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Abstract

Gene therapy is conventionally carried out by transferring genetic material to the target cell where the exogenous gene is
expressed using the endogenous transcription and translation machinery in parallel with the target cell genome. This review
focuses on a new paradigm of gene therapy, the useand-splicing to modify the genetic repertoire at the pre-mRNA level
to treat genetic and acquired disorders. Therapetdits-splicing can be used to alter coding domains, to create novel fusion
proteins, to direct gene products to various cellular compartments, and to overcome some of the limitations to vector-derived
gene transfer technology, including gene therapy with large genes or with genes coding for toxic proteins. To demonstrate
the potential of therapeutitans-splicing, eukaryoticis-splicing andrans-splicing are reviewed, followed by a discussion of
strategies of therapeutic pre-mRN#rans-splicing directed by exogenous gene transfercite this article: R.G. Pergolizz,

R.G. Crystal, C. R. Biologies 327 (2004).
0 2004 Published by Elsevier SAS on behalf of Académie des sciences.

Keywords: trans-splicing; gene therapy

1. Introduction sion of the newly transferred DNA is in parallel with
expression of genes di¢ endogenous geme, utiliz-
Gene therapy involves the transfer of genetic mate- ing the endogenous transcription and translation appa-
rial, usually in the form of DNA, with the purpose of  ratus of the target cells. This review focuses on a new
altering the genetic repertoire of cells for therapeutic paradigm of gene therapy, the use@ns-splicing to
purposegl]. As conventionally practiced, the expres- modify the genetic repertoire at the pre-mRNA level
to treat genetic and acquired disorders.

E— . Gene expression is a complex multistep process
Corresponding author. . . .
E-mail address: geneticmedicine@med.comell.edu that includes the synthesis of pre-mRNA (transcrip-

(R.G. Crystal). tion), maturation of the '5and 3 ends of the pre-
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MRNA transcript (capping and polyadenylation, re- 3. PreemRNA cis-splicing

spectively), the removal of introns from the pre-

mRNA, and the export of the mature mRNA to the In multicellular organisms, most protein-encoding
cytoplasm of the cell, where it is translatg]. While genes contain introns. Pre-mRNA splicing occurs in
the sequence of the genome dictates the form of the the nucleoplasm, and the removal of introns is required
protein to be produced, the pre-mRNA product of tran- for subsequent nucleo-cytoplasmic transport the ma-
scription is not always terminally committed to the ture mRNAs[7,8]. Precise and efficient excision of
generation of a single mRNA, but is plastic, subject to introns is required for faithful transmission of genetic
processes that lead to the production of one or more information to the protein synthesizing machinery in

different mMRNAs from the original primary transcript.
Among the mechanisms dh impact on the fate
of a pre-mRNA, the most important is alternative
exon selectior§3,4]. Normally, exon selection occurs
in a cis fashion, where the exon sequences of the
newly forming pre-mRNA are selected sequentially
5 to 3, with exon skipping used to expand the ge-
netic repertoire by producing different mRNAs that
translate into proteins that are similar, but with sub-
tly different functions[4]. In contrast, in pre-mRNA
trans-splicing, the sequence of the gene being ex-
pressed is altered at the pre-mRNA level by joining the
pre-mRNA to another, independent pre-mR[A In
therapeutidrans-splicing, the genetic information for
the independent pre-mRNA is delivered exogenously
via a gene transfer vect§6]. As will be discussed
in this review, therapeutitrans-splicing can be con-
ceptualized in two categories: ribozyme-mediated and
spliceosome-mediad. Therapeutitrans-splicing can
be used to alter coding domains, to create novel fu-
sion proteins, to direct gene products to different cel-
lular compartments, and to overcome some limitations
to vector-derived gene transfer technology, including
gene therapy with large genes or with genes coding
for toxic proteins. To demonstrate the potential of ther-
apeutictrans-splicing, we will first review eukaryotic
cis-splicing andrans-splicing in nature, and then pro-
vide several strategies of ribozyme- and spliceosome-
mediated pre-mRNArans-splicing directed by exoge-
nous gene transfer.

2. Cis-splicing, editing and trans-splicing in nature

In multicellular organisms, pre-mRNA modifica-
tions occur viais-splicing, editing andrans-splicing.
As a background to howrans-splicing can be used
for therapeutic purposes, we will review the natural
processes of pre-mRNA modification.

the cytoplasm. Errors in splicing secondary to muta-
tions in intron sequences critical for splicing are re-
sponsible for several inherited disorders in hum@ns
10].

Pre-mRNAs are the primary transcripts from genes
transcribed by RNA polymerase Il and are direct
copies of these gen¢s]. The majority of eukaryotic
pre-mRNAs contain multiple intervening sequences
(introns) that are removed by pre-mRNA spliciftg.
Sequence elements that survive the splicing process
are defined as exons. The splicing process, coordi-
nated with other RNA processing events, results in the
appearance of mature mRNA. Conserved sequence el-
ements in pre-mRNAs define introns and exons and
mark their boundarie§l1,12] In mammalian cells,
two families of introns can be distinguished based on
these elements and the small nuclear RNAs they inter-
act with: the major class (U2-introns), and the minor
class (ATAC, or Ul2-introns]11,12] The process
of the splicing of the U2-introns is the focus of the
strategies for spliceosome-mediated theraperaits-
splicing.

The average exon is quite small. Most exons are
roughly 150 nucleotides in length with 99% of known
exons shorter than 400 nucleotides, although exons
over 5000 nucleotides long have been identified. In-
trons, on the other hand vary greatly in length, the av-
erage being about 1500 nucleotides, although some are
several hundred thousand nucleotides in length. This
dichotomy has lead to the ‘exon definition hypothesis’,
in which splicing factors bound to & 8plice site de-
fine the exon by interacting with splicing factors at the
next downstream’Ssplice site, then switching to in-
teract with factors at the upstrearhsplice site, across
the intron, to allow splicing of the intronfl1]. In
addition, many exons contain internal sequences that
either enhance or silence splicing, and other types of
splicing enhancers and silencers are found in introns.
Exonic splicing enhancerfacilitate exon definition
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by assisting in the recruitment of splicing factors to nucleus and generate mMRNA molecules from primary
the adjacent intron, promoting the recognition of both RNA transcriptd2,16].

exon/intron junctions during exon definiti¢h3]. Se- Othercis elements modulate specific splicing reac-
quences that suppress splicing events at particular sitegions, leading to alternative splicing. It has been esti-
have also been identifidd4]. mated that approximately 60% of human pre-mRNAs

The upstream exon-intron junction, thé $plice can be alternatively spliced, resulting in the synthesis
site of U2-introns, is defined by the consensus se- of multiple mMRNAs encoding different proteins from
guence AG/GTRAGTKig. 1). Downstream from this  a single geng17—-19] From among several possible
sequence, introns contain two linkeid elements, the  splice events, various splicing factors determine which
branchpoint and the polypyrimidine tract, followed by splice sites are chosé4]. Two major groups of splic-
the 3 splice site. These elements can be tens or thou-ing factors involved in the selection of splice sites
sands of nucleotides downstream from tHesplice include the heterogeneous nuclear ribonucleoprotein
site. The branchpoint consensus is comprised by the (hnRNP) proteins and the serine/arginine-rich (SR)
sequence UACUAAC in which the central A is the splicing factors, both of which contain RNA binding
branchpoint adenosine, at which a ‘lariat’ forms in  domaing11,20]. The choice of splice site in any given
the splicing reactiori2]. The polypyrimidine tract, cell type depends on the ratio of splicing fact{8s7,
Y(11)NYAG/G, immediately precedes the 8plice 17,21-27]
site. The distance between the ‘A’ branchpoint and the
3 splice site is usually 18 to 37 nucleotidds).

In the splicing process, twivans-esterification re-
actions are involved in the removal of each intron and
ligation of the surrounding exons. A complex referred
to as the ‘spliceosome’ catalyzes splicing reacti@s
7]. The spliceosome, a complex nearly as large as a ri-
bosome, is composed of four ribonucleoprotein (RNP)
particles and additional proteins. Each small RNP par-
ticle contains at least one or two small nuclear RNAs
(snRNAs) containing an abundance of uracil residues,
named U1, U2, U5 or U4/U6 snRNP, respectively. The
U1 snRNP recognizes thé §plice site consensus se-
quence involving an RNA—RNA interaction between
the pre-mRNA and the U1 snRNA and the U2 snRNP
recognizes the branchpoint sequence of the major
class introns (hence the term ‘U2-intronf7)12].

RNA splicing is catalyzedy a spliceosome formed
from the assembly of U1, U2, U5, and U4/U6 snRNPs
plus protein components. After assembly of the spli-
ceosome, the reaction occurs in two steps. First, the
branchpoint A nucleotide in the intron, located close to
the 3 splice site, attacks thé Splice site and cleaves
it; the cut 8 end of the intron then becomes cova-

4. PreemRNA editing

RNA molecules can adopt a wide variety of confor-
mations and tertiary structures, and are able to engage
in a broad range of cellular processes, including the
ability to fold to form catalytic centers, a functional
entity referred to as a ‘ribozymg¢28-31] Naturally
occurring ribozymes are used by multicellular organ-
isms to edit pre-mRNAs. This is done by cleaving the
target pre-mRNA in two sites, and then joining the
resulting % and 3 fragments of pre-mRNA into an
‘edited’ new pre-mRNA. In the context that editing in-
volves the joining together of fragments of the same
pre-mRNA, it is nottrans-splicing per se — for fur-
ther details of pre-mRNA editing, recent reviews are
available[31,32] However, as will be described later,
gene transfer of sequences coding for ribozymes to-
gether with ‘extended guides’ (sequences designed to
hybridize to a targeted pre-mRNA) can join with en-
dogenous cellular pre-mRNAs in strategies designed
for therapeutic ribozyme-mediaté@ns-splicing.

lently linked to this A nucleotide, forming & -&'-5 5. PremRNA trans-splicing
branched nucleotide. In the second step, th©3
end of the 5exon sequence, created previously, lig- In addition to the dominantis-splicing process,

ates to the 3exon, thereby cleaving the RNA at the the eukaryotic cellular spliceosome apparatus appears
3 splice site. The two exon sequences are thus joinedto be both willing and able to select exons on dif-
to each other and the intron sequence is released as derent pre-mRNA molecules for ligation into a single
‘lariat’ structure. Thesegicing reactions occurinthe ~ mRNA via pre-mRNAtrans-splicing. Naturally occur-
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Splicing mediated by spliceosome

@ Multiple small nuclear RNAs (snRNAs)
U1, U2, U4, U5, U6

@ Multiple small nuclear proteins (snRNPs)

Fig. 1. Pre-mRNAcis-splicing. The process of removing introns is catalyzed by a spliceosome formed from the assembly of multiple small
nuclear RNAs (snRNAs; U1, U2, U4, U5 and U6) and small nucldaomiclear proteins (SnRNPs). These splicing reactions occur in the
nucleus and generate mRNA molecules from primary RNA transcripts (pre-mRNA). After assembly of the spliceosofrendtef Bhe first

exon sequence is ligated to theend of the second exon sequencecilasplicing this occurs sequentially, resulting in mature mRNA. The
critical recognition sequences in every intron include don@mbhpoint, polypyrimidine tract and acceptor sequences.

ring trans-splicing was first observed in lower eukary- NAs by trans-splicing [46]. Cultured rat cells trans-
otes including trypanosomes and nematodes, and informed by an SV40 fragment generate a truncated
algal chloroplasts and plant mitochondria, as a processT antigen which can only be created througans-
in which pre-mRNAs are processed to produce a ma- splicing of two copies of the pre-mRNA, and HelLa
ture transcript that contains exons from two different cell extracts can also perform theans-splicing reac-
precursor moleculd®,33—-42] tion in vitro [47]. That mammalian cells can perform
In the spliced leader fon of naturally occurring these reactions naturally set the background for the
trans-splicing, first observed in trypanosomes, a com- strategies of therapeutspliceosome-mediatddans-
mon 39 bp spliced leader (SL) RNA sequence at the splicing, when there is a deliberate attempt to alter
5 end of a small, non-polyadenylated RNA is trans- the information content of a pre-mRNA via the de-
ferred to pre-mRNAs to form the’&erminal exon livery of an exogenous invadingans-splicer tran-
of mature mRNAS33-35,41,42] Uridylic acid-rich script.
small nuclear RNAs are also involved in this form of
pre-mRNA processing. The SL RNA provides a cap
structure to the %end of a family of mMRNAs byrans-
splicing into a single pre-mRNA at different points,
ultimately leading to sevat protein products from a

6. Therapeutic pree-mRNA trans-splicing

Despite the fact that higher eukaryotes rateiyns-
X e splice naturally, they clearly have the capacity to per-
single transcriptional everj#3]. The process occurs form programmedrans-splicing reactions when pre-

in addition tocis-splicing of |_nterna_l introns |n_try- _ sented with an appropriate precursor RNA molecule.
panosomal pre-mRNAs, leading to increased diVersity 1o anetigrans-splicing, the focus of this review, is

of gene expression and economy of cellular resources e ant from strategiesaing therapeutic-based RNA
[41]. Interestingly, someSplice acceptor domainsin g gifications using RNAI or endonucleases and lig-
human pre-mRNAs can function as spliced leader ad- yqeq: for 4 discussion of these approaches, several re-
dition sites in trypansom¢88]. Similar RNA process- \je\ys are availabld48,49] The strategies for ther-

ing has also been demonstrated in flatworms and plamapeutictransrsplicing can be divided into two gen-

mitochondrig39,43] _ eral categories: ribozyme-miated and spliceosome-
Recent reports indicatehat higher eukaryotes o jiated.

do trans-splice RNAs naturally, albeit rareirans-
splicing of a pre-mRNA for carnitine octanoyltrans- 6.1, Ribozyme-mediated therapeutic pre-mRNA

ferase has been demonstrated in rat lij#4]. In trans-splicing
addition to alternativecis-splicing, the human es-
trogen gene is also subject to natutiedns-splicing Ribozymes, naturally occurring catalytic RNASs,

[45], and the four highly homologous human cy- can mediate the cleavage of a phosphodiester bond in
tochrome P450 3A genes form active chimeric mR- a target pre-mRNA to generatéBydroxyl and 2,3'-
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Fig. 2. Therapeutic ribozyme-mediated pre-mRians-splicing. (A) Overview. An expression cassette expressitiguas-splicing ribozyme
able to perform cleavage and ligation into an endogenous ‘target’ pfdAnia a complementary hybridizian domain (also referred to as the
‘internal guide sequence’), is dedired to the cell using a gene transfer vector. The fremtlpre-mRNA is processed, exported and translated to
produce a modified proteinBf Details of ribozyme-mediatettans-splicing, using correction of a mutation as an example. In this model, the
endogenous pre-mRNA contaiasnutation, indicated by, in a downstream exon (exon X). A correctitrans-splicing ribozyme, introduced

by gene transfer, binds to the target based orhttgidization domain, cleaves the endogenous sequérnoeti®e target ‘U’, and replaces the
defective exon with a corrected sequence. Unlike spliceosome-mediiatessplicing, any portion of the endogenous pre-mRNA is a valid
target and no endogenous sequence elements areeqgdowever, the ribozyme-mediated reactis reversible, and a steady-state level of
the mutant form, to some degree, is unavoidable.

cyclic phosphate termini. The strategy for ribozyme- regulated expression of the corrected gene product is
mediated therapeutic pre-mRN#ans-splicing is to guaranteed, and the level of expression of the mutant
transfer a gene coding for (o 3): a hybridization gene product is simultaneously reduced.
domain that is antisense to a sequence in the target pre- Examples of therapeutic ribozyme-mediateshs-
MRNA,; the ribozyme per se; and the new pre-mRNA splicing include a Tetrahymena ribozyme shown to
to betrans-spliced into the target pre-mRNAIQ. 2). trans-splice an exon that is attached to itseBd onto
The function of such constructs should not be sur- a separate’®xon RNA in mammalian cellgs3]. Cy-
prising since spliceosomes are essentially ribozymes, totoxicity was demonstrated in yeast usingrans-
with the catalytic center composed of RNA. Virtually  splicing ribozyme to splice diphtheria toxin coding se-
any U residue in a’sexon can be targeted for splic- quences onto a viral target RNB4]. Similar targeted
ing by hybridization sequences at theexon-binding ribozymes have been used to revise mutant transcripts
site (referred to as the ‘internal guide sequence’) to that are associated with several human genetic and
make it complementary to a target sequence presentmalignant diseases, and fused an in-frame diphtheria
on the substrate RNA50-52] To date, ribozyme-  toxin A chain onto the hepatitis C virus mRNA leading
mediatedrans-splicing has not proven to be very effi- to the destruction of infected cells by apoptojd4,
cientin vivo. However, if it can be developed to main- 50,53-59] Trans-splicing ribozymes have been used
tain specificity and fidelity, it has the attractive feature to repair mutant p53 RNA in human cancer c¢iig]
of splicing into an endogenous pre-mRNA transcript, and to repair a mutant canine skeletal muscle chlo-
thus preserving the natural transcriptional regulatory ride channe[53]. In the canine muscle study, repair
mechanisms controlling the level of gene expression. efficiency was low (1.2%) by quantitative RT-PCR,
Compared to simply delivering a traditional therapeu- but patch-clamp analysis of individual cells yielded
tic genetic payload, a major advantage of this approach a wide range of repair efficiency, with 18% of cells
is that, by invading a naturally occurring pre-mRNA, showing some functional restoration and some cells
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showing full wild-type function, suggesting that repair
efficiency varies from cell to cell. Wild type globin
sequences have be&mans-spliced into sickle globin
mMRNA to ‘repair’ the mutant transcripts in vivo via a
ribozyme-mediatedrans-splicing mechanism in ery-
throcyte precursors isolated from patients with sickle
cell diseasd55]. Ribozyme-mediatedrans-splicing
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spliceosome-mediated therapettians-splicing into

an endogenous pre-mRNA preserves the natural tran-
scriptional regulatory processes controlling pre-mRNA
levels. This property makes these strategies of pre-
MRNA trans-splicing attractive approaches to the
treatment of genetic disorders associated with mutant
genes that are highly regulated or that encode poten-

has also been used to correct aberrant transcripts intially deleterious mutant proteins.

myotonic dystrophy, by shortening the trinucleotide
repeat expansion found at theehd of the human my-
otonic dystrophy protein kinase mRNA in vitf60].

6.2. Fpliceosome-mediated therapeutic pre-mRNA
trans-splicing

There are two basic appaohes to thepeutic spli-
ceosome-mediateidans-splicing, including: (1) gene
transfer-directed pre-mRNArans-splicing into an
endogenous pre-mRNA; and (2) segmentians-
splicing, in which fragments of genes are delivered

The ability of higher eukaryotes to performans-
splicing suggested th&tans-splicing might be used as
a treatment of genetic diseagé$. Strategies that op-
erate through the repair of mMRNA are especially attrac-
tive for this application, since they can theoretically
correct both dominant and recessive disorfets62]
Directedtrans-splicing, targeting an intron upstream
of the defective exons, shalienable the replacement
of the defective portion of an mRNA molecule, re-
ducing the number of mutant transcripts and replacing
them with equal numbers of the repaired transcript. In
this scenario, th&ans-splicing target mRNA remains

by separate gene transfer vectors, and the pre-mRNAsunder the control of its endogenous promoter, assuring

joined bytrans-splicing to code for an intact protein.
Although circumstances exist in which transient ex-
pression of arans-splicer is desirable, such as the
ablation of tumor cells or tissue remodeling, most
applications require long-lasting or permanent ex-
pression of the therapeuticans-splicer pre-mRNA.
Gene transfer vectors capable of providing such ex-
tended expression include retrovirus, lentivirus and

proper tissue specificity and regulation of expression.
In the most common strategy, spliceosome-mediat-
edtrans-splicing into endogenous pre-mRNA utilizes
gene transfer to the cell of pre-mRNAs engineered
to contain a set of sequence elements which promote
cis-splicing of the targeted intron, including a branch-
point, polypyrimidine tract and & 3plice acceptor site
(Fig. 3. Interaction of thetrans-splicer pre-mRNA

adenovirus-associated vectors. Although these vectorsand the target pre-mRNA occurs through a critically

are all capable of providing the proper structures for
trans-splicing, the degree to which the splicing signals
incorporated into the transgene interfere with vector
production and levels of intracellular expression need
to be evaluated on a case by case basis.

7. Gene Transfer-directed preemRNA
trans-splicing into an endogenous pre-mRNA

The most common strategy of therapeuttians-
splicing is directed toward modification of an en-
dogenous pre-mRNA, where a therapeutic pre-mRNA
derived from an exogenously constructed and de-

important ‘hybridization domain’ by virtue of its com-
plementary sequence which is inverted with respect
to the remainder of thé&rans-splicer to preserve the
antiparallel configuration of the hybrid. The hybridiza-
tion domain anchors thigans-splicing pre-mRNA to
the specific target intron. In the early developments
of this form of trans-splicing, the hybridization do-
main was constructed such that it spanned dise
elements in the target required for efficient splicing,
i.e., the branchpoint and polypyrimidine tract. How-
ever, recent studies have demonstrated opttraak-
splicing with a hybridization domain targeted consid-
erably more 5within the intron, and not impinging
at all on the aforementioned sequence elempggk

livered expression cassette is used to transcribe aTrial and error have led to the general principal that

new partial pre-mRNA that, vidrans-splicing, re-
pairs clinically relevant mutant transcriptsig. 2).
Like ribozyme-mediated therapeutitans-splicing,

targeting the size and location within the intron of the
hybridization domain for most efficieitans-splicing
is a gene-specific function that must be optimized on a
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Vector
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55-{ A Ao B 3
Target ¢ Trans-splicer
Pre-mRNA pre-mRNA Normal
Nucleus | 3
Trans-splicing
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‘ 1alefc}
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Fig. 3. Therapeutic spliceosome-mediateahs-splicing modification of an endogenous pre-mRNA) Overview. An expression cassette
expressing @&rans-splicing pre-mRNA, directed to an intron in an endogenougétipre-mRNA via a complementary hybridization domain,
is delivered to the cell using a gene-transfer vector. ffames-splicer pre-mRNA contains sequendereents that attract the spliceosome to
generate a corrected mature mRNA from the interactibth® endogenous pre-mRNA and newly introduced pre-mRNB.Qetails, using
spliceosome-mediateiians-splicing correction of a mutation as an examphethis model, the endogenous pre-mRNA has a mutation in the
C" exon. With spliceosome-mediaté@ns-splicing, to the pre-mRNA product, an exogenousected exon (C) is introduced by gene transfer,
resulting in an mMRNA product A-B—C, replacing the mutant exéna@h a wild-type sequence exon C. The critical elements are illustrated,

including hybridization domain, branchpoint, sglidonor, polypyrimidine tract and splice acceptor.

case by case basis. Although the example given illus-

the repair of factor VIII hemophili§8] and X-linked

trates the strategy for replacement of exon sequencesmmunodeficiency with hyper IgM (HIGM163].

3’ to the hybridization domairFHg. 3), similar strate-
gies have been developed fdrexons, as well as for
the replacement of internal exons in a process involv-
ing two separate splicing everjéA].

An early demonstration of the potential of spli-
ceosome-mediatedrans-splicing into endogenous
pre-mRNA was the demonstration that spliceosome-
mediated RNAtrans-splicing could be used to alter
human chorionic gonadotropin polypeptide mRNAs
and to repair mutant lacZ @nscripts in cell culture
[6,65]. Another demonstration of this approach is the
correction of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) F508 mutation in human
cystic fibrosis airway-epithelial cells grown in culture
and in animal xenograftgs6,67] The repair at the
pre-mRNA level resulted in partial restoration of Cl
transport in the CFTR-deficient cells to 12 to 15%
of the level observed in wild-type CFTR-containing
cells, theoretically sufficient to correct the disease.

Spliceosome-mediatarhns-splicing has also been
used to reprogram mutant pre-mRNAS in vivo in ex-

perimental animal models of hereditary disease. The

best two examples of the use wans-splicing to an
endogenous mMRNA to correct a phenotype in vivo are

7.1. Correction of factor VIII hemophilia

Hemophilia A is a sex-linked bleeding disorder
caused by deficiency of egulation Factor VIII[69].
Spliceosome-mediatérhns-splicing into endogenous
mutant factor VIII has been used to repair the defec-
tive mRNA in a Factor VIII knockout murine model
[68]. In this study, a Factor-Vlitrans-splicer expres-
sion cassette carried by either plasmids or adenovirus
gene transfer vectors was administered intravenously
to Factor VIII knockout mice. Factor-VIII activity
measured in the plasma peaked at 3 weeks and could
be detected for up to 8 weeks, although the levels
declined from peak values. At 3 weeks after admin-
istration of the adenovirus Factor Vlittans-splicer,
80% of the mice survived a tail-clip challenge, while
no naive or mock-injected animal survived.

7.2. Correction of CD40L mutationsin HIGM1
X-linked immunodeficiency with hyper IgM (HIG-

M1) is a rare, X-linked recessive immunodeficiency
disease characterized by failure of immunoglobulin
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isotype switching from IgM to 1gG, IgA, and IgE,
caused by mutations of the gene encoding CD40
ligand (CD40L), a cell surface ligand expressed by
CD4+ T cells in a regulated fashid@0,71). Lack of
CDA40L on the surface of activated CBAT cells pre-
vents the interaction with the CD40 glycoprotein on
B cells, macrophages and dendritic cells that is es-
sential for immunoglobulin class switching by B cells
and macrophage activatidil]. Unable to perform
this activation, individuals with HIGM1 suffer from
recurrent bacterial infections, especially with oppor-
tunistic microorganisms such &seumocystis carinii

(P. carinii) [72]. HIGM1 is a serious and often fa-
tal disease with only 20 to 40% of patients reaching
the third decade of lif§73,74] Currently the only
available therapy for HIGM1 is bone marrow trans-
plantation[72,73]

Although gene therapy is an obvious approach to a
potential cure for HIGM1, studies by Brown et pd5],
using ex vivo retrovirus-mediated CD40L gene trans-
fer to bone marrow cells in a mouse CD40L knockout
(CD40-KO) model, corrected the CD40L deficiency
state and stimulated humoral and cellular immune
functions, but also induced the development of T lym-
phoproliferative disease. This observation is a good
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KLH demonstrated thatrans-splicer recipients pro-
duced both IgM and IgG1 against KLH while CD40L-
KO mice were able only to produce antigen specific
IgM not IgG1. Regulated expression of CD40L on
CD4+ T cells occurred following CD3 stimulation in
primary and secondary transplanted mice, and there
was marked attenuation of proliferation Bf carinii

in the lung following respiratory tract challenge with
the organism. Importantly, assessment of trans-
splicer corrected CD40L-KO mice over 1 year demon-
strated no evidence of lymphoproliferative disease.
These studies demonstrate the feasibility and safety
of correcting endogenous CD40L in HIGM1 byans-
splicing, with functional correction of the genetic de-
fect and without the adverse consequences of unregu-
lated CD40L gene expression.

8. Segmental trans-splicing

In a new paradigm of spliceosome-mediated thera-
peutictrans-splicing, referred to as ‘segmentains-
splicing’ (STS), genes are delivered in separate gene
transfer vectors, and the two pre-mRNA fragments are
joined by spliceosome-mediat&@ns-splicing to cre-

example of the need for regulated expression of potent ate an intact pre-mRNAF(g. 4). The applications of

genes like CD40L, in that even low-level constitutive
expression of CD40L results in abnormal proliferative
responses in developing T lymphocytes.

Since a major advantagetoéns-splicing over con-

therapeutic STS are still being explored, but it has
already been shown to be useful in delivering large
genes, as well as toxin genes.

As described above, all naturally occurring pre-

ventional gene therapy is that the corrected genes mRNAtrans-splicing, and all previous attempts to uti-

are regulated by their endogenous regulatory machin-

ery, we initiated a study to restore CD40L function
in the HIGM1 knockout mouse model by corrective
spliceosome-mediaterhns-splicing[63]. To evaluate
the ability of this strategy to correct a CD40L knock-
out mouse (KO), lentivirairans-splicing vectors were
constructed with normal exons 2-5 of CD40L cDNA
with a hybridization domain targeted to the first in-
tron of the endogenous CD40L pre-mRNA. Bone mar-
row cells from CD40L-KO mice were modified with

these vectors and transplanted into syngenic CD40L-

KO mice. RT-PCR and sequencing of CD40L-specific
RT-PCR products from spleens of recipient mice 10
weeks after transplantation showed ttrahs-splicing
occurred correctly in recipient mice. CD40L-KO mice
immunized with keyhole limpet hemocyanin (KLH)

lize trans-splicing using gene transfer, have involved
the replacement of a porticof a pre-mRNA with an
alternative leader or alternative exon sequejv&s.
Since the recognition of these alternative RNAs for the
pre-mRNA is based on hybridization, the efficiency of
these systems, as represented by the kinetics of bi-
molecular reactions, is limited by the dependency of
hybridization on the initial sncentrations of the mole-
cular participants. Thusimiting amounts of either the
pre-mRNA or thetrans-splicing alternative RNA es-
tablish the maximal degree to which the reaction can
proceed. To address this issue, we recently developed
a new strategy ofn vivo gene transfer termed ‘seg-
mental trans-splicing’, in which individual ‘donor’
and ‘acceptor’ DNA sequencedelivered in vitro or

in vivo, generate pre-mRNAs with’ &and 3 splice

and evaluated for IgM and IgG1 responses against signals respectively, and complementary hybridization
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A. B.
Vector 1 Vector2 5 fragment of gene 3' fragment of gene
i / 4
5' fragment 3' fragment promoter 5' hybridization promoter
of new gene of new gene domain ;
3 hybridization
‘ ‘ domain
5' portion of 3' portion of Hybridization domain
new pre- new pre- 5 T S,
mRNA mRNA
Nucleus 3

Segmental trans-splicing

Intact new
MRNA Mature mRNA
74 J
New protein

Fig. 4. Therapeutic spliceosome-mediated segménatad-splicing to join two exogenous pre-mRNA# ) Overview. 5 and 3 DNA fragments

with relevant regulatory and hybridizationcgeences (also referred to as ‘donor’ and ‘accefdtagments) are introduced to cells using two
gene transfer vectors, each coding for a partial pre-mRNA with camgaary hybridization domains drsplice donor and branchpoint plus
splice acceptor sequences on the donor and acceptor expression sassgectively. Following transcription of the donor and acceptor
expression cassettes, the two pre-mRNAs intetarctiugh the unique complementary hybridizatidomains. The intranuclear interaction of
the pre-mRNA products results in the stoichiometric genamadibfull-length, functional MRNA mediated by splicesomeB) Details. Two
engineered individual RA fragments coding for5and 3 fragments of pre-mRNA of the coding sequence an entire gene are delivered using
separate gene transfer vectors. These DNA sequences contaidan@ sequence that itedes a promoter and coding sequences of the
N-terminal portion of the protein of interest, and ‘a‘@&ceptor’ sequence that includes a proenaind coding sequences of the C-terminal
portion of the protein. The’3nd of the donor fragment and &nd of the acceptor fragment contain complementary foreign hybridization
sequences that facilitate efficietnéns-splicing of the two pre-mRNA fragments. Nedththe donor nor acceptor pre-mRNAs alone generates
any protein product, but when both are present, the hybridized dodcaaeptor pair are recognized by the spliceosome as a functional unit,
and the intronic sequences are spliced to generate a mature functional mRNA.

domains through which the two pre-mRNAs inter- vectorg[77,79] Two individual vectors containing the
act, facilitatingtrans-splicing of the two mRNA frag- donor and acceptor domains of cobratoxin, respec-
ments. In STS, the kinetic bottleneck limiting the de- tively, were delivered, each of which is transcribed to
gree to which the reaction can generate an alteredcreate a partial pre-mRNA, engineered to bind only
MRNA is eliminated by generating two separate RNAs to each other. While the Poisson distribution prob-
at high concentrations, which contain unique binding lem of distribution of two different vectors to each
sequences to ensure a single bimolecular event. Oncecell remains a theoretical challenge, since a cell must
this binding has occurred, the splicing reaction that en- get both vectors to produce a product, the robust ex-
sues is presumably indistinguishable from traditional pression of thex-cobratoxin phenotype in mice in

cis-splicing. Thetrans-splicing constructs used in STS
are designed for maximal efficiency wans-splicing,
but neither the 5donor or 3 acceptor constructions
produce a viable pre-mRNA without the otH&r].

We demonstrated the effectiveness of STS using
«-cobratoxin as a model system, based on the ro-
bust and easily identifiable phenotype associated with
this toxin[78], using the high-volume, hydrodynamic
tail vein injection technique that results in the effi-
cient transduction of liver with plasmid expression

this study indicates that sufficient numbers of cells are
transduced by both vectors generate an easily iden-
tifiable, unambiguous result. By comparison to stud-
ies with a-cobratoxin protein injected intravenously,
it was demonstrated that at least 2 ug of the toxin
must have been secreted following administration of
7.5 ug of the donor and acceptor plasmids. It is re-
markable that the level ak-cobratoxin produced by
trans-splicing was comparaé to that produced from
similar amounts of intaak-cobratoxin cDNA, a suffi-
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ciently robust expression that could be exploited in a
variety of gene therapy strategies.

8.1. Thelarge-gene problem

STS can be used to expand the size and complex-

ity of the payload of gene therapy vehicles, which
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As an example, we used Shigatoxin, a potent intra-
cellular toxin produced byshigella dysenteriae and
some strains oE. coli [82—84] The toxin is a multi
subunit protein made up one molecule of the A sub-
unit responsible for the toxicity of the protein, and
five molecules of the B subunit responsible for bind-
ing to a specific cell type. Once inside the cell, the A

should enable new strategies to emerge for the deliv- subunit of Shigatoxin, a®v-glycosidase that modifies

ery of therapeutic genes too large to fit into conven-

tional gene transfer vectors. In this regard, the capac-

ity of adeno-associated virus is 4.5 kb, and conven-
tional E1-E3-adenovirus is 7.5 kb, while the capac-
ity of retrovirus and lentivirus vectors is limited to
less than 10 k{80,81] Creating gene therapy vec-
tors for large cDNAs such as von Willebrand fac-
tor gene (von Willebrand disease, 8.6 kb), dystrophin
(muscular dystrophy, 11.0 kb); fibrillin 1 (Marfan syn-
drome, 8.6 kb); neurofibromatosis-1 gene (Von Reck-

linghausen disease, 8.4 kb), ataxia telangiactasia mu-

the RNA component of the ribosome to inactivate it,
causes the cessation of protein synthesis and death of
the cell. Removing the coding sequence for the B sub-
unit ensures that any subunit A produced by a cell will
remain intracellular, and have no effect systemically.
We demonstrated the utility of STS for the genera-
tion of intracellular toxins by assembling Shigatoxin
A subunitmRNA from non-toxic pre-mRNA segments
delivered to tumor cells via adenovirus vectors in vitro
and in vivo. Other potent intracellular cytotoxin or
apoptosis inducing genes which could be used in this

tated gene (ataxia telangiectasia, 9.2 kb), adenomatousnanner include, diphtheriaxin-A chain, ricin-A pep-

polyposis colon gene (colon cancer, 8.5 kb); and Hunt-
ingtin (Huntington’s Disease, 9.4 kb), among others,
has been a limitation for mosgectors, especially when
using their native promoters to drive regulated expres-
sion. Assembling these molecules in target cells by
segmentalrans-splicing should be readily possible.

8.2. The toxic-gene problem

Although there is considerable interest in the use
of toxins as potential therapeutic agents for cancer,
the delivery of intracellular toxins by gene therapy has
been hampered by technical difficulties with prepara-
tion of the vectors due to the fact that expression of
the toxin kills the packaging cells during generation of

tide, caspases, or Fas-ligaigb]. Although there exist
considerable technical obstacles to the delivery of tox-
ins by STS to anything other than foci of localized
tumor cells in vivo, the apoptotic presentation of tumor
antigens to cells of the immune system may provide an
additional level of anti-tumor activity.

Importantly, while intratumoral administration of
the 8 and 3 fragments of the Shigatoxin A subunit
suppressed tumor growth, it did not cause systemic
toxicity. Since, in this strategy, only the cells infected
with both the donor and the acceptor STS fragments
should be killed, the risk of systemic leakage of the
gene transfer vector is minimized. For instance, if the
risk of leakage of one virus is 1%, the risk of leakage
of both virus vectors should be 0.01% and the chance

the vector. As for the large gene issue, STS provides a of both vectors reaching the same cell in distant or-

solution to this problem by generating the toxic gene
product from two non-toxic pieces a process in which
two engineered individual DNA fragments coding for
5 and 3 fragments of pre-mRNA of a gene for the
toxin are delivered to mammalian cells. These DNA
sequences include & ®onor’ sequence that includes
a promoter and coding sequences of the N-terminal
portion of the toxin of interest and d &cceptor’ se-

gans is negligible. These properties suggest there is an
extremely low risk of STS side effects by systemic in-
toxication.

8.3. Truetrans-splicing vs concatemerization

The process of segmentabns-splicing combines
two (or more) pieces of genetic information at the pre-

quence that includes a promoter and coding sequencesnRNA level. This is a different process than combin-

of the C-terminal portion of the toxin.
A recent study in our lab focused on the use of
STS to deliver an intracellular toxin to treat cancer.

ing two of pieces of genetic information at the DNA
level, either via insertion into the genome or via re-
combination of the two individual DNA segments in
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the nucleus. An example of the latter process is the partment. Signal peptides can be added, for example,

use of two adeno-associated virus (AAV) gene trans-
fer vectors to combine two fragments of a gene that
are too large to fit into the small (4.4 to 4.5 kb)
genetic cargo capacity of an individual AAV vec-
tor [80,81,86] Unlike spliceosome-mediated segmen-
tal trans-splicing that occurs via RNA splicing at
the pre-mRNA level, AAV vector-mediated combina-
tion of two DNA segments occurs by concatemer-
ization, after which transcription yields a single pre-
MRNA that is then spliced by normeils-splicing[87—
93]. While AAV vector DNA concatermization clearly

works, these vectors can concatamerize in all possi-
ble arrangements (head to tail, head to head, tail to

tail), most of which are non-productive in terms of the
desired full length RNA product, with the concomi-

to direct a portion of the production of a given protein
to be secreted. Other signals could direct mutant pro-
teins toward degradative compartments, to avoid the
complications of improper protein processing as seen,
for example, in the serpinopathigst].

In theory, there is no limit to the number of seg-
ments that could be assembled using the STS para-
digm, aside from potential limits imposed by the ju-
dicious choice of binding domains. If combined with
gene transfer vectors that integrate, this strategy could
provide long lasting large gene expression in appropri-
ate cells, irrespective of the sites of integration.

Additional control of gene expression can be con-
ferred in genes transferred by STS by the use of pro-
moters with dual specificities. For example, the seg-

tant transcriptional burden generating some unusablemental assembly of an intracellular toxin or an inducer

products. In this context, segmentians-splicing the-
oretically is likely less wasteful of cellular resources.
A head-to-head comparison of STS with AAV vector

of apoptosis in a cancer cell could be arranged such
that the production of one segment is under the con-
trol of a liver specific promoter, such as the albumin

concatermization has not been assessed, and thus it ipromoter, and the second segment is under the con-

not possible at this time to estimate which is more ef-
ficient and less prone to errors.

9. Future prospects

Ribozyme- and spliceosome-mediateahs-splic-

trol of a cancer specific promoter, such as the sur-
vivin promoter[95]. Such an arrangement would en-
sure that only cancerous liver cells would express both
segments and be eliminatechi$ is relevant to poten-
tial cancer therapies in the context that a single active
vector containing the cDNAs for intracellular toxins

ing are strategies to replace a defective exon with cannot be produced, since they kill the cells in which
a corrected version of the same gene segment. Thisthey are grown and amplified. Thus, STS provides a
ability to interrupt the processing of a naturally occur- means of on-site generation of intracellular toxins for
ring gene by the invasion of an alternative sequence therapeutic use, without exposure to any toxic material

provides the opportunity to perform unique experi-
ments in protein evolution. In addition, gene segments
can be deliberately ‘mixed and matched’ at will, at

during manufacture of the precursors.
A critical question requiring further study for re-
pair of mutant RNAs is the precision and specificity

least in theory, and the resultant products assayed forof the repair processlrans-splicing must be highly

the development of novel activities, transcriptional re-
sponses to stimuli, cellular trafficking, and regulation.
Such experiments may provide insight into eukaryotic
evolution, as well as a new paradigm for drug discov-
ery.

The notion of mixing protein domains may be even
simpler using the segmentabns-splicing paradigm.
Since there is no limit to the number of donor and ac-
ceptor domain vectors thabald be generated with the
same binding domain, it would be possible to use STS
to create diversity within a restricted groufrans-
splicing can also be employed to add ‘tags’ to an
mMRNA in order to direct it to an alternate cellular com-

specific in order to limit the number of illegitimate
and possibly toxic or immunogenic products gen-
erated. In one published report, spliceosoitnahs-
splicing seemed to lack specificity, with theans-
spliced element appearing on unintended target RNAs
in mammalian cells[96]. Attempts to modify the
trans-splicer to suppress nonspecific splicing failed to
have the desired effect. Although these observations
raise the possibility that nonspecific spliced products
may be produced by gene therapy constructs deliver-
ing spliceosome-mediatadans-splicing payloads, it
has been suggested that increasing the size of the hy-
bridization domain may improve specificii§2]. Seg-
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mentaltrans-splicing should not suffer from this lim-
itation, since no endogenous pre-mRNA is targeted.
Ribozyme-mediated repair may also suffer from a lack
of specificity [97], but recently described modifica-
tions to the ribozyme address this issi@8]. Pilot
experiments have been sufficiently promising to war-
rant additional studies aimed toward development of
more specifidcrans-splicing agents. Likewise, preclin-
ical studies directed toward therapeutic applications
of trans-splicing performed to date have been encour-
aging, demonstrating thdtans-splicing can amend
mutant transcripts associated with a variety of human
diseases.

Significantimprovements are also needed in the ef-
ficiency oftrans-splicing before it can be considered a
mature therapeutic modality. Reported efficiencies for
spliceosome-mediated pre-mRNwrans-splicing have
rarely exceeded ten percemtith most being closer
to two percen{62,65—-67] although segmentatans-
splicing may be more efficiefit7]. Evidence suggest-
ing that nascent transcripts assemble with splicing fac-
tors and undergo splicing co-transcriptionally raises
some theoretical obstacles to improving the efficiency
of trans-splicing[99,100] The linkage of splicing and
transcription suggests that the two sets of machinery,
both complex and very large, must operate in close
proximity to each other. This may impose steric lim-
its to the amount of anyrans-splicer that might gain

access to the nascent pre-mRNA, and thus to the de-

gree oftrans-splicing that occurg§101]. The inclu-
sion of specific exonic enhancer sequences into the
trans-splicer pre-mRNA has been shown to improve
the efficiency of naturally occurringans-splicing in
vitro [102], but this process has not been investigated
in therapeuti¢rans-splicing strategies. Such strategies
may lead to significant improvements in the efficiency,
specificity and safety of therapeuti@ns-splicing.
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