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Deep Intron Elements Mediate Nested Splicing Events at Consecutive
AG Dinucleotides To Regulate Alternative 3’ Splice Site Choice in
Vertebrate 4.1 Genes
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Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA%; Department of Molecular and Cell Biology, University of California, Berkeley,
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Distal intraexon (iE) regulatory elements in 4.1R pre-mRNA govern 3’ splice site choice at exon 2 (E2) via nested splicing events, ulti-
mately modulating expression of N-terminal isoforms of cytoskeletal 4.1R protein. Here we explored intrasplicing in other normal and
disease gene contexts and found conservation of intrasplicing through vertebrate evolution. In the paralogous 4.1B gene, we identified
~120 kb upstream of E2 an ultradistal intraexon, iE, that mediates intrasplicing by promoting two intricately coupled splicing events
that ensure selection of a weak distal acceptor at E2 (E2dis) by prior excision of the competing proximal acceptor (E2prox). Mutating
iEP in minigene splicing reporters abrogated intrasplicing, as did blocking endogenous iE® function with antisense morpholinos in live
mouse and zebrafish animal models. In a human elliptocytosis patient with a mutant 4.1R gene lacking E2 through E4, we showed that
aberrant splicing is consistent with iE"-mediated intrasplicing at the first available exons downstream of iEX, namely, alternative E5
and constitutive E6. Finally, analysis of heterologous acceptor contexts revealed a strong preference for nested 3’ splice events at con-
secutive pairs of AG dinucleotides. Distal regulatory elements may control intrasplicing at a subset of alternative 3’ splice sites in verte-

brate pre-mRNAs to generate proteins with functional diversity.

Eukaryotic genes utilize a versatile array of RNA processing
mechanisms to generate an enormous proteome from a mod-
est number of genes (22). The majority of human genes exhibit
alternative splicing of one or more internal exons, many of which
are subject to tissue-specific or developmental-stage-specific reg-
ulation that contributes to functional differentiation. Moreover, it
is becoming apparent that many if not most genes also possess
alternative promoters associated with distinct first-exon se-
quences that can be distributed over wide regions at the 5 ends or
can be internal to the gene (2, 18).

Genes in the protein 4.1 family of cytoskeletal adaptor proteins
employ alternative transcription initiation at multiple promoters/
first exons, as well as alternative pre-mRNA splicing at internal
cassette exons, to encode a complex complement of tissue-specific
polypeptides (3, 7, 28). Many of the protein 4.1 isoforms encoded
by these genes are expressed in tissue- or differentiation-specific
patterns, where they exhibit different subcellular localization and
fulfill a variety of cytoskeletal linking functions. Proteins encoded
by the 4.1B gene are important for heart development via an in-
tegrin avB8-dependent mechanism (16, 20); they also recruit
neurotransmitter receptors to the synapse (14), play arole in para-
nodal and juxtaparanodal adhesion complexes (13), and function
in maintaining the structure of the Golgi (17). 4.1B is also a re-
ported tumor suppressor (6, 12, 27, 30).

We are studying the molecular mechanisms by which pre-
mRNA splicing pathways regulate synthesis of 4.1B protein iso-
forms. Of particular interest is the 4.1B gene’s capability of encod-
ing two size classes of protein by utilization of alternative
translation initiation sites AUG1 and AUG2 in exons 2 and 4,
respectively. Interestingly, expression of AUGI in mature mRNA
is regulated by a poorly understood mechanism that involves cou-
pling between transcription at mutually exclusive alternative pro-
moters and splicing at alternative 3’ splice acceptor sites far down-
stream in exon 2 (28). All transcripts initiated at exon 1B (E1B)
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splice directly to the first (proximal) 3’ splice site at exon 2 (E2),
designated E2prox (28). This is consistent with previous studies
showing in general that proximal acceptors are favored over distal
sites (9) and in particular that E2prox is predicted to be a stronger
acceptor than E2dis (28). Paradoxically, however, exon 1A (E1A)
splices almost exclusively to the weaker distal 3" acceptor, E2dis.
This unusual splice site choice has a major impact on protein
structure and function, because the translation initiation codon
AUGTI is located between E2prox and E2dis. The E1A-to-E2dis
splice deletes AUGI and produces an alternative mRNA isoform
that encodes shorter proteins lacking the N-terminal headpiece of
~200 amino acids. Physiologically, the presence or absence of the
headpiece likely has a substantial effect on protein 4.1B binding,
since a similar phenomenon has already been reported with regard
to binding of the paralogous 4.1R system to components of the
erythroid membrane skeleton (23).

Our study explored the splicing mechanism by which 4.1B E1A
bypasses the strong E2prox acceptor to splice selectively at the
weaker E2dis acceptor. We tested the hypothesis that E1A splicing
is determined by an intron-regulatory element(s) uniquely pres-
entin E1A-initiated transcripts, not transcripts originating at E1B,
that is, by elements mapping between E1A and E1B. The proto-
type for promoter position-dependent regulation of this type is
the protein 4.1R gene (15, 25, 28). This study utilized minigene
splicing reporters in cultured cells and antisense vivo-morpholi-
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nos in animal experiments to demonstrate that an unannotated,
ultradeep intron element in 4.1B pre-mRNA is required for
proper E1A-E2dis splicing. Additional experiments revealed spe-
cific alternative 3’ splice site architectural features that are re-
quired for accurate intraexon-mediated regulation, opening the
possibility that deep intron elements might have a wider role in 3’
splice site choice for a subset of heterologous exons.

MATERIALS AND METHODS

Splicing reporter construction. Minigene —iE® consisted of two regions
from the 5’ region of the human 4.1B gene: the E1A promoter region
together with E1A exon sequences and a short region of downstream
intron sequence (in the February 2009 version of the human genome
assembly, chr18:5,630,171-5,632,114) and E2 with a short upstream in-
tronic region (chr18:5,489,000-5,489,451). Splicing reporter +iE® con-
tained an additional 0.5-kb fragment spanning the 4.1B intraexon (chr18:
5,609,935-5,610,458) inserted between E1A and E2, while the size-
matched control —iEPsc lacked the intraexon but contained an equal
length of additional intron sequence downstream of E1A. Finally, reporter
+iE® contained the 4.1R gene intraexon substituted for the 4.1B intra-
exon. All genomic fragments were cloned into the pcDNA3 expression
vector from which the cytomegalovirus (CMV) promoter region had been
removed by deleting a 740-nucleotide (nt) region between Nrul and
EcoRV sites, so that transcription was dependent on the E1A promoter.
The intermediate splicing reporter (see Fig. 5D) was similar to construct
+iEP, except that intron sequences between the intraexon and E2 were
removed, leaving iE immediately adjacent to E2.

Splicing analysis. Splicing reporter minigenes in most experiments
were transfected into mouse Swiss 3T3 cells using the Fugene transfection
reagent (Roche) as described previously (25). Splicing analysis of the 4.1B
intrasplicing intermediate (see Fig. 5) was analyzed in human HEK293
cells. Total RNA was extracted from cells with Qiagen’s RNeasy minikit
and then reverse transcribed into cDNA using the Superscript III first-
strand synthesis system (Invitrogen) with a reverse primer specifically
targeting the pcDNA3 vector (5'-TACAAGGCACAGTCGAGG-3'). The
identity of all PCR products was confirmed by sequence analysis. The
following primers were used in subsequent PCR assays designed to distin-
guish between correct and incorrect splicing at the alternative splice ac-
ceptors at E2: E1A forward primer, 5'-CTGTGAGCAGCCCTACCTCTC
TCT-3'; E2 reverse primer, 5'-AGCGGCGGCGAACTGCTCCAG-3'. All
experiments were performed at least three times with results similar to
those presented in the figures.

Branch point mapping. Amplification of lariat intermediates was per-
formed as described previously (29). Nested PCRs were performed using
forward primers upstream of the branch point region and reverse primers
downstream of the intraexon: first reaction, forward primer, 5'-TCCAG
CGTGTGATGTAGGACTG-3', and reverse primer, 5'-ATTGGCTGGTT
TCTGTTTCTCG-3'; second reaction, forward primer, 5'-TAGGACTGA
CTGACTGTGCTTGGC-3', and reverse primer, 5’ GGGTCACATAAAC
TCCATACAGAC-3'. DNA sequence analysis of the product confirmed
joining of the intraexon 5’ splice site to a consensus branch point up-
stream of exon 2. As reported earlier (29), the branch point A nucleotide
was read as a T in the amplified product.

Vivo-morpholinos. All vivo-morpholino experiments were repeated
at least twice. Antisense morpholinos were 25 nt in length and were ob-
tained from Gene Tools, LLC (Philomath, OR). For mouse experiments,
we used vivo-morpholinos containing a covalently linked octaguanidine
dendrimer as a delivery moiety to facilitate entry into cells in vivo. Mice
were injected into the tail vein at 15 mg/kg on two consecutive days, and
then RNA was purified from selected tissues on the third day. Tissues were
rinsed in 1X phosphate-buffered saline (PBS), snap-frozen in liquid ni-
trogen, and stored at —80°C until RNA was isolated by using Qiagen’s
RNeasy minikit, per the manufacturer’s instructions. For zebrafish, the
morpholino blocking the intraexon 5" splice site was diluted to a final
concentration of 2 ng/nl in 0.2 M KCl and 0.1% phenol red and injected
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into the yolks of 1-cell-stage embryos. Doses ranging from 2 to 10 ng of
morpholinos (MO) were tested, with no toxicity observed. Embryos were
incubated at 28.5°C for 24 h, and then RNA was purified from whole
embryos by solubilization and extraction in TRIzol (Invitrogen) accord-
ing to the manufacturer’s instructions, followed by further purification
using a Macherey-Nagel NucleoSpin RNA II kit. Vivo-morpholino se-
quences were as follows: mouse 4.1B iE-5'ss, 5'-ATATTAACTCCAGGA
CTCACCATGT-3'; mouse 4.1B iE-bp, 5'-CCATGTTCCCGGAGGCAG
TGAGACA-3’ (bold and underlined nucleotide indicates the branch
point position); mouse 4.1R iE-5'ss, 5'-TACATCAAAGAAGTACTCAC
CCAGA-3'. The morpholino sequence used in zebrafish to block the in-
traexon 5’ splice site was 5'-CTTTTGGAAATCAACTCACCAGCGC-3'.

RESULTS

Splicing of 4.1B exon 1A is almost exclusively coupled to the
distal acceptor in E2. Analysis of protein 4.1B transcripts dis-
played at the UCSC genome browser revealed a strong coupling
between specific alternative first exons and alternative 3’ splice site
selection at E2. As shown in Fig. 1, E1A splices mostly to E2dis
(42/46 transcripts; three of the nonconforming clones derive from
“synovial membrane from rheumatoid arthritis” and could rep-
resent aberrant splicing in diseased tissue). A minor subclass of
4.1B transcripts initiated 2 kb downstream at newly designated
E1C also splices to E2dis. The splicing pattern exhibited by E1A
and E1Cleads to skipping of the translation start site AUG1 and to
synthesis of smaller 4.1B protein isoforms from an alternative start
site in exon 4 (Fig. 1, bottom). In contrast, all E1B- (19/19), E1D-
(3/3), and ElE-initiated transcripts (53/53) splice to E2prox.
These results confirm and greatly extend our previous observa-
tions (28). Among 4.1B cDNAs in the mouse, the same correlation
was observed: all E1A transcripts (5/5) splice to E2dis, while E1B
transcripts (12/12) select E2prox. Splicing to E2prox impacts 4.1B
protein expression by including AUGI so that the resulting
mRNAs encode isoforms with an extended N-terminal domain,
the headpiece (Fig. 1, bottom).

Together these results support the hypothesis that E1A splicing
to E2dis is regulated by a mechanism that allows bypass of the
stronger proximal acceptor site (E2prox) in favor of the weaker
distal site at E2dis (28). A clue to the mechanism lies in the obser-
vation that promoter location is strongly correlated with splice site
selection: transcripts initiated at the set of upstream promoters
splice differently from those initiated at downstream promoters.
Similar findings with the paralogous 4.1R gene were explained by
the discovery of a deep intron regulatory element, the intraexon
(iE®), which mapped between upstream and downstream pro-
moters and determined splicing behavior (25). We therefore pro-
posed that an iE®-like element might regulate splicing at alterna-
tive acceptors in the 4.1B gene.

A deep intron splicing regulator acts at a distance of >100 kb
to determine E2dis splice site choice in 4.1B pre-mRNA. The
prototypical iE" in the protein 4.1R gene has a unique structure, re-
sembling an exon in size and possessing strong branch point and 5’
splice site sequences but including no AG dinucleotides and lacking a
functional 3" splice site (25). To determine whether an intraexon
regulatory element was present in the 4.1B gene, we analyzed 142 kb
of genomic DNA between E1A and E2 in the human 4.1B gene and
134 kb of the orthologous intron in the mouse 4.1B gene. For both
human and mouse introns, a single candidate intraexon meeting
these criteria was identified. These predicted intraexons mapped to
ultradeep intron regions, ~21 kb downstream of E1A and 121 kb
upstream of E2 in the human gene (Fig. 1), with analogous distances
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FIG 1 Promoter location relative to the iE regulator determines alternative
splicing decisions that determine the N-terminal structure of protein 4.1B
isoforms. (Top) Exon-intron arrangement at the 5" end of the 4.1B gene.
Numbers indicate intron lengths (in kb) for the human gene. Alternative first
exons are indicated E1A-E1E; E2prox and E2dis represent alternative 3" splice
sites in E2; AUG1 and AUG2 represent alternative translation initiation sites.
The putative intraexon, iE, is drawn with a broken line on one side to indicate
the lack of a functional 3" splice site. Depicted below the gene model are
pre-mRNA splice patterns derived from databases showing that alternative
first exons 1A and E1C splice to E2dis, while E1B, 1D, and 1E splice to E2prox.
Numbers in parentheses indicate the fraction of all database transcripts initi-
ated at a given promoter that splice to E2 as shown. (Bottom) Larger protein
isoforms encoded by transcripts that splice to E2prox and include AUGI, and
smaller proteins encoded by transcripts that splice to E2dis so as to skip AUG1
and initiate translation downstream at AUG2. Domains of 4.1R protein: HP,
headpiece at N terminus; FERM, 4.1/ezrin/radixin/moesin homology domain;
SAB, spectrin-actin binding domain; CTD, C-terminal domain.

of 21 kb and 111 kb in the mouse gene. This gene structure would
allow the intraexons to be included in, and to regulate splicing of, only
the upstream-initiated transcripts.

The splicing-regulatory activity of the 4.1B intraexon was
tested in the context of human 4.1B minigene splicing reporters
that either lacked or contained this element (Fig. 2A). Construct
—iEP consisted of two blocks of sequence: E1A with its natural
transcriptional promoter region, and E2 with its alternative 3’
splice sites. Both exons retained modest flanking intron se-
quences, but most of the very long intervening sequence between
these elements in endogenous pre-mRNA was not included. Con-
struct +iE® was made by insertion of a 0.5-kb fragment contain-
ing the putative iE® with some flanking intron sequence. When
these reporters were transfected into mouse 3T3 cells, construct
+iE® exhibited correct splicing of E1A to E2dis (Fig. 2B, lane 1). In
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FIG 2 The 4.1B intraexon is a powerful splicing regulator required for E1A splic-
ing to E2dis. (A) Splicing reporter constructs either lacking (—iE®) or containing
inserts of 0.5 kb encompassing the 4.1B intraexon element (+iE®), additional
intron sequence downstream of E1A as a size control (—iEsc), or the 4.1R intra-
exon (+iE®). (B) Splicing analysis of the reporters after transfection into HEK293
cells, using the indicated PCR primers. Structure of the PCR products was con-
firmed by sequence analysis. Lanes are labeled with names of the constructs.

marked contrast, the shorter construct —iE® yielded splicing of
E1A only to the (inappropriate) E2prox acceptor site (Fig. 2B, lane
2). A size control generated by adding 0.5 kb of intron sequence to
—iE® (—iEPsc) also failed to splice E1A correctly to E2dis (Fig. 2B,
lane 3). Finally, iE® could be substituted for iE® with no loss of
functionality (Fig. 2B, lane 4), demonstrating that these two intra-
exons have similar regulatory activity. Together these results sug-
gest that the iE® is a powerful regulatory element that can function
ataremarkable distance deep in the intron to enable E1A to bypass
the default proximal acceptor in favor of the distal site.

Intraexon function is essential for proper E1A-E2dis splicing
in natural full-length 4.1B pre-mRNA in vivo. We next investi-
gated iE® function in the context of natural full-length pre-
mRNA, where it is quite remote (in the linear sequence) from the
regulated splice site. Our strategy was to use antisense vivo-mor-
pholinos (vMOs) that can be introduced systemically into mice
via tail vein injection, after which they can cross cell membranes
and hybridize to complementary cis-regulatory signals in pre-
mRNA so as to induce splicing changes in vivo (21, 26). According
to the model (Fig. 3A, left), the iE® 5’ splice site should splice to
E2prox (splicing event 1) to generate an intermediate product;
then, E1A should splice to the composite E2dis acceptor generated
by juxtaposition of the iE® branch point with the AG dinucleotide
at E2dis (splicing event 2). To test this model, we used antisense
vMOs complementary to either the iE® 5 splice site (iE®-5'ss) or
the iE® branch point (iE®-bp) to block function in vivo. The pre-
dicted consequence of blocking iE® function is that E1A would
splice in a single step directly to the proximal 3’ splice site at E2
(splicing event 3) (Fig. 3A, right).

As shown in Fig. 3B, the normal physiological E1A—E2dis
splicing pattern was observed in kidney RNA from saline- or con-
trol vMO-injected mice (first two lanes). In contrast, treatment
with the gene-specific 4.1B1iE®-5'ss vMO induced a virtually com-
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FIG 3 Splice-blocking vivo-morpholinos validate intraexon regulatory function in full-length endogenous 4.1B pre-mRNA in vivo. (A) (Top) The two nested
splicing events (1 and 2) proposed for joining E1A to E2dis (left). Splice-blocking morpholinos targeting the iE® 5" splice site (5'ss-MO) and branch point
(bp-MO) were predicted to abolish iE® function, leading to aberrant one-step splicing (3*) of E1A to E2prox (right). (B) RT-PCR analysis of endogenous mouse
kidney 4.1B transcripts with primers located in E1A and E2, using RNA from animals treated with sterile saline, a negative-control vMO [(-)cont], or iE®-specific
vMOs against iE®-5'ss and iEB-bp. The first lane shows size standards, and the last lane is an RT-PCR negative control. (C) RT-PCR analysis using 4.1R-specific
primers to show that splicing of endogenous mouse kidney 4.1R transcripts was not altered by vMOs against the paralogous 4.1B pre-mRNA. Sources of RNA
(indicated above each lane) were isolated from animals injected with sterile saline, with negative-control vMO, with 4.1B-specific vYMOs against iE®-5’ss or
iE®-bp, or with a 4.1R-specific vMO against iE®-5'ss. The first lane shows size standards, and the last lane is an RT-PCR negative control. For both panels B and
C, correct splicing of E1A to E2dis was observed in mice treated with sterile saline or control vMOs. Gene-specific vMOs induced aberrant splicing of E1A to

E2prox only in the cognate 4.1R or 4.1B pre-mRNA; no cross-regulation of the paralogous pre-mRNA was observed.

plete switch of E1A splicing to E2prox in kidney 4.1B transcripts.
Similarly, a second independent vMO targeting the putative 4.1B
intraexon branch point also induced a strong switch in E1A splic-
ing from E2dis to E2prox (Fig. 3B, lane iE"-bp-MO). DNA se-
quence analysis confirmed the identity of all splice junctions in
these products. As additional controls for vMO specificity, we
showed that neither the 4.1B vMOs nor the negative-control vMO
altered splicing of the paralogous 4.1R transcript (Fig. 3C) under
conditions in which a 4.1R iE®-directed vYMO did switch splicing
in 4.1R pre-mRNA. vMO directed against the paralogous
4.1R—iE" did not alter splicing in 4.1B (data not shown).

RNA intermediate and lariat structures predicted by the 4.1B
intrasplicing model are present in normal mouse kidney. The
original splice junction sequences of iE® and E2prox, and the pre-
dicted composite 3’ splice site formed by juxtaposition of the iE®
branch point to the AG-dinucleotide at E2dis after splicing event
1, are shown in Fig. 4A and B, respectively. The indicated AG-
deficient region in iE® is essential to prevent activation of any
cryptic 3 splice sites that might otherwise compete with E2dis.

The same splicing intermediate RNA, along with the expected
lariat intron structure, is depicted in Fig. 5A. Consistent with the
model, we were able to successfully amplify and confirm by DNA
sequence analysis the predicted intermediate from endogenous
mouse kidney RNA using primers iE”-S and E2-AS (Fig. 5B, lane
1). As expected, little or none of this intermediate was detected in
kidney RNA from mice treated with the splice-blocking iE®-5'ss
vMO (lane 2). Further confirmation of the iEB—E2prox splicing
event was obtained by branch point mapping (Fig. 5A). Successful
amplification across the branch point, followed by sequence anal-
ysis of the product, confirmed that the iE® 5’ splice site can loop
across ~111 kb to the branch point sequence, TAGTGA*C, 30 nt
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upstream of E2prox (Fig. 5C), to generate a lariat intermediate.
The TAGTGA*C sequence, in which A* represents the branch site,
is a good match for the consensus mammalian branch point (10).
To test whether the intermediate RNA is a functional precursor
of mature E1A transcripts, an intermediate splicing reporter was
engineered to contain the structure E1AP-intron—iE®-E2 in
which iEP is already spliced to E2prox (Fig. 5D, left). After trans-
fection of this construct into HEK293 cells, mature E1A-E2dis
product was recovered (Fig. 5D, lanel), consistent with the second
step of intrasplicing between E1A and E2dis. This EIA-E2dis RNA
structure was identical to that produced by the +iEP splicing re-
porter (lane 2) and distinct from the aberrant RNA produced
from the —iE® reporter lacking the intraexon (lane 3). Splicing of
E1A to the composite E2dis acceptor site is thus consistent with
the proposed intrasplicing mechanism and corresponds to the
second nested splicing event of this process. Together these results
indicate that iE® plays an essential role in formation of mature
4.1B mRNAs, even though iE® is not present in the mature mRNA
and has never been annotated in the genome browsers.
Intrasplicing of 4.1B transcripts is conserved through verte-
brate evolution. Our previous study reported that the branch
point and 5’ splice site motifs of the 4.1R iE® were highly con-
served in mammals and were in every case separated by an AG-
deficient region of 84 to 92 nt (25). Comparative genomic analysis
revealed that nearly identical motifs are highly conserved among
vertebrate 4.1B genes, consistently located deep within otherwise
divergent intron regions (data not shown). To test evolutionary
conservation of the intrasplicing mechanism, we examined the
orthologous zebrafish 4.1B gene. Like its mammalian counterpart,
the zebrafish 4.1B gene couples transcription and splicing to gen-
erate E1A-E2dis and E1B-E2prox mRNAs. This correlation was
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FIG 4 Sequences of the 4.1B intraexon, the alternative 3’ splice sites in exon 2, and the composite 3’ splice site formed by juxtaposition of iE®-bp and E2'. (A)
The top sequence shows the predicted iE®-branch point and 5’ splice site, with an AG-deficient sequence of 85 nt separating these motifs. The bottom sequence
represents the E2 branch point and the two alternative 3’ splice sites at the AG dinucleotides labeled E2prox and E2dis. The translation start site ATG1 is boxed.
The arrow indicates the first splicing reaction in which the iE-5'ss splices, across 121 kb of intron, to acceptor site E2dis. (B) Sequence of the composite 3’ splice

site region predicted in the intermediate RNA after splicing of iE® to E2prox.

observed previously among transcripts in the genetic sequence
databases (28) and then confirmed experimentally by reverse
transcription-PCR (RT-PCR) analysis of zebrafish 4.1B tran-
scripts (Fig. 6).

Based on these results, we hypothesized that a functionally or-
thologous iE likely lies in the region between alternative first exons
E1A and E1B in the zebrafish gene. Analysis of genomic sequences
revealed a single candidate iE located downstream of E1A and
upstream of E1B that contained three essential features: an AG-
deficient sequence (109 nt) flanked by a candidate branch point
(CTCTCA*C) and a 5’ splice site (CTG/gtgagt, where the bound-
ary between the iE sequence in uppercase and the intron sequence
in lowercase is indicated by a slash). These features in the zebrafish
gene are nearly identical to the mammalian counterparts. As pre-
dicted by the intrasplicing model, this putative zebrafish iE®
splices directly to E2prox to form an intermediate RNA structure,
while E1A splices to E2dis (Fig. 6A, bottom, lanes 1 and 2). In
contrast, transcripts initiated at the apparent downstream pro-
moter associated with E1B do not include iE® and splice directly to
E2prox (Fig. 6A, bottom, lane 3). When formation of the interme-
diate in EIA transcripts was blocked by an antisense MO that
masks the iE® 5’ splice site, E1A splicing in vivo robustly switched
from E2dis to E2prox (Fig. 6B, last two lanes). Control experi-
ments showed that uninjected zebrafish embryos and those in-
jected with saline solution alone were able to execute the normal
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E1A—E2dis splice pattern. These experiments demonstrate that
the zebrafish 4.1B gene exhibits intrasplicing analogous to that of
mammalian 4.1R and 4.1B and that it is mediated by the first
known zebrafish iE located deep in the upstream intron and com-
prised of key regulatory elements similar to those in the mamma-
lian iE® and iE".

Intrasplicing selectivity at heterologous alternative splice ac-
ceptor sequences. Intrasplicing-regulated 3" splice site selection
in 4.1R (25) and 4.1B (this study) occurs in the context of two
closely related genes sharing primary sequence similarities in the
region between E2prox and E2dis (28) that could play a mecha-
nistic role in splice site choice (15). If specific sequences at or near
the alternative acceptor sites are functionally important, intras-
plicing might regulate splicing outcomes in only a limited number
of transcripts. Alternatively, intrasplicing might employ the
nested splicing strategy in a relatively sequence-independent
manner to promote use of distal 3" splice sites in other exons.
Here, additional splicing reporters were designed to test the flex-
ibility of intrasplicing to regulate heterologous splice acceptors.

First, we modified the model 4.1B splicing reporter by inacti-
vating E2prox but leaving intact E2dis and all other sequence fea-
tures. Figure 7A shows that mutating E2prox caused E2dis to be-
come the default acceptor for the first step of intrasplicing, as
indicated by iEP—E2dis splicing (first lane). Interestingly, E1A
then spliced to a newly activated cryptic site (E2cr) at the next
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ysis of the predicted 4.1B intermediate RNA in mouse kidney by RT-PCR
analysis using primers in iE and E2. Lane 1, detection of intermediate RNA
from normal kidney; lane 2, absence of intermediate RNA from kidney ex-
posed to YMO against the 4.1B iE®-5'ss; lane 3, molecular size standards. (C)
Gel analysis of the predicted lariat RNA branch point formed in the first in-
trasplicing reaction, using the nested primers diagrammed in panel A to detect
small amounts of this RNA. Lane 1, product obtained after both nested PCRs;
lane 2, no product observed after the first PCR with primers AS1 + S1;lane 3,
molecular size standards. (D) (Left) Diagram of a reporter construct used to
test whether the predicted splicing intermediate is a bona fide precursor of the
fully processed mature E1A-E2dis mRNA. (Right) Analysis of spliced products
generated in HEK293 cells transfected with the following reporters: interme-
diate RNA (4.1B-int), +iE® reporter, shown in Fig. 2, and —iE® reporter, also
from Fig. 2. The last lane is a negative RT-PCR control.

ﬁl

downstream AG (Fig. 7A, second lane). EIA—E2cr splicing was
iE® dependent, since splicing reporters lacking iE® yielded
E1A—E2dis splicing exclusively (data not shown). This result sug-
gested that iEP-mediated splice site choice is independent of spe-
cific primary sequences flanking either of the acceptor sites used
sequentially in the nested splicing reactions. Further testing of this
hypothesis was pursued in the context of a 4.1R splicing reporter.
As with 4.1B, a comparable AG shift occurred upon mutation of
E2prox, so that iE*—E2dis and E1 A—E2cr splicing were observed
(Fig. 7B). In this minigene, E2cr splicing did not occur at the first
downstream AG, which was immediately adjacent to E2dis and
might be sterically unavailable, but E2cr splicing did occur at the
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next AG just a few nucleotides downstream. Thus, in both 4.1B
and 4.1R we observed that a sequence normally selected in the
second nested splicing event (E2dis) was entirely capable of func-
tioning in the first step, with a concomitant shift of the second step
to the next available downstream AG dinucleotide. The suggestion
that intraexon-mediated splicing sequentially activates the second
acceptor based primarily on its proximity to the first has impor-
tant implications. First, the apparent primary sequence indepen-
dence of intrasplicing implies that an alternative model to explain
E2 splice site choice, based on competitive sequence-specific bind-
ing of splice-promoting and splice-inhibiting factors (15), is less
likely to be a viable regulatory mechanism under these conditions.
Second, only alternative 3’ splice site pairs in which the proximal
site is dominant would be good candidates for regulation by in-
trasplicing, because selection of the distal site in the first step
would lead to aberrant cryptic splicing at the next downstream AG
in the second step.

If the iE-mediated nested splicing mechanism sequentially se-
lects consecutive AG dinucleotides as alternative acceptor sites,
then exons having 3'ss pairs with one or more AG dinucleotides
located between the authentic sites would not be good candidates
for regulation by intrasplicing. One such exon is exon 23 of the
STATS3 gene, alternative splicing of which leads to synthesis of
alternative C-terminal domains with differential transcriptional
activity and antitumorigenic potential (31). In E23, the E23prox
and E23dis sites are separated by 50 nt, with an additional AG
(E23cr) only 12 nt downstream of E23prox. We tested the ability
of the well-characterized 4.1R iE® to regulate STAT3 isoform ex-
pression via intrasplicing using the splicing reporter shown in Fig.
7C. RT-PCR analysis revealed predominant iE*—E23prox splic-
ing (Fig. 7C, first lane), as expected. However, this was followed by
exclusively EIA—E23cr splicing (Fig. 7C, second lane), with no
correct EIA—E23dis splicing being observed. These findings sug-
gest that intrasplicing can regulate 3’ splice site choice only for a
subset of exons in which alternative acceptors map to consecutive
AG dinucleotides in the context where the dominant proximal site
is selected in step 1 and the weaker second site is utilized in step 2.

Misdirected intrasplicing can explain aberrant 3’ splice site
choice in mutant 4.1R transcripts from a human patient with
hereditary elliptocytosis and severe hemolytic anemia. Mechan-
ically unstable red blood cell membranes were reported in a hu-
man patient with hemolytic anemia due to a partial 4.1R gene
deletion of exons 2 to 4 (E2-4). In conjunction with the deletion,
aberrant splicing of unknown etiology was observed at the 3’
splice sites of alternative exon E5 and constitutive exon E6 (4). The
mechanism for aberrant splicing was not clear, since the gene de-
letion boundary was at least 2 kb upstream of E5 and >16 kb
upstream of E6. Such a mutation should have spared any splicing-
regulatory information in the proximal upstream introns, and this
result suggested that aberrant splicing was due to more distal ef-
fects. A clue to the mechanism was inferred by comparing these
aberrant splicing events (redrawn in Fig. 8A from data in reference
4) to the splicing patterns observed at E2 in normal individuals
(Fig. 8B). That is, the differential coupling of alternative splice site
pairs in the patient’s transcripts (iE*—E5wt and E1A—E5cr;
iER—E6wt and E1A—E6cr) strongly resembles the nested intras-
plicing events observed at E2 (iE®*—E2prox and E1A—E2dis) in
the wild-type 4.1R gene. Notably, the splicing of iE® to E5wt and
E6wt indicates that these splice acceptor sites remain perfectly
functional. We therefore hypothesized that, in the absence of de-
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FIG 9 The second step of intrasplicing preferentially activates the next downstream AG dinucleotide. The primary sequence of 3’ splice site choice in the first and
second steps of intrasplicing for several exons is shown. The second step exhibits a strong preference for activating the next available AG based on position rather

than splice site strength.

acceptor sites, and both corresponded exactly to the major sites
detected in endogenous transcripts from erythroid and lymphoid
cells of the patient (4). Moreover, selection of these cryptic sites
was iER-dependent, since mutation of the iEX-5'ss blocked intras-
plicing step 1 and resulted in robust splicing of E1A directly to the
wild type sites at E5wt and E6wt (Fig. 8C, lanes iE*mut). These
results further support the model that two iE®-mediated nested
splicing events recursively select the most proximal AG followed
by the next downstream AG dinucleotide, with no apparent re-
quirement for other specific sequences at the distal acceptor.

DISCUSSION

This study documents the ability of an ultradeep intron regulatory
element to promote a specific splicing outcome between flanking
exons, without itself being represented in the mature spliced prod-
uct. The functional importance of the 4.1B intraexon was demon-
strated not only in minigene splicing reporter assays but also in the
context of full-length endogenous pre-mRNA in mouse and ze-
brafish models in vivo. The remarkable ability of the 4.1B intra-
exon to regulate downstream splicing from a distance of ~121 kb,
and of the 4.1R intraexon to regulate splicing at E2 located ~94 kb
downstream (25, 26), suggests that other deep intron splicing con-
trol elements and multistep splicing mechanisms of biological
and/or medical importance have yet to be discovered.

In the protein 4.1R and 4.1B genes, intrasplicing provides a
novel mechanism by which transcription and splicing decisions
may be coupled, distinct from the kinetic coupling and recruit-
ment models (1, 19) that depend ultimately on sequence proper-
ties of the promoter rather than promoter location. The physio-
logical importance of coupling in the protein 4.1 genes lies in its
regulation of N-terminal protein structure and function. In both
genes, first exons downstream of the intraexon splice directly to
E2prox, allowing retention of translation initiation site AUG1 and
leading to synthesis of larger protein isoforms with N-terminal
extensions of ~200 amino acids (the “headpiece”). In contrast,
upstream first exons execute iE*- or iEP-mediated intrasplicing to
E2dis, excising AUG1 and resulting in production of smaller iso-
forms from the downstream AUG?2 in exon 4. The presence or
absence of the headpiece region modulates the affinity of protein
4.1 interactions with other cytoskeletal and membrane proteins
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(23). Thus, membrane functional properties can be regulated via a
pathway that begins with differential transcriptional activation at
alternative promoters, coupled to alternative splicing events that
ultimately control alternative translation initiation sites responsi-
ble for synthesis of the different 4.1 protein isoforms. Although
less is known about the functional differences between large and
small isoforms of 4.1B protein, differential tissue-specific utiliza-
tion of alternative first exons can explain the abundance of larger
4.1B isoforms in selected tissues (e.g., brain) but not in others
(kidney) (11).

At thelevel of pre-mRNA splicing, the nested splicing reactions
provide a mechanism to explain selection of E2dis, a 3" splice site
that consistently scores as a very weak splice acceptor in all verte-
brate species for which the sequence is available (28). The nested
mechanism can physically excise the E2prox 3" splice site in the
first step, and the AG-deficient nature of the intraexon sequence
allows splicing in the second step to occur at the AG dinucleotide
at E2dis. Activation of splicing at consecutive AG dinucleotides
normally occurs in E2 via two nested splicing reactions, but sur-
prisingly, this intrasplicing mechanism appears completely trans-
ferable to E5 and E6 in transcripts from an elliptocytosis patient
deleted for E2-E4. Our studies suggest that a 4.1R-type intraexon
could potentially regulate alternative 3" splice site choice in other
exons due to its powerful activation of splicing at even “weak” AG
dinucleotides in the second nested reaction, if they meet two spe-
cific criteria: (i) the proximal AG should be the default acceptor
selected when intraexon activity is missing or silenced, and (ii) the
distal site should reside at the next downstream AG dinucleotide
so as to be uniquely selected in the second step of intrasplicing.
Figure 9 illustrates the latter point, showing that the next available
AG was selected in 6 of 7 cases tested, the only exception being
when the next AG was directly adjacent to 3'prox.

Intrasplicing as described here may represent a special case of a
more general phenomenon proposed on theoretical grounds to
facilitate removal of long introns via nested splicing reactions
(24). This specialized version of intrasplicing bears some resem-
blance to, but ultimately is distinct from, recursive splicing (5),
which excises long introns via multiple smaller steps involving
splicing events at a series of 3" splice sites across the intron. Both
intrasplicing and recursive splicing are multistep resplicing pro-
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cesses promoted by (mostly unannotated) deep intron motifs that
have properties of both introns and exons but ultimately are ex-
cised from the mature mRNA product. Both mechanisms also
utilize the juxtaposition of splicing motifs in one splicing event to
activate a subsequent splicing event. However, the molecular de-
tails of intrasplicing as currently understood appear to be different
from those of recursive splicing. In various splicing reporters, nor-
mal 4.1 pre-mRNAs, and aberrant patient transcripts, the nested
intrasplicing step consistently occurred at a composite 3" splice
site generated by juxtaposition of the iE branch point with the next
AG dinucleotide downstream of the first-step acceptor. We spec-
ulate that the second acceptor is selected by a scanning mechanism
that would not require de novo exon definition of the ligated se-
quences in the first step (8). In contrast, each successive step of
recursive splicing involves a new composite 5" splice donor site
formed when an exon is spliced to a downstream “zero-length
exon” containing adjacent 3" and 5’ splice sites. The biological
functions of these two resplicing mechanisms may also be differ-
ent, since the primary purpose of intrasplicing events thus far
known is to provide a control mechanism for selection of a distal
3’ splice site, while recursive splicing has been proposed primarily
as a mechanism for excision of long introns.

We speculate that intrasplicing plays a broader role than is
currently appreciated in regulating gene expression. For example,
intraexon function may not be limited to 5" regions in conjunc-
tion with alternative first exons but could also be located within
genes to regulate additional classes of 3’ splice sites. Moreover,
intraexon recognition could be regulated by splicing enhancers
and silencers that would allow functional control of the pathway.
We therefore anticipate two classes of intraexons: “constitutive
intraexons,” of the type found in 4.1R and 4.1B, and “alternative
intraexons,” subject to temporal or spatial regulation. Finally, it is
not difficult to imagine that a variation on the mechanism could
allow regulation of alternative 5’ splice sites within an exon. Fu-
ture studies will be required to devise strategies for global identi-
fication of such elements in order to understand their full contri-
bution to gene expression in the human genome.
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