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ABSTRACT

Interleukin 7 receptor, IL7R, is expressed exclusively on cells of the lymphoid lineage, and its expression is crucial for the
development and maintenance of T cells. Alternative splicing of IL7R exon 6 results in membrane-bound (exon 6 included)
and soluble (exon 6 skipped) IL7R isoforms. Interestingly, the inclusion of exon 6 is affected by a single-nucleotide
polymorphism associated with the risk of developing multiple sclerosis. Given the potential association of exon 6 inclusion
with multiple sclerosis, we investigated the cis-acting elements and trans-acting factors that regulate exon 6 splicing.
We identified multiple exonic and intronic cis-acting elements that impact inclusion of exon 6. Moreover, we utilized
RNA affinity chromatography followed by mass spectrometry to identify trans-acting protein factors that bind exon 6
and regulate its splicing. These experiments identified cleavage and polyadenylation specificity factor 1 (CPSF1) among
protein-binding candidates. A consensus polyadenylation signal AAUAAA is present in intron 6 of IL7R directly down-
stream from the 5’ splice site. Mutations to this site and CPSF1 knockdown both resulted in an increase in exon 6
inclusion. We found no evidence that this site is used to produce cleaved and polyadenylated mRNAs, suggesting that
CPSF1 interaction with intronic IL7R pre-mRNA interferes with spliceosome binding to the exon 6 5’ splice site. Our results
suggest that competing mRNA splicing and polyadenylation regulate exon 6 inclusion and consequently determine the
ratios of soluble to membrane-bound IL7R. This may be relevant for both T cell ontogeny and function and development of
multiple sclerosis.
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INTRODUCTION

The interleukin 7 receptor (IL7R) a chain (IL7Ra), which,
together with a common cytokine receptor vy-chain (7y.),
forms a transmembrane receptor for interleukin 7 (IL7), is
expressed almost exclusively on cells of the lymphoid lineage
and is crucial for development and maintenance of T cells

(for review, see Mazzucchelli and Durum 2007). Binding of
IL7 to its receptor triggers a signaling cascade which, among
other functions, results in transcriptional induction of anti-
apoptotic genes (e.g., Bcl-2) and redistribution of cell death
proteins (e.g., Bax and Bad), thereby protecting T cells from
apoptosis (Jiang et al. 2004, and references therein). De-
ficient expression of IL7R results in severe lymphopenia in
both humans and mice (Peschon et al. 1994; Maki et al.
1996; Akashi et al. 1997; Puel et al. 1998), and variation in
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the IL7R gene predisposes to several autoimmune diseases
(Gregory et al. 2007; Anderson et al. 2011; Mells et al. 2011),
underscoring the crucial role for this receptor in T cell
biology. A nonsynonymous single nucleotide polymorphism
(SNP) (rs6897932; C—T, Thr244lle) in IL7R has been
previously reported to be a significant risk factor for mul-
tiple sclerosis (MS) (Gregory et al. 2007; The International
Multiple Sclerosis Genetics Consortium 2007; Lundmark
et al. 2007), a debilitating neurodegenerative disorder of the
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central nervous system (CNS) (Trapp and Nave 2008). SNP
56897932 is located in exon 6 of IL7R and the disease-
associated allele leads to decreased inclusion of exon 6
(Gregory et al. 2007). Given that exon 6 encodes the
transmembrane domain of the receptor (Pleiman et al.
1991), its alternative splicing leads to a membrane-bound
isoform (rIL7R) when exon 6 is included, and a soluble
isoform (sIL7R) when exon 6 is skipped. sIL7R lacks both
the transmembrane and cytoplasmic domains of the re-
ceptor (Goodwin et al. 1990; Korte et al. 2000; for review,
see Evsyukova et al. 2010). Importantly, both isoforms are
able to bind IL7 with high affinity (Goodwin et al. 1990;
Rose et al. 2009). These findings suggest that reduced
inclusion of exon 6 and the concomitant increase in sIL7R
could be causally linked to immune dysfunction and MS.
Interestingly, several reports also imply the importance of
this isoform in infection with the human immunodeficiency
virus (HIV) (Koesters et al. 2006; Rose et al. 2009; Crawley
et al. 2010). Characterizing exon 6 splicing control would
shed light not only on the regulation of IL7R expression and
its role in T cell functioning, but may also be relevant to
establishing a connection between IL7R splicing and MS.

To characterize splicing of the IL7R exon 6 we performed
extensive mutagenesis to identify cis-acting regulatory
elements, and used RNA affinity chromatography followed
by quantitative mass spectrometry to identify trans-acting
protein factors that bind exon 6 and surrounding intronic
regions. In addition to several exonic elements, some of
which abut on the previously studied SNP, we identified an
intronic consensus polyadenylation signal AAUAAA in the
direct vicinity of the 5" splice site of exon 6. In mammalian
cells, AAUAAA represents one of the core consensus se-
quences that is associated with mRNA 3’ end cleavage and
polyadenylation, and is located 15-30 nucleotides (nt) up-
stream of the actual cleavage site (Lutz 2008; Lutz and
Moreira 2011; Proudfoot 2011). This sequence is recognized
by the multisubunit cleavage and polyadenylation specificity
complex (CPSF), specifically by its largest subunit, CPSF1
(Keller et al. 1991; Murthy and Manley 1995). Mutations of
the AAUAAA element have been shown to impair splicing of
the terminal intron in vitro (Niwa and Berget 1991; Cooke
et al. 1999), and subunits of CPSF have been shown to
interact with components of the spliceosome (Lutz et al. 1996;
Kyburz et al. 2006), suggesting that splicing and polyadenyla-
tion are interconnected and influence each other.

Here we show that mutation of the consensus poly-
adenylation sequence AAUAAA in intron 6 of IL7R enhanced
the inclusion of exon 6. Consistent with these data, CPSF1 was
identified in RNA affinity chromatography experiments with
RNA templates that included the AAUAAA sequence, and
RNAi-mediated depletion of CPSF1 resulted in an increase in
exon 6 inclusion. Intronic polyadenylation (IPA) has been
recently described as an important regulator of gene expres-
sion (Kaida et al. 2010; Vorlova et al. 2011; Berg et al. 2012)
(for review, see Campigli Di Giammartino et al. 2011).
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However, we found no evidence that the consensus AAUAAA
site in intron 6 of IL7R directs cleavage and polyadenylation
within intron 6. We propose that assembly of polyadenylation
complexes on this intronic polyadenylation site or CPSF1
binding per se interferes with spliceosome binding to the
adjacent 5’ splice site, which would result in lower levels of the
full-length IL7R mRNA and functional IL7R protein.

RESULTS

Multiple exonic cis-acting regulatory elements in IL7R
exon 6 regulate its inclusion

We had previously shown that the SNP C—T (rs6897932)
within IL7R exon 6 affects alternative splicing of this exon by
increasing its skipping by approximately twofold in cell
culture and by four- to fivefold when total RNA from MS
patients is analyzed (Gregory et al. 2007; P Seth, SG Gregory,
and MA Garcia-Blanco, unpubl.). Given that the SNP is
significantly associated with MS, we were presented with the
intriguing possibility that aberrant alternative splicing of IL7R
exon 6 impacts IL7R function and contributes to the disease.
We sought to characterize splicing regulation of the IL7R exon
6 in detail, since understanding of this splicing event may
contribute to understanding of MS pathogenesis.

Several layers of regulation that govern splicing of
pre-mRNAs exist in mammalian cells (for reviews, see
Goldstrohm et al. 2001; Lynch 2004; Wang and Cooper 2007;
Cooper et al. 2009). These are mediated by the combined
action of 5" and 3’ splice sites, branch point sequence, and
additional regulatory sequences, which, based on their
location and mode of action, are classified as either exonic/
intronic splicing enhancers (ESEs or ISEs) or exonic/intronic
splicing silencers (ESSs or ISSs) (Garcia-Blanco et al. 2004;
Lynch 2004; Evsyukova et al. 2010). To dissect cis-acting
exonic elements that are important for splicing of IL7R
exon 6, we created substitution mutants spanning the
whole length of exon 6 (sub(1-4) through sub(91-94)),
in the context of the splicing reporter minigene pl-12
described previously (Carstens et al. 1998; Gregory et al.
2007). The reporter contains full-length exon 6 surrounded
by 614 and 573 nt of IL7R introns 5 and 6, respectively,
placed between two constitutively spliced exons U and D
(Fig. 1). All of the substitutions were transversions and
were introduced in the context of the MS-associated “C”
allele at position 25 of the exon. The parental “C” minigene
served as a positive control, while minigenes with disrup-
tions of either the 3" or 5’ splice sites (3’ ss mut and 5’ ss
mut) served as negative controls. Control and mutant
minigenes were transiently transfected into rat DT cells
(Fig. 2) and human HeLa and Jurkat cells (data not shown),
and exon 6 inclusion was ascertained by semiquantitative
RT-PCR 48 h post-transfection. Consistent with our pre-
vious studies, 50%—55% of the transcripts containing the
MS-associated “C” allele included exon 6 and, as expected,
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associated SNP, we first focused on
these three exonic regulatory elements.

Since several of the substitutions had
a significant effect on exon 6 inclusion,
it was important to ensure that this
effect was due to mutating existing regu-
latory elements rather than inadvertently
introducing novel ones. To differentiate
between these two possibilities, we in-
troduced deletions of the same se-
quences that were substituted. Del(20-
24) confirmed the presence of ESS1
(Fig. 3A). While del(10-14) failed to
recapitulate the effects seen with
sub(10-14), del(5-9) did show the same
decreased inclusion seen with sub(5-9),
supporting the existence of ESE1 (Fig.
3A). Compared with sub(1-4), deletion
of the same nucleotides resulted in

FIGURE 1. IL7R minigene constructs. (Top) IL7R exon 6 (94 nt) and 614 and 573 nt of
introns 5 and 6 were cloned into the pI-12 vector. The position of the MS-associated SNP
156897932 is highlighted with an asterisk (*). U and D represent constitutively spliced upstream
and downstream adenoviral exons, respectively. T7 and Sp6 represent sites for common PCR

Ceac
elevated inclusion of exon 6. This is

most likely due to recreation of the 3’
splice site by the deletion (compare wild-
type sequence, ccagGGGAGATGG, to

primers that were used to detect products that either included or skipped exon 6. (Bottom) the deletion sequence, ccagGATGG;

Exon 6 was divided into short blocks that were either mutated or deleted. Larger sequence
blocks that were mutated around the SNP are also shown. All substitutions/deletions were
introduced in the context of the MS-associated “C” allele. Intronic sequences are shown in
lowercase letters; exonic sequences are shown in uppercase letters. Sequences of the sub-

stitution mutations are shown below exon 6 sequence.

inclusion was minimal when either of the splice sites (3’
and 5') was mutated (Fig. 2). Transfection with the sub-
stitution minigenes had multiple effects on exon 6 inclusion,
with some substitutions (sub(5-9), sub(10-14), sub(26-30),
sub(36—40)) resulting in a significant decrease in exon 6
inclusion (<10% inclusion), while others (sub(20-24),
sub(41-45), sub(51-55) through sub(61-65), sub(71-75))
resulted in an increase to between 70% and 80% inclusion.
While substitutions sub(1—4) and sub(91-94) also showed
profound effects on inclusion (a decrease in inclusion to
<10%), their effects likely disrupt integrity of the splice
sites and were considered less informative. Additionally,
several substitutions—sub(10-14), sub(15-19), sub(20—
24), sub(26-30), sub(31-35), and sub(36—40)—were tested
in the context of the “T” allele with effects on exon 6
inclusion being equivalent to those in the context of the
“C” allele (data not shown). We thus performed all of the
following studies with minigenes in the context of “C”.
Importantly, three substitutions that impacted exon 6
inclusion were located in the vicinity of the MS-associated
SNP. Two of these decreased inclusions revealing the
presence of potential splicing enhancers, ESE1 and ESE2
(nt 5-14 and 2640, respectively), and one increased
inclusion, revealing the presence of a potential splicing
silencer, ESS1 (nt 20-24). Given our interest in the MS-

intronic sequences are shown in lower-
case). Deletion of nucleotides 31-35,
within what we called ESE2, resulted
in no change to exon 6 inclusion, but
del(26-30) and del(36-40) recapitu-
lated data from equivalent substitutions,
which suggests that the regulatory sequence we previously
labeled “ESE2” is composed of two different enhancer
elements (Fig. 3A). Overall, deletion analyses confirmed
the presence of three regulatory elements (ESS1 and ESE1
and ESE2) in the close vicinity of the MS-associated SNP.

To further test for the presence of the two elements closest
to the SNP, ESS1 and ESE2, we introduced larger sub-
stitutions. As expected, while substitution of the sequences
corresponding to ESS1 (sub(15-24)) resulted in almost 100%
exon 6 inclusion, substitution of the sequences correspond-
ing to ESE2 (sub(26-40)) resulted in a profound decrease in
inclusion (Fig. 3B). Together, deletion and substitution data
suggest that at least two important cis-acting regulatory
elements are present in the vicinity of the MS-associated
SNP: ESS1, which is likely the silencer that we predicted was
augmented by the MS-associated allele (Gregory et al. 2007)
and the enhancer ESE2.

An intronic cis-acting element associated with 3’end
formation and polyadenylation down-regulates IL7R
exon 6 inclusion

Examination of the sequences of exon 6 and introns 5 and 6
of IL7R revealed a consensus polyadenylation sequence,
AAUAAA, 16 nt downstream from the 5’ splice site of exon
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FIGURE 2. Identification of the cis-acting regulatory elements within IL7R exon 6. Mutagenesis across exon 6 was performed to identify cis-
acting regulatory elements that mediate exon 6 splicing. Control and mutant minigenes were transiently transfected into DT cells and total RNA
was analyzed for exon 6 inclusion 48 h post-transfection. Percent exon 6 inclusion was determined from semiquantitative RT-PCRs as a ratio
between the “included” and “included + skipped” products and plotted against each mutant. All transfections were performed in triplicate. Error
bars represent standard deviation. (A) Gel images representing products of the semiquantitative RT-PCRs for different substitution mutants. (B)

Quantification of the RT-PCR results shown in A.

6 (Fig. 4A). In order to investigate whether or not intronic
polyadenylation (IPA) contributed to the regulation of exon
6 splicing, we mutated the AAUAAA site (pAmut in Fig. 4A)
within IL7R intron 6, and evaluated the effect of this
mutation on exon 6 inclusion. Mutation of this consensus
poly(A) signal resulted in a significant increase in exon 6
inclusion, from 50% to about 80% in the context of the “C”
minigene and from <10%-30% in the context of the
sub(36-40) minigene (Fig. 4B). Additionally, mutation of
the consensus poly(A) signal in the context of the “T” allele
at the position of the SNP resulted in an equivalent increase
in exon 6 inclusion (up to 85%-90%) (data not shown).
To ensure that mutation of the intronic poly(A) site
results in disruption of an existing regulatory element rather
than introduction of a new one, we tested a deletion of the
AAUAAA sequence as well as four additional substitutions in
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the context of the sub(36—40) minigene. While deleting this
sequence resulted in a decrease in exon 6 inclusion (likely
due to the introduction of a novel regulatory element), three
of the new substitutions resulted in a significant increase in
exon 6 inclusion (data not shown). We conclude that these
data are most consistent with the intronic poly(A) site
affecting splicing of exon 6 by suppressing its inclusion.
The 5’ splice site of IL7R exon 6 (AGgugacc, intronic
sequences shown in lowercase) diverges from the 5’ splice
consensus sequence (AGguPuagu, where Pu stands for
purine) at the last two positions in the intron, and thus
represents a “weak” 5’ splice site. Since the usage of intronic
poly(A) signals has been shown to depend on the strength of
the adjacent 5’ splice sites (Tian et al. 2007), we constructed
minigenes in which the 5" splice site was mutated to match
the consensus sequence in “C” and sub(36—-40) minigenes
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respectively. Although the overall effi-
ciency of splicing was lower than in
cultured cells, the pattern of exon 6
splicing regulation in vitro reproduced
the pattern observed in transfected cell
lines (Fig. 6A). Specifically, in vitro
splicing of the sub(20-24) substrate, in
which ESS1 is disrupted, resulted in an
increase in exon 6 inclusion, while in
vitro splicing of the sub(36-40) tran-
script, in which ESE2 is mutated, resulted
in a significant decrease in inclusion (cf.
Figs. 2B and 6A). The effect that the
MS-associated “C” allele has on exon 6
inclusion as compared with the “T”
allele, as well as the effect of the intronic

FIGURE 3. Deletion and substitution analysis confirms the presence of ESS1 and ESE2.
Deletion and substitution mutants were transfected into DT cells, and exon 6 inclusion was
analyzed by semiquantitative RT-PCR as described in Figure 2. (A) Inclusion of the IL7R exon
6 in the context of the deletion mutants. Only the area surrounding the MS-associated SNP
(first 40 nt of exon 6) was analyzed. (B) Analysis of substitutions to the regions encompassing

regulatory elements ESS1 (nt 15-24) and ESE2 (nt 26-40).

with or without intronic poly(A) site mutations (Fig. 5).
The presence of the consensus 5’ splice site was sufficient to
restore exon 6 inclusion to nearly 100%, independent of the
minigene context (Fig. 5B), indicating that the inherent
weakness of this 5’ splice site confers regulation by the adjacent
intronic poly(A) signal.

RNA affinity chromatography identifies cleavage
and polyadenylation specificity factor subunit 1
(CPSF1) as a trans-acting protein factor

that regulates exon 6 inclusion

We decided to purify proteins that bound exon 6 and
adjacent intronic regions from HelLa cell nuclear extracts.

V{S\ poly(A) site mutation in the context of

the “T,” “C,” and sub(36—40) mini-
genes, was reproduced in the in vitro
system as well (Gregory et al. 2007) (cf.
Figs. 4B and 6A). We thus concluded
that HeLa cell nuclear extracts contain
all of the necessary factors required to
recapitulate exon 6 splicing in vitro, and
used these extracts in all further chro-
matography experiments.

To identify trans-acting protein factors that bind exon 6
and/or adjacent intronic regions we used tobramycin RNA
affinity chromatography (Hartmuth et al. 2004; Ward et al.
2011; K Hartmuth, pers. comm.). Two RNAs were used for
chromatography experiments. The first RNA contained
full-length exon 6 (94 nt) flanked by 48 and 56 nt from
introns 5 and 6, respectively. The second RNA contained
only the first 40 nucleotides of exon 6 (Fig. 6B). IL7R
sequences in both templates were followed by streptavidin/
tobramycin aptamer sequences as described previously
(Ward et al. 2011). A “no RNA” control was routinely used
in all chromatography experiments to control for the
specificity of protein binding. Chromatography experi-
ments with each RNA were performed in duplicate.
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FIGURE 4. An intronic cis-acting element associated with 3’end
cleavage and polyadenylation down-regulates IL7R exon 6 inclusion.
(A) Schematics of the IL7R exon 6/intron 6 region showing the
presence of the consensus polyadenylation signal AAUAAA in intron
6, 16 nt downstream from the exon 6 5’ splice site, followed by the
cleavage signal (“CA”) 19 nt downstream from the poly(A) sequence.
The substitution mutation used to assess effect of the intronic poly(A)
signal on exon 6 inclusion is shown (pAmut). (B) Mutation to the
intronic AAUAAA sequence results in increased inclusion of exon 6.
Two minigenes, “C” and sub(36-40), were analyzed either with
(right) or without (left) the poly(A) signal mutation in intron 6.
Minigenes were transfected into HeLa cells, and exon 6 inclusion
analyzed as in Figure 2.

RNA-protein complexes were eluted with excess tobra-
mycin and duplicate elutions submitted to Duke University
Proteomics Core Facility for analysis.

Mass spectrometry analysis identified 38 proteins that
bound the “full-length” exon 6 RNA and 66 that bound the
first 40 nt of exon 6 but not the “no RNA” control matrices
(Supplemental Table 1). We considered only proteins that
were identified with 49%-95% probability with one or
more unique peptides in each replicate, and zero peptides
(or one to two peptides with 0%—49% probability of
identification) in the “no RNA” control. The majority of
proteins identified (31 in the experiment with RNAs that
contain the “full-length” exon 6 and 34 in the experiment
with RNAs that contain the first 40 nt of exon 6) were
known RNA-binding proteins. Interestingly, cleavage and
polyadenylation specificity factor 1 (CPSF1) was identified
specifically with the “full-length” RNAs that contain the
consensus polyadenylation sequence in intron 6 (Supple-
mental Table 1). Western blot analysis on chromatography
elutions confirmed relatively efficient binding of CPSF1 to
RNA that contained flanking intronic regions, but not to
a corresponding RNA with mutation of the intronic
poly(A) site. Moreover, the first 40 nt of exon 6 purified
less CPSF1 than the larger RNA with intact poly(A) site,
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and each RNA bound similarly to hnRNP A1l (Fig. 6C).
These observations confirm that the consensus intronic
polyadenylation site in intron 6 binds CPSF1 in vitro.

CPSF1 regulates exon 6 splicing by promoting
skipping of exon 6

We next sought to test whether CPSF1 was involved in the
splicing of IL7R exon 6. To this end we depleted CPSF1 in
HeLa cells using siRNAs (Fig. 7B) and transfected sub(36—
40) minigenes to determine the effect of CPSF1 depletion
on inclusion of exon 6. Inclusion of exon 6 was increased
over twofold upon depletion of CPSF1 with at least three
different siRNAs (Fig. 7A). Importantly, this effect was
significantly reduced for sub(36-40) RNA with a mutated
AAUAAA signal (Fig. 7). We conclude that CPSF1 down-
regulates IL7R exon 6 splicing and, in agreement with the
RNA affinity chromatography data (Fig. 6C), is likely to do
this via the AAUAAA 16 nt downstream from the exon.

Intronic polyadenylation in intron 6 of IL7R
is undetectable

Two different but not mutually exclusive mechanisms
could explain the effect of CPSF1 and the AAUAAA site on
exon 6 inclusion: (1) Binding of the cleavage and polyadenyla-
tion machinery results in cleavage and polyadenylation of
the intronic mRNA, in line with recent reports (Kaida et al.
2010; Vorlova et al. 2011; Berg et al. 2012), or (2) binding
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FIGURE 5. Effect of the consensus 5’ splice site on exon 6 inclusion.
The exon 6 5" splice site (AGgugacc, intronic sequences in lowercase) was
mutated to match the consensus 5’ splice site sequence (AGgugagu)
in the context of minigenes “C”, sub(36—40), CpAmut and sub(36—
40)pAmut. The presence of the consensus 5’ splice site resulted in
nearly 100% inclusion of exon 6 in all minigene contexts. (A)
Representative gel images of the RT-PCR products. (B) Quantifica-
tion of the RT-PCR results shown in A.
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FIGURE 6. In vitro splicing analysis and RNA affinity chromatogra-
phy to identify trans-acting factors that regulate splicing of IL7R exon
6. (A) Splicing regulation of IL7R exon 6 is recapitulated in HeLa cell
nuclear extracts in vitro. Substitution minigenes described in Figures
1, 2, and 4 were transcribed in vitro, and RNA transcripts used in in
vitro splicing reactions with HeLa cell nuclear extracts. “C” and 3’ ss
mut and 5’ ss mut minigenes were used as positive and negative
controls, respectively. Each bar represents one in vitro splicing
reaction. Exon 6 inclusion was analyzed by semiquantitative RT-
PCR. This experiment was repeated several times with similar results.
(B) RNA transcripts for tobramycin affinity chromatography. (Top)
RNAs contained full-length IL7R exon 6 (94 nt), 48, and 56 nt of
introns 5 and 6, respectively, followed by tobramycin/streptavidin
aptamer sequences. (Bottom) A second set of RNAs contained the first
40 nt of IL7R exon 6, followed by aptamer sequences. Both RNAs were
transcribed in vitro from the T7 promoter. (C) Western blot analysis
of tobramycin RNA affinity chromatography elution fractions. “C”,
CpAmut, and the first 40 nt of exon 6 were utilized for RNA affinity
chromatography. Matrix without RNA (“No RNA”) was used as
a negative control. The blots were probed with anti-CPSF1 antiserum
and an anti-hnRNP A1l antibody.

of CPSF1 and perhaps associated factors to the consensus
poly(A) site occurs without cleavage and polyadenylation,
but interferes with spliceosome binding to the adjacent 5’
splice site. We sought to determine whether the AAUAAA
signal in intron 6 of IL7R is used to produce a previously
unreported polyadenylated mRNA isoform. 3' RACE ex-
periments on total RNA from cell lines transfected with

IL7R minigenes did not detect intronic polyadenylated
isoforms (data not shown). We then performed 3" RACE
experiments on total RNA from Jurkat cells that naturally
express IL7R (Fig. 8). Reverse transcription reactions were
performed with an Oligo(dT)-Anchor primer and were
followed by PCR with forward primer in exon 3 of IL7R
and reverse primer that annealed to the anchor sequence
incorporated by the RT primer (as described in the
Materials and Methods). This initial PCR reaction was
followed by nested PCR using several primer pairs (Fig.
8A). To distinguish between polyadenylated and intron-
retaining IL7R transcripts, two different types of reverse
primers were used for the nested PCRs: a reverse primer
encompassing the AAUAAA site in intron 6 and two reverse
primers downstream from the potential cleavage site (di-
nucleotide “CA” 19 nt downstream from the consensus
polyadenylation signal). Nested PCR reactions with the
reverse primer containing the AAUAAA site produced
specific products that were confirmed by sequencing to
correspond to transcripts containing spliced exons 4-6,
with exon 6 extending into intron 6 (Fig. 8B). However,
PCR with reverse primers downstream from the potential
cleavage site also produced specific PCR products, suggest-
ing that the RNA detected contains unspliced intron 6 and
is not polyadenylated in intron 6. While we cannot exclude
the possibility that a small amount of IL7R pre-mRNA is
cleaved and polyadenylated at the poly(A) site in intron 6,
the majority of the intronic PCR signal appears to derive
from RNA transcripts that retain intron 6. We posit that
inefficient splicing of this intron is due to both the
weakness of the 5’ splice site and presence of the intronic
polyadenylation signal in intron 6. These factors contribute
to alternative splicing of exon 6.

DISCUSSION

Interleukin 7 receptor plays a critical role in T cell de-
velopment and maintenance, with one of its major functions
being protection of T cells from apoptosis (Mazzucchelli and
Durum 2007). Underscoring its importance in T cell biology,
aberrant expression of IL7R has been implicated in several
human diseases such as severe combined immunodefi-
ciency (SCID) (Puel et al. 1998; Kalman et al. 2004) and
acute lymphoblastic leukemia (Korte et al. 2000; Zhang
et al. 2012), while genetic variation in IL7R can predispose
to such diseases as sarcoidosis (Heron et al. 2009), primary
biliary cirrhosis (Mells et al. 2011), ulcerative colitis (Yamazaki
et al. 2003; Anderson et al. 2011), MS (Gregory et al. 2007),
and others, suggesting a larger role for this gene in the
pathogenesis of autoimmunity.

IL7R is expressed exclusively on cells of the lymphoid
lineage, and its expression is tightly regulated based on the
developmental stage of the T cell and availability of the
ligand (Mazzucchelli and Durum 2007). While transcrip-
tional regulation of IL7R expression has been widely studied
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FIGURE 7. Effect of siRNA-mediated CPSF1 knockdown on exon 6 inclusion of minigenes
sub(36—40) and sub(36-40)pAmut. (A) CPSF1 was depleted by three different siRNAs. A
nonsilencing (Qiagen AllStars) siRNA served as control. siRNAs were transfected into HeLa
cells, followed by minigene transfection 48 h later. Minigene sub(36—40)pAmut contained
a substitution mutation to the polyadenylation signal AAUAAA in intron 6 (for mutation
sequence, see Fig. 4A). Exon 6 inclusion was measured by semiquantitative RT-PCR, and fold
change between control siRNA-treated and CPSF1 siRNA-treated cells was calculated for each
minigene. Fold changes and corresponding P-values are shown. (B) Levels of CPSF1 knockdown by
siRNAs Hs_CPSF1_4 and Hs_CPSF1_6 were determined by Western blotting. CPSF1 knockdown
by siRNA Hs_CPSF1_7 resulted in similar levels of CPSF1 depletion (data not shown).

(Pleiman et al. 1991; Franchimont et al. 2002; Xue et al.
2002; Park et al. 2004), post-transcriptional mechanisms of
IL7R regulation have only recently been uncovered. Several
splicing isoforms have been reported for IL7R at the RNA
level (Goodwin et al. 1990; Pleiman et al. 1991; Korte et al.
2000; Gregory et al. 2007; Rose et al. 2009), but efforts to
characterize these splicing events in detail have not been
made. Moreover, to the best of our knowledge, other
mechanisms of post-transcriptional regulation of IL7R ex-
pression, such as regulation by alternative polyadenylation,
have not been explored. Considering the proposed role of
the soluble IL7R isoform in MS (Gregory et al. 2007) and
infection with the HIV (Koesters et al. 2006; Rose et al. 2009;
Crawley et al. 2010), it is important to characterize in detail
potential IL7R isoforms and their contribution to T cell
biology and disease. We uncovered several cis-acting
regulatory elements within IL7R exon 6, which exclusively
encodes the transmembrane domain of the receptor, and
identified CPSF1 as a factor that influences exon 6 in-
clusion. Our data uncover a role for this polyadenylation
factor in regulating exon 6 inclusion and suggest that
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competing splicing and polyadenylation
may influence levels of soluble IL7R
isoform.

Splicing and polyadenylation are in-
tricately connected and influence one
another. The CPSF complex interacts with
components of the spliceosome (Lutz
et al. 1996; Kyburz et al. 2006) and has
been found to be required for splicing
of single introns in vivo (Li et al. 2001).
Correspondingly, several splicing factors
have been found to influence polyadenyla-
tion (Lou et al. 1998; Vagner et al. 2000;
Millevoi et al. 2002, 2006; Danckwardt
et al. 2008). It was thus very plausible that,
by binding to the consensus AAUAAA
site in intron 6 of IL7R, CPSF1 influ-
ences splicing of exon 6.

Two potential mechanisms may ex-
plain the effect that CPSF1 has on exon
6 splicing. First, usage of the IL7R
intron 6 poly(A) site might be an
example of a sporadic intronic poly-
adenylation event that competes with
splicing and is modulated by U1 snRNP
abundance in a splicing-independent
manner (Kaida et al. 2010; Vorlova
et al. 2011; Berg et al. 2012). Alterna-
tively, binding of CPSF1 to the intronic
poly(A) site or assembly of the full
CPSF complex on the poly(A) site in
intron 6 may interfere with binding of
U1 snRNP to the adjacent 5’ splice site.
Interestingly, it has been established
that the frequency of intronic polyadenylation events is
elevated in the context of weak upstream 5’ splice sites (Tian
et al. 2007). We have determined that the exon 6 5" splice
site is weak (Fig. 5), thus it is possible that reduced binding
of U1 snRNP to this site allows for the assembly of the CPSF
complex on the intronic AAUAAA site. Whatever the
mechanism, assembly of the polyadenylation complex on
the intronic poly(A) site in intron 6, together with the effect
that the weak 5 splice site has on exon 6 splicing, is expected
to contribute to poor recognition of this exon by the splicing
machinery. At the level of RNA, this would result in less full-
length IL7R and, subsequently, less functional IL7R protein.

Bioinformatic studies have shown that up to 20% of
human genes contain polyadenylation signals in their
introns (Tian et al. 2007). Sequence analysis shows that
poly(A) signals are present in several of the IL7R introns. In
introns 3, 4, and 6, these signals are in the direct vicinity of
the 5’ splice sites and are followed by a cleavage signal
dinucleotide CA. If expressed, the resultant protein prod-
ucts from IPA in introns 3 and 4 will be soluble. In the
context of the suggested role of the soluble IL7R in MS
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FIGURE 8. No evidence for intronic polyadenylation in intron 6 of
IL7R. 3" RACE was used to investigate intronic polyadenylated
isoforms of IL7R in total RNA from Jurkat cells that naturally express
IL7R. (A) Schematic of the IL7R pre-mRNA. RT reactions were
performed with an Oligo(dT)-Anchor primer either in the presence or
absence of RT enzyme. The first round of PCR was performed with
a forward primer in exon 3 and a reverse primer that anneals to the
anchor sequence incorporated by the Oligo(dT)-Anchor primer
during the RT step. This was followed by nested PCR reactions using
the primers indicated. (B, top) A diagram of the expected PCR
products with primer pairs indicated in lower panels. (B, bottom)
Nested PCR products using the indicated primer pairs were resolved
on 5% native polyacrylamide gels and exposed to PhosphorImager
screens for visualization.

pathogenesis, it would be important to investigate these
potential polyadenylation events and determine whether
corresponding proteins are indeed produced. Alternative
polyadenylation of IL7R may thus constitute yet another
layer of regulation of this receptor that contributes to the
repertoire of IL7R isoforms and acts together with splicing
to regulate its expression.

Moreover, while, in general, cleavage and polyadenyla-
tion factors are expressed constitutively (Proudfoot 2011),
some data suggest that several cleavage and polyadenylation
factors may be expressed at different levels, depending on
the developmental stage of the cell or its physiological state
(Chuvpilo et al. 1999; Sandberg et al. 2008; Singh et al.
2009; Lutz and Moreira 2011). For example, cleavage
stimulation factor CstF-64 is expressed at limiting levels
in pre-B cells, which results in preferential splicing of
a specific hydrophobic C terminus of the immunoglobulin
antibody heavy-chain pre-mRNA and production of a
membrane-bound isoform. In mature B cells, levels of
CstF-64 are elevated, which allows for the recognition of an
intronic polyadenylation signal and production of a secreted
protein isoform (Takagaki et al. 1996; Takagaki and Manley
1998). It would be important to determine whether any
of the components of the cleavage and polyadenylation
machinery are differentially expressed during stages of T
cell development and/or T cell proliferation and differen-

tiation, and whether differential expression of these factors
affects splicing of the IL7R exon 6. An intriguing possibility
(currently being explored by our group) would be that
changes in the expression of either specific splicing or
polyadenylation factors that regulate IL7R exon 6 inclusion
contribute to MS (or other pathologies) by stimulating
exon 6 skipping (and, thus, soluble IL7R production).

In summary, we have identified an additional layer of
post-transcriptional regulation of the clinically important
interleukin 7 receptor. Further studies are needed to
determine the exact mechanism of the effect that CPSF1
has on exon 6 splicing and characterize the full isoform
repertoire for IL7R. These studies would not only expand
our understanding of how expression of this important
receptor is regulated, but would also shed light on its role
in T cell biology and—potentially—its involvement in MS
pathogenesis.

MATERIALS AND METHODS

Plasmids and cloning

All substitution and deletion mutants were made in the context of
the cloning vector pI-12 described previously (Carstens et al. 1998;
Gregory et al. 2007). Briefly, mutant constructs were made by
chimeric PCRs and purified with QIAquick PCR purification kit
(Qiagen). Forward primers corresponding to the T7 promoter (5'-
TAATACGACTCACTATAGGGAGA-3') or the upstream “U” se-
quence (5'-GCTCGGATCCACTAGTAACG-3") and reverse primers
corresponding to the Sp6 promoter (5'-ATTTAGGTGACACTATA
GAA-3') and the downstream “D” sequence (5'-GTTCGGAGGA
TGCATAGAGA-3") were used as common primers. PCR chimeras
and pl-12 vector were digested with Xbal and Xhol (NEB), purified
with the QIAquick PCR purification kit, and ligated with T4 DNA
Ligase (NEB). All PCR products were confirmed by sequencing by
the Duke University Sequencing Facility.

Cell culture and transfections

Rat DT cells were cultured in low-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen/Gibco) supplemented with
10% fetal bovine serum (Gemini) and antibiotics (penicillin/
streptomycin, Invitrogen/Gibco). Human HeLa cells were cul-
tured in high-glucose DMEM (Invitrogen/Gibco) with 10% fetal
bovine serum and antibiotics. Human Jurkat cells were cultured in
Roswell Park Memorial Institute Medium 1640 (RPMI1640) sup-
plemented with 10% fetal bovine serum, 1 mM sodium pyruvate,
10 mM HEPES, glucose up to 4.5 g/L and antibiotics (all reagents
were from Invitrogen/Gibco). Transient minigene transfections
into DT and HeLa cell lines were performed with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. A
total of 25 ng of minigene DNA was transfected per well in 24-well
format (24-well plates were from BD Biosciences). A total of 5 X
10*-7.5 X 10* cells were seeded into each well 24 h prior to
transfection. Minigene transfections into Jurkat cells were per-
formed with FuGENE 6 (Roche) according to the manufacturer’s
instructions. Briefly, 2 X 10° cells were freshly passed and seeded
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into each well of a 6-well plate (BD Biosciences) immediately
before transfection, and 1 pg of minigene DNA was used per well.
Cells were harvested 48 h post-transfection. All transfections were
performed in triplicate.

SiRNA duplexes and CPSF1 knockdown

SiRNA duplexes were synthesized by Qiagen in a FlexiTube format
and resuspended in water to a final concentration of 10 puM upon
arrival. CPSF1 siRNA sequences were as follows: Hs_CPSF1_4, 5'-
CCAGATGATCAGCGTCAAGAA-3'; Hs_CPSF1_5, 5'-AGGGCG
GATCTTGATCATGGA-3'; Hs_CPSF1_6, 5-CACGTGGAGTCTA
AGGTGTAT-3'; and Hs_CPSF1_7, 5'-CCGAGCGTTCCACTTTG
ACAA-3'. AllStars Negative Control siRNA (Qiagen) was used as
a nonsilencing siRNA control in all knockdown experiments.
Transfections of siRNAs into HeLa cells were performed with
Lipofectamine RNAiMax (Invitrogen) according to the manufac-
turer’s instructions. Briefly, 6 pmol of siRNA duplexes were
diluted in 100 pL of Opti-MEM I Medium (Invitrogen/Gibco)
without serum in each well of a 24-well plate. Next, 0.8 pL of
Lipofectamine RNAiMax was added to each well. SiRNA/trans-
fection reagent mixtures were mixed gently and incubated for 20
min at room temperature. HeLa cells were diluted to obtain 3 X
10* cells per 500 wL of medium and 500 wL was added to each
well to obtain a final siRNA concentration of 10 nM. At 48-h post-
transfection, cells were transfected with minigenes as described
above. At 48 h post-minigene transfection, cells were harvested
with TRIZOL Reagent (Invitrogen) for RNA analysis or with 1X
RIPA buffer (see below) for protein analysis. Transfection with all
four CPSF1 siRNAs resulted in a comparable decrease in CPSF1
levels as estimated by Western blotting. However, transfections of
IL7R minigenes into HeLa cells in which CPSF1 was depleted with
siRNA Hs_CPSF1_5, did not have any effect on exon 6 inclusion
and were excluded from analysis.

RNA isolation and semiquantitative RT-PCR
of transfected minigenes

Total RNA was extracted with TRIZOL Reagent (Invitrogen)
according to the manufacturer’s instructions and treated with
TURBO DNase (Ambion/Life Technologies). A total of 2 pg of
DNase-treated RNA was used to synthesize first-strand cDNA with
250 ng of random hexamer primers (Invitrogen) and Moloney
Murine Leukemia Virus Reverse Transcriptase (M-MLV RT,
Invitrogen) following the manufacturer’s protocol. PCRs were
performed as follows: 0.1-2 pg (1 pL) of the RT reaction was
mixed with 200 nM forward (T7) and 200 nM reverse (Sp6)
primers and 100 nM dNTPs in 10 mM Tris-HCI (pH 8.3), 50 mM
KCI, 2 mM MgCl,, and 0.25 pL of Taq polymerase was added.
[->?P]dCTP (3000 Ci/mmol, 10 mCi/mL, PerkinElmer) was
added to a final concentration of 0.1 wCi/pL. PCR products were
loaded onto 5% nondenaturing polyacrylamide/TBE gels, electro-
phoresed for 3 h at 120 V, dried using a gel dryer and exposed to
Molecular Dynamics or Amersham Hyperfilm-MP PhosphorImager
screens. Quantifications were performed using ImageQuant soft-
ware (Molecular Dynamics). Percent exon 6 inclusion was calcu-
lated according to the following formula: % Inclusion: [(Inclusion
product)/(Inclusion + Skipped product)] X 100. Each calculation
was the result of an average of triplicate samples. Error bars
represent standard deviations.
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Protein extraction, antibodies, and Western blotting

Total protein was harvested by scraping cells in 1X RIPA buffer (150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50
mM Tris-HCl a pH 7.5, 1X Protease Inhibitors [Roche]) and
subjecting cells to freeze/thaw lysis (freezing at —80°C followed by
thawing at 37°C). Protein lysates were loaded directly onto NuPAGE
4%-12% Bis-Tris pre-cast gels (Life Technologies), transferred onto
Protran nitrocellulose membranes (Whatman), and Western blot
assays were performed according to standard techniques. Anti-
hnRNP Al mouse monoclonal antibody was from Abcam.

In vitro transcription and in vitro splicing

DNA templates for in vitro transcription reactions were prepared
by restriction endonuclease digestion tobramycin aptamer were
digested with Dralll. Digested templates were purified with the
QIAquick PCR Purification Kit or the QIAquick Gel Extraction
Kit (both from Qiagen). For small-scale in vitro transcriptions,
2 g of digested DNA plasmid was mixed with 0.5 mM each of
ATP, CTP, GTP, and 12.5 nM UTP, 1X Transcription Buffer (40
mM Tris-HCl at pH 7.5, 6 mM MgCl,, 2 mM spermidine-HCl,
5 mM NaCl), 20-40 units RNase Out (Invitrogen) and 40 units T7
RNA Polymerase Plus (Ambion/Life Technologies). [a-32P]UTP
(3000 Ci/mmole, 10 mCi/mL, PerkinElmer) was added to the final
concentration of 2 nCi/pwL. Reactions were incubated at 37°C
for 90 min, and RNA was extracted with Phenol:Chloroform:
Isoamyl Alcohol (25:24:1, Invitrogen) and precipitated with 0.4
M NH,OAc and ethanol. One micoliter of each transcription
reaction was taken out before and after phenol/chloroform
extraction and used for scintillation counting on a Beckman
LS-6500 liquid scintillation counter. Large-scale in vitro tran-
scriptions (for RNAs used in affinity chromatography) were
performed using Ambion’s MEGAscript T7 High Yield Tran-
scription Kit and high-concentration T7 RNA Polymerase Plus
(200 u/pnL, Ambion/Life Technologies) following the manufac-
turer’s protocol. Reactions were incubated at 37°C for 6 h and
RNA was extracted with RNeasy Mini Kit (Qiagen). In vitro
transcripts that were uniformly labeled were run on denaturing
15% polyacrylamide/TBE gels (19:1) with 7 M Urea, to check for
transcript integrity. Nonradioactively labeled transcripts (pre-
pared by using the MEGAscript kit) were resolved on denaturing
agarose gels to check for transcript integrity.

In vitro splicing reactions contained 100,000 counts per minute
(cpm) of uniformly labeled RNA template, 1 mM ATP, 5 mM
phosphocreatine, 64 mM KCI (total), 2 mM MgCl,, 40 units
RNase Out (Invitrogen), and 32% HeLa nuclear extract (v/v). HeLa
nuclear extract was prepared according to Dignam et al. (1983).
Reactions were incubated at 30°C for 90 min and treated with
Proteinase K (Ambion/Life Technologies) in 10 mM Tris-HCI at
pH 7.5, 1% SDS, 0.15 mM NaCl, 10 mM EDTA, 25 ng/pL of
tRNA (Sigma) and 50 ng of Proteinase K (Ambion/Life Technol-
ogies) for 15 min at 37°C, after which RNA was extracted with
phenol:chloroform:isoamyl alcohol and precipitated with NH,OAc
and ethanol as described above. RNA was air-dried and resus-
pended in 10 pL of water and treated with 2 units of TURBO
DNase (Ambion/Life Technologies) according to the manufac-
turer’s protocol. DNase reactions were incubated at 37°C for
30 min and extracted with phenol:chloroform:isoamyl alcohol
and precipitated with NH,;OAc and ethanol as described above.
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RNA was resuspended in 10 pL of water, and all 10 wL were used
in an RT-PCR reaction performed in the same manner as the RT-
PCR for total RNA extracted from the transfected cell lines (see
above). Primers U and D, which annealed to the sequences of the
adenovirus upstream (U) and downstream (D) exons present in
the pI-12 vector, were used in PCR reactions.

Tobramycin RNA affinity chromatography and mass
spectrometry

Tobramycin RNA affinity chromatography was performed
according to Hartmuth et al. (2004), and a personal communi-
cation of K. Hartmuth. A 2-mL packed bead volume of NHS-
activated Sepharose (GE Healthcare) was washed four times in
ice-cold 1 mM HCl and mixed with 1 mL of 5 or 10 mM
tobramycin in the coupling buffer (either 0.2 M NaHCO;, 0.5 M
NaCl at pH 8.3, or 75 mM HEPES-KOH at pH 7.9, and 90%
dimethylformamide) and incubated overnight with head-over-tail
rotation at 4°C. The next day, beads were spun and blocked in
either 0.2 M NaHCO3, 0.1 M NaCl, 1 M ethanolamine (pH 8.0),
or 0.2 M Tris-HCI (pH 8.4) for 2 h at room temperature. The
matrix was then washed two to three times with 9 mL of ice-cold
PBS (pH 8.0) and then two times with ice-cold PBS/NaN; and
resuspended in 2 mL PBS/NaNj;. Matrices were stored in PBS/
NaNj; at 4°C for up to a month.

For chromatography experiments, 15-60 pL (packed bead
volume) of tobramycin-containing matrix aliquots were blocked
overnight in 20 mM Tris-HCl (pH 8.1), 1 mM CaCl,, 1 mM
MgCl,, 0.2 mM DTT (together referred to as 1X binding buffer, or
1X BP), 300 mM KCl, 0.1 mg/mL tRNA, 0.5 mg/mL BSA, and
0.01% NP-40 at 4°C. The next day, in vitro synthesized RNA
templates were mixed with 1X BP, 145 mM KCl, and 0.1 mg/mL
tRNA, added to the tobramycin Sepharose matrix, and incubated
for 1 h at 4°C with head-over-tail rotation. At the same time,
appropriate amounts of HeLa nuclear extract were pre-cleared
with an aliquot of the tobramycin-containing matrix. RNA
immobilized on the matrix was washed three times with 1 mL
of the wash buffer (1X BP, 145 mM KCl, 0.1% NP-40), and
conventional in vitro splicing reactions were assembled in the
presence of 1 mM ATP, 5 mM phosphocreatine, 64 mM KCI
(total), 2 mM MgCl,, and 32% pre-cleared HeLa nuclear extract
(v/v). Splicing mixes were added to the immobilized RNA, and
reactions were incubated at 30°C for 5 min with head-over-tail
rotation. Following incubation, reactions were immediately put
on ice and then centrifuged at 250g at 4°C to collect supernatant
fraction, followed by three washes with the protein wash buffer
(1X BP, 150 mM KCI, 0.1% NP-40) and three washes with either
PBS or elution buffer without tobramycin (see below). All spins
were done at 4°C. RNA-protein complexes were eluted with
elution buffer (1X BP, 5 or 10 mM tobramycin, 145 mM KCl,
2 mM MgCl,) for 20 min at 30°C. Supernatant, wash, and elution
fractions were collected and used to precipitate protein as follows:
an equal volume of phenol:chloroform:isoamyl alcohol was added
and, upon phase separation, the lower organic phase was trans-
ferred to a fresh tube. Four volumes of ice-cold acetone were added,
and precipitation was allowed to occur overnight at —20°C. The
next day, samples were spun at maximum speed at 4°C, washed two
times in 4:1 acetone:water, air-dried for 15 min, resuspended in
the SDS-gel loading buffer (100 mM Tris-HCl at pH 6.8, 4% SDS,
0.02% [w/v] bromophenol blue, 20% [v/v] glycerol, and 200 mM

DTT, added fresh before each use) and either loaded onto
NuPAGE protein gels for silver staining or Western blotting
analysis or stored at —20°C. For mass spectrometry experiments,
1X protease inhibitors (Roche) were added to the elution buffer,
and the eluates were stored at 4°C overnight until they could be
submitted for the mass spectrometry analysis the following day.
Mass spectrometry analysis of the chromatography eluates was
performed by the Duke University Proteomics Core Facility.
Quantification of the label-free mass spectrometry experiments
was performed with Rosetta Elucidator software by Dr. Will
Thompson of the Duke University Core Proteomics Facility.

3'RACE

3'RACE was performed according to conventional protocols.
Briefly, reverse transcription was performed with total DNase-
treated RNA from Jurkat cells, reverse Oligo(dT)-Anchor primer
(5'-CAGCTGTAGCTATGCGCACAGTTTTTTTTTTTTTTTTV-3/,
V=A,C,G), and M-MLV RT. A total of 1 p.L of the RT reaction was
used in the first PCR with the forward primer complementary to
the IL7R exon 3 (5'-GTGGAGGTAAAGTGCCTGAATTTC-3’) and
PCR-Anchor (5'-CAGCTGTAGCTATGCGCACAG-3') as the re-
verse primer. Nested PCRs were performed with the following
primer pairs: exon 4 forward (5'-TTAATGCACGATGTAGCTTAC
CG-3') and intron 6 reverse (5'-TTTATTAGTTGAAGAAGGTCA
CCTTTTTTTCC-3'); exon 5 forward (5'-CCGGCAGCAATGTAT
GAGATTAAAG-3') and intron 6 reverse; exon 4 forward and
intron 6(47) reverse (5'-CGTGAAATGCCTTAATCCCC-3'); exon
5 forward and intron 6(47) reverse; exon 4 forward and intron
6(155) reverse (5'-CTTACTTTGGGGACAGCGTTTG-3"); and exon
5 forward and intron 6(155) reverse. PCR products were resolved
on 5% nondenaturing polyacrylamide/TBE gels. Gels were run at
120 V for ~3 h, dried using a gel dryer, and exposed to Molecular
Dynamics PhosphorIlmager screens.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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