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Abstract A considerable fraction of mutations associated

with hereditary disorders and cancers affect splicing. Some

of them cause exon skipping or the inclusion of an addi-

tional exon, whereas others lead to the inclusion of intronic

sequences or deletion of exonic sequences through the

activation of cryptic splice sites. We focused on the latter

cases and have designed a series of vectors that express

modified U7 small nuclear RNAs (snRNAs) containing a

sequence antisense to the cryptic splice site. Three cases of

such mutation were investigated in this study. In two of

them, which occurred in the PTCH1 and BRCA1 genes,

canonical splice donor sites had been partially impaired by

mutations that activated nearby intronic cryptic splice

donor sites. Another mutation found in exonic region in

CYP11A created a novel splice donor site. Transient

expression of the engineered U7 snRNAs in HeLa cells

restored correct splicing in a sequence-specific and dose-

dependent manner in the former two cases. In contrast, the

third case, in which the cryptic splice donor site in the

exonic sequence was activated, the expression of modified

U7 snRNA resulted in exon skipping. The correction of

aberrant splicing by suppressing intronic cryptic splice

sites with modified U7 is expected be a promising alter-

native to gene replacement therapy.
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Introduction

Alternative splicing is one of the mechanisms that account

for the greater macromolecular and cellular complexity of

higher eukaryotic organisms (Ast 2004). In addition,

splicing events are also implicated in pathophysiological

processes, and it has been estimated that at least 15% of

point mutations that cause human genetic diseases affect

splicing (Krawczak et al. 1992). Specifically, in studies of

neurofibromatosis type 1 and ataxia telangiectasia where

analyses were performed at both the DNA and RNA levels,

no less than 50% of the patients were found to have dis-

eases due to mutations that resulted in aberrant splicing of

the responsible genes, NF1 and ATM, respectively (Ars

et al. 2003; Teraoka et al. 1999). Considering that multi-

exon genes have a higher frequency of undergoing alter-

native splicing (up to 74%) (Johnson et al. 2003), larger

genes are thought to be more prone to harboring mutations

that affect splicing. In terms of gene therapy, these genes

are generally difficult to replace by a large transgene

because of the limitations of vectors suitable for efficient

delivery. In addition to gene replacement therapy, gene

therapy may also be accomplished by the manipulation of a
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gene’s structure and expression. Attempts have been made

to alter mRNA structures in order to correct a limited

number of genetic disorders such as Duchenne muscular

dystrophy, spinal muscular atrophy and b-thalassemia

(Goyenvalle et al. 2004; Madocsai et al. 2005; Gorman

et al. 1998). In these studies, antisense sequences linked to

a modified U7 small nuclear RNA (snRNA) have been

constructed and delivered. U7, a snRNA molecule nor-

mally involved in processing of the histone mRNA 30 end,

can be engineered to bind appropriate Sm proteins, redis-

tributed to the spliceosome, and used to deliver antisense

sequences (Grimm et al. 1993). In these attempts, antisense

sequences were designed to skip the mutation-containing

exon (Goyenvalle et al. 2004), the additional exon gener-

ated by the splice site created by the mutation (Gorman

et al. 1998) or internal exon of HIV-1 regulatory genes

(Asparuhova et al. 2007). In another study, the production

of a biologically active protein isoform was successfully

increased by suppressing a 30 splice site with an engineered

U7 snRNA (Madocsai et al. 2005). Recently, we and others

noticed that a considerable fraction of mutations disrupt

authentic splice sites leading to the activation of cryptic

splice sites (Roca et al. 2003; Nagao et al. 2005a). We also

noticed that, in some of these cases, the authentic splice

sites are only partially impaired and still have reasonably

high consensus values for the splice sites. Therefore, we

reasoned that, in these cases, inhibition of the cryptic sites

using engineered U7 snRNA could possibly restore the

normal splicing pattern. In this paper, we show that some

of the aberrant splicings using intronic 50 cryptic splice

sites activated by the incomplete impairment of the

canonical 50 splice sites can be successfully corrected by

engineered U7 snRNA.

Materials and methods

Constructs

The plasmid, pU7SmOPT, was kindly provided by Dr. D.

Schümperli (Grimm et al. 1993). PCR-mediated mutagen-

esis was performed as described previously (Imai et al.

1991) using pU7SmOPT as a template. The primers used

are listed in the supplementary Table. To generate minigene

constructs for PTCH1 and BRCA1, genomic DNA was

amplified by PCR with the primers listed in the supple-

mentary Table. Recognition sequences for restriction

enzymes were added to the 50 ends of primers to facilitate

subcloning. After the digestion of PCR products with

appropriate restriction enzymes, PCR products were sub-

cloned into pcDNA3.0. Minigenes for CYP11A were

described previously (Katsumata et al. 2002). The authen-

ticity of all constructs was confirmed by sequencing.

Cell culture and transfections

HeLa cells were grown in DMEM medium supplemented

with 10% heat-inactivated fetal calf serum, 50 U/ml peni-

cillin, and 0.1 mg/ml streptomycin. HeLa cells growing on

6-cm plates were transfected with 1 lg of plasmid DNA as

indicated in the figure legends using Effectene reagent

(Qiagen).

RT-PCR

Forty-eight hours after the transfection, total RNA was

extracted using the RNeasy kit from Qiagen according to

the manufacturer’s recommendations. RT-PCR was per-

formed as previously described using 5 lg of total RNA

(Nagao et al. 2005b). Primers used for RT-PCR are listed

in the supplementary Table. To quantify the splicing, 1 ll

of logarithmically amplifying PCR product was applied

onto a DNA LabChip (Agilent Technologies) and loaded

into an Agilent 2100 bioanalyzer. Data analysis was per-

formed with Agilent 2100 bioanalyzer software, and the

percentage of each splicing product based on molarity was

calculated. Gel electrophoretograms were taken after ethi-

dium bromide staining of 2% agarose gels or silver staining

(Bio-Rad) of 3.5% polyacrylamide gels.

Results

Disruption of cryptic splice sites restores canonical

splice sites in minigenes

PTCH1 is a gene responsible for nevoid basal cell carci-

noma syndrome (NBCCS) characterized by minor

developmental anomalies and an increased incidence of

cancers such as medulloblastoma and basal cell carcinoma

(Gorlin 1987; Hahn et al. 1996; Johnson et al. 1996). We

previously reported a mutation, c.584G [ A, in the PTCH1

gene (as per Genbank entry NM_000264.2: the A of the

ATG of the initiator Met codon is counted as nucleotide

+1) (Nagao et al. 2005a). This mutation found in patient

G17 is located at the 30 end of exon 3 and leads to an

aberrant splicing in which a cryptic splice donor site

located in intron 3 was activated. The resultant mRNA with

an insertion of a 37-bp intronic sequence between exon 3

and exon 4 leads to premature termination of the PTCH1

protein (Fig. 1a). However, we suspected that the mutation

would only partially impair the splice donor site because

the deoxyguanosine at the 30 end of exons is not necessarily

conserved in human genes. Indeed, when the sequence

around the 50 splice site was investigated with a prediction

program based on the algorithm by Shapiro et al. (Shapiro
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and Senapathy 1987), the mutated sequence still had a high

score for a splice donor (Fig. 1b). Therefore, we next

addressed the question of whether the inactivation of the

cryptic splice donor in intron 3 can restore the authentic

splicing pattern. For this purpose, a genomic sequence

containing exon 3, intron 3, and exon 4 was subcloned into

pcDNA3.0. The sequence of the same region harboring the

G17 mutation with or without an additional artificial

mutation that inactivates the cryptic splice site was also

included in this study (Fig. 2a, G17 and G17 + mt). HeLa

cells were transfected with these minigene constructs and

transcripts from the constructs were amplified by RT-PCR.

The forward primer was set on the plasmid sequence so

that the endogenous PTCH1 transcript would not be

amplified (Fig. 2a, top). As demonstrated previously in

G17 genomic DNA (Nagao et al. 2005a), a larger PCR

product was generated from the plasmid construct carrying

the G17 mutation (Fig. 2b, lane 2). DNA sequencing

confirmed the presence of an additional 37-bp intronic

sequence, implying that this experiment using minigene

constructs reflects splicing events in endogenous PTCH1.

As anticipated, authentic splicing was restored by mutating

the cryptic splice donor site even in the presence of the G17

mutation (Fig. 2b, lane 3).

U7 snRNAs containing an anti-PTCH1 sequence

modulate PTCH1 pre-mRNA splicing

The result described above prompted us to attempt inacti-

vation of the cryptic splice site with U7 snRNA-based

vectors. U7 snRNA forms a small nuclear particle con-

sisting of an RNA component and several proteins. The 62-

bp-long U7 RNA contains a region complementary to the

histone pre-mRNA to initiate histone pre-mRNA 30 end

processing. By changing the wild-type Sm-binding site of

Fig. 1 Aberrant splicing observed in an NBCCS patient, G17.

a Schematic representation of the abnormal splicing identified in

G17. The position of the point mutation is indicated by an asterisk.

b Splice donor score profiles. Donor score profiles were obtained

from the website supported by Deprtment of Genetics, The Hospital

for Sick Children (http://www.violin.genet.sickkids.on.ca/*ali/

splicesitescore.html). The sequence encompassing exon 3 and intron

3 was scanned for the splice donor score with an 8-bp window.

Ordinate represents calculated donor score. The mutated allele of G17

with or without an additional mutation at the cryptic donor site (see

also Fig. 2a) was also subjected to this analysis. The arrow in the top

panel indicates the authentic splice donor site while the one in the

middle panel shows the cryptic splice donor site activated by the G17

mutation

Fig. 2 Disruption of the activated cryptic splice donor site restores

authentic splicing. a Minigene sequences used in the experiments. A

schematic representation of the minigene is shown at the top. Arrows
indicate the positions of the primers used for RT-PCR. The wild-type

minigene (WT) carries exon 3, intron 3 and exon 4 of PTCH1. The

mutated sequence was obtained from G17 genomic DNA. An

additional mutation, GT?CA, was introduced in G17 to destroy

the cryptic donor site (G17 + mt). b Correction of aberrant splicing

observed in G17. HeLa cells were transfected with 1 lg of the

minigene construct indicated at the top. Total RNA was extracted

48 h after the transfection and RT-PCR was performed using a pair of

primers designed based on the vector sequence and on exon 4. The

identities of spliced forms are indicated on the right
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U7 RNA into the consensus Sm-binding site (SmOpt),

expression of U7 RNA is increased, while the activity for

30 processing of the histone pre-mRNA is decreased

(Grimm et al. 1993). Because U7 SmOpt-derived snRNA

particles do not recruit the histone 30-end-processing

machinery, they can be used to target other pre-mRNAs by

changing a portion complementary to the histone pre-

mRNA. This approach has been proven successful in

modulating pre-mRNA splicing in a number of applica-

tions (Goyenvalle et al. 2004; Madocsai et al. 2005;

Gorman et al. 1998). Using a similar approach we have

exchanged the natural anti-histone portion of U7 SmOpt

RNA with a sequence complementary to the cryptic splice

site of PTCH1 intron 3. Three modified anti-PTCH1 U7

snRNAs were generated to evaluate whether embedding

antisense sequences against the PTCH1 pre-mRNA within

U7 snRNA modulates aberrant splicing in G17 PTCH1

(Fig. 3a). When HeLa cells were transfected with these U7

snRNAs together with the minigene carrying the G17

mutation, a smaller PCR product that was identical in size

to the authentic splicing product was generated indicating

the correction of aberrant splicing (Fig. 3b, lanes 1–3). The

proper splicing was confirmed by DNA sequencing.

Transfection of U7 SmOpt, the plasmid carrying the natural

anti-histone sequence at the 50 end of the U7 snRNA, did

not lead to any appreciable changes in the splicing pattern

in G17 (Fig. 3b, lane 4), implying the specific interaction

of the modified U7 snRNA with the PTCH1 target site.

However, the effectiveness of the correction depended on

the complementary sequence embedded in the plasmid and

G17-2 carrying a cryptic splicing site at the center of the

sequence was most effective in correcting aberrant splic-

ing. Subsequently, titration experiments were performed by

transfecting the most effective snRNA identified in the

previous experiment (G17-2). Aberrant splicing was cor-

rected dose dependently, and maximal modulation

efficiency (51%) was achieved with the transfection of

0.95 lg of the U7 vector (Fig. 3c, lane 1). No further

correction was obtained with higher amounts of the U7

vector transfected (data not shown).

U7 snRNAs containing an anti-BRCA1 sequence also

modulate BRCA1 pre-mRNA splicing

In order to demonstrate that our strategy is applicable to

other mutations, a similar mutation in the BRCA1 gene

was employed for the next experiment. The mutation,

IVS16 + 6T [ C, found in a patient with breast cancer,

was located in intron 16 of BRCA1 (Scholl et al. 1999),

the tumor suppressor breast/ovarian cancer susceptibility

gene (Miki et al. 1994). This mutation leads to a 65-bp

insertion from the 50 end of intron 16 due to the activation

of the cryptic splice donor site (Fig. 4a), resulting in a

premature termination of the BRCA1 protein. Plasmids

that express engineered U7 snRNAs were then produced

as described earlier by exchanging the anti-histone portion

with one of the three complementary sequences encom-

passing the activated cryptic splice site in intron 16

(Fig. 4b). In order to know the best construct of the three,

HeLa cells were transfected with each of the three U7

plasmids in combination with the minigene construct and

the effect on splicing was analyzed. Although less effi-

ciently than with the G17 plasmid, aberrant splicing was

partially, but significantly corrected by one of the

Fig. 3 Engineered U7 snRNAs modulate pre-mRNA splicing. a
Schematic diagram of modified U7 snRNAs. Gray and black boxes
represent the anti-PTCH1 and Sm protein binding sequences,

respectively. The natural histone interacting sequence was exchanged

for various anti-PTCH1 sequences targeting the cryptic splice donor

site. b Representative agarose gel electrophoretogram of RT-PCR

analysis and quantification. HeLa cells were transfected with 100 ng

of the minigene construct together with 900 ng of one of the U7

constructs shown at the top. Total RNA was extracted 48 h after the

transfection, and RT-PCR was performed using a pair of primers

designed based on the vector sequence and on exon 4. The identities

of the spliced forms are indicated on the right. The percentages of the

authentic (corrected) splice form are shown at the bottom. c Dose

dependence of anti-PTCH1 U7 snRNA transfection. HeLa cells were

transfected with various combinations of U7 snRNA plasmids and

minigenes as indicated at the top. The amounts of transfected DNAs

are indicated in micrograms. The total amount of transfected DNA

was adjusted to 1 lg. The percentages of the authentic splice form are

shown at the bottom
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engineered snRNA constructs, BRCA1-1 (Fig. 4c, lane 1).

Again, aberrant splicing was corrected in a dose-depen-

dent fashion when various amounts of BRCA1-1 were

used for transfection and maximal modulation efficiency

was *10% (Fig. 4d).

Cryptic splice donor sites that lie in the exonic

sequence are intractable to U7-mediated correction

We next focused on another type of splicing mutation,

which creates a cryptic splice site (de novo splice donor

site). The mutation, c.566C [ T, found in a patient with

congenital adrenal insufficiency, was located in exon 3 of

CYP11A (Katsumata et al. 2002), which encodes a cho-

lesterol side-chain cleavage enzyme (Morohashi et al.

1987). This mutation has been demonstrated to create a

consensus splice donor sequence and causes an aberrant

splicing resulting in a 61-bp deletion rather than a missense

mutation (Katsumata et al. 2002) (Fig. 5a). As described

above, modified U7 snRNA plasmids were constructed in

which various antisense sequences targeted at the activated

cryptic donor site (Fig. 5b). When HeLa cells were trans-

fected with these plasmids together with the minigene

construct, the splicing pattern was significantly altered.

However, unexpectedly, the targeted exon was deleted to

various degrees (Fig. 5c, lanes 1–3, c), rather than the

authentic splicing being restored (Fig. 5c, lanes 1–3, a).

This may due to suppression of an exonic splicing enhancer

(ESE), because potential motifs for SR proteins, SC35 and

SF2/ASF, were found adjacent to the targeted sequence

using ESEfinder (http://www.rulai.cshl.edu/tools/ESE/)

(Cartegni et al. 2003) (Fig. 5b, solid and broken lines,

respectively).

Discussion

Despite the tremendous progress in gene replacement

therapy, its clinical use is still limited mainly due to low

efficiency of gene transfer, inability to deliver large genes,

and lack of endogenous regulatory control. To circumvent

these obstacles, the modified U7 gene, along with its nat-

ural promoter and 30 elements, has been used to modify the

mRNA maturation process as a potential alternative to gene

replacement therapy. Thus far, attempts have been made to

modulate inclusion/exclusion types of splice alterations

(Goyenvalle et al. 2004; Madocsai et al. 2005; Gorman

et al. 1998; Asparuhova et al. 2007). Although the most

common outcome of mutations affecting splice sites is

exon skipping, the activation of cryptic splice sites is

ranked second (Krawczak et al. 1992; Nakai and Sakamoto

1994). Our study is unique in that modified snRNAs are

targeted at the cryptic splice site activated by incomplete

disruption of authentic splice site. A considerable number

of splice mutations take place outside of the conserved AG

acceptor dinucleotide or GT donor nucleotide (Krawczak

et al. 1992; Kralovicova et al. 2005) implying that the

disruption of the splice sequence is incomplete in these

cases. In addition, such mutations tend to be overlooked

Fig. 4 Correction of BRCA1 pre-mRNA splicing. a Schematic

representation of abnormal splicing identified in IVS16 + 6T [ C.

The position of the point mutation is indicated by an asterisk. b
Schematic diagram of modified U7 snRNAs. The natural histone

interacting sequence was exchanged for various anti-BRCA1

sequences targeting the cryptic splice donor site. c Representative

polyacrylamide gel electrophoretogram of RT-PCR analysis and

quantification. Transfection and RT-PCR were performed as

described in Fig. 3b. The identities of the spliced forms are indicated

on the right. The percentages of the authentic (corrected) splice form

are shown at the bottom. d Dose dependence of anti-BRCA1 U7

snRNA transfection. HeLa cells were transfected with various

combinations of U7 snRNA plasmids and minigenes as indicated at

the top. The amounts of transfected DNAs are indicated in

micrograms. The total amount of transfected DNA was adjusted to

1 lg. The percentages of the authentic splice form are shown at the

bottom
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unless they are investigated at RNA level. Therefore, our

strategy is potentially widely applicable. From our exper-

iment, intronic cryptic donor sites are relatively easy to

suppress by U7 snRNAs. In contrast, although more cases

need to be investigated, the suppression of exonic cryptic

sites may result in skipping of the exon in which they are

located depending on the presence of the nearby ESE as in

CYP11A 566C [ T. Exon skipping in a similar situation

has been reported by Vacek et al. (2003). They have used a

U7 snRNA targeting an exon-internal location to induce

exon skipping in a thalassemic HBB gene.

The effects of engineered U7 snRNA are expected to be

limited only to cells that express the target sequence for the

following reasons. First, the GenBank database of human

sequences contains no sequences other than respective

genes that correspond to the antisense sequence used for

our study, even allowing for two mismatches. Of note,

oligonucleotide with a two-nucleotide mismatch gave no

antisense effect (Sierakowska et al. 1996). Second, neither

of the plasmids caused any detectable changes in the

morphology or growth rate of transfected cells (Sier-

akowska et al. 1996; Vacek et al. 2003; data not shown).

However, it may be intriguing to see the influence of

engineered U7 snRNA on cellular splicing using exon

junction microarrays (Johnson et al. 2003; Nagao et al.

2005a).

Although the U7 construct has to be constructed on a

case-by-case basis, this technology can potentially be

applied to a wide variety of diseases regardless of the size

of the responsible genes. This strategy is particularly useful

for large genes because a full-length cDNA is difficult to

introduce in these cases. Another benefit of this type of

approach is that it can be used for the disorders that

develop from gain-of-function mutations including domi-

nant negative ones as well as loss-of-function mutations. In

the former type of diseases, introduction of the wild-type

cDNA is unlikely to alleviate phenotypes.

In summary, we have demonstrated that aberrant splic-

ing using cryptic splice donor sites activated by incomplete

impairment of the authentic donor site can be successfully

corrected with U7-based vectors by suppressing the cryptic

sites. Although the effectiveness of U7 snRNA should be

evaluated in each mutation, viral gene delivery system

integrating modified U7 snRNAs is expected to become a

promising form of gene therapy in the future.
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