tions contained the genomic region
between exons 37 and 39 with its intronic
flanking regions. It would be important to
establish if these mutations have a similar
impact in the context of their natural gene
using patient-derived RNA or a renal epi-
thelial cell line, and to determine if they
have additional effects such as multiple
exon skipping.53 It would also be possible
to analyze a more complex exon–intron
composition, since natural 50 and 30

neighbor exons might regulate the splicing
reaction. PKD1 exons 35 to 46 are clus-
tered in a 3.8 kb region that would be fea-
sible to clone entirely. Although for
diagnostic procedures it is usually suffi-
cient to determine whether there is a splic-
ing abnormality, such a minigene
construct could be used to confirm splic-
ing outcomes with mutations located in
these exons.

The wild-type minigenes used in our
assay also produced alternative mRNAs
forms lacking exons 3 or 39, which have
not been previoulsly reported. Additional
work is needed to determine whether these
mRNAs are produced in vivo. The mRNA
deletion of the entire exon 3 is in frame
and, therefore, it would not activate the
NMD pathway. In this case, a polycystin-
1 polypeptide lacking amino acids resi-
dues 96 to 119, including part of a leu-
cine-rich repeat involved in protein-

protein interaction, would be generated.
Our finding raises additional questions
concerning the potential function of this
protein isoform.

The defective mRNA products
detected in our study with PKD1 muta-
tions emphasize the need for functional
analysis at the mRNA level of hypomor-
phic mutations in ADPKD, in order to
establish an accurate mutation classifica-
tion for future studies of genotype-pheno-
type correlation, potential therapeutic
targeting, and to uncover other molecular
mechanisms of disease development.
Functional characterization of more muta-
tions continues to be a great challenge.
Further experimental work is needed to
determine the potential effect on pre-
mRNA splicing of the additional 139
PKD1 mutations selected here with bioin-
formatics tools, to identify the exact
mechanism involved, and to correlate the
results with the bioinformatics predic-
tions. Understanding the ways in which
mutations can affect pre-mRNA splicing
is important if we are to make additional
progress in the genetic analysis of
ADPKD. We should point out that our
work and others in this topic has gener-
ated new hypothesis that need to be veri-
fied. The real test will be to determine if
the defective pre-mRNA splicing induces
a phenotype. This is a much more chal-
lenging problem that needs real innovative
thinking from the field.

The ability of computer tools to pre-
dict point mutations that disrupt real
ESEs has yet to be fully assessed. These
studies result in a high percentage of false
positives as, for example, the presence of
an ESE motif in a sequence does not auto-
matically identify that sequence as a splic-
ing enhancer in its natural context. One
feasible way of refining the predictive
power of these computer tools when
applied to a particular exonic sequence is
to additionally consider the strength of
the splice sites of the exon. A large fraction
of the mutations included in our study did
not modify the normal splicing pattern, as
many of them are actually located in well-
defined exons. If either the donor or
acceptor site shows to be weak, then the
likelihood of the prediction of an ESE
being correct would increase. Also, a com-
bination of several predictive algorithms
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would improve the chances of identifying
potential splicing mutations.44,45 Further
improvement in these prediction pro-
grams is needed so they can be useful in
genetic diagnostic laboratories.

Conclusions

Our recent study represents the first
experimental and in silico analysis of the
effect of reported PKD1 missense and syn-
onymous mutations on splicing of its pre-
mRNA. The results show that exonic
PKD1 variants causing ADPKD can lead
to aberrant splicing, with predicted detri-
mental effects on polycystin-1 protein
production. Based on this, we suggest that
pre-mRNA splicing alterations caused by
PKD1 exonic mutations are a new mecha-
nism of pathogenesis in ADPKD.

The fact that 2 PKD1 synonymous var-
iants can disrupt normal pre-mRNA splic-
ing emphasizes the importance of
considering this type of mutations as
mediators of pathogenic effects. Further-
more, our work highlights the need for
functional analysis of these types of muta-
tions in ADPKD, be it at the mRNA and/
or protein level. Our data also indicates
that most PKD1 exonic mutations are
pathogenic because of their direct change
of the amino acid sequence rather than by
altering pre-mRNA splicing. This was not
entirely surprising since the majority of
the selected mutations are located in exons
that may not require enhancers in order to
be included in the mRNA. As reported by
others, we showed that in silico analyzes,
though valuable in giving a preliminary
suggestion of the consequence of muta-
tions, presently need to be complemented
by experimental analysis. The results of
our study have impotant inplications for
genotype-phenotype correlation in
ADPKD as truncating mutations are sig-
nificantly more severe than nontruncating
mutations. Although these correlations are
not entirely understood, a recent ADPKD
mutation screening study concludes that
PKD1 truncating mutations are associated
with much early onset of ESRD than non-
truncating mutations.54

Pre-mRNA splicing defects are likely to
have an impact on clinical practice as these
seem to have a role in practically all

known diseases with a genetic origin.23 An
understanding of the role of pre-mRNA
splicing in disease increases potential
chances to explore therapeutic approaches.
There are examples of disease-causing
exonic mutations that have been studied
considerably and have turn out to be key
points for novel RNA-based therapeutic
strategies.21
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