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A physiologically important alternative pre-mRNA
splicing switch, involving activation of protein 4.1R
exon 16 (E16) splicing, is required for the establish-
ment of proper mechanical integrity of the erythro-
cyte membrane during erythropoiesis. Here we
identify a conserved exonic splicing silencer element
(CE16) in E16 that interacts with hnRNP A/B proteins
and plays a role in repression of E16 splicing during
early erythropoiesis. Experiments with model pre-
mRNAs showed that CE16 can repress splicing of
upstream introns, and that mutagenesis or replace-
ment of CE16 can relieve this inhibition. An af®nity
selection assay with biotinylated CE16 RNA demon-
strated speci®c binding of hnRNP A/B proteins.
Depletion of hnRNP A/B proteins from nuclear
extract signi®cantly increased E16 inclusion, while
repletion with recombinant hnRNP A/B restored E16
silencing. Most importantly, differentiating mouse
erythroblasts exhibited a stage-speci®c activation of
the E16 splicing switch in concert with a dramatic and
speci®c down-regulation of hnRNP A/B protein
expression. These ®ndings demonstrate that natural
developmental changes in hnRNP A/B proteins can
effect physiologically important switches in pre-
mRNA splicing.
Keywords: alternative splicing/exonic splicing silencer/
hnRNP A and B/protein 4.1R

Introduction

Alternative splicing of pre-mRNAs from a single gene
facilitates expression of multiple protein isoforms that can
have different functional characteristics (reviewed in
Chabot, 1996; Smith and Valcarcel, 2000). Recent analy-
sis of the Human Genome Project predicts that the
majority of human genes undergo some form of alternative

splicing (Lander et al., 2001), indicating that this is a
major mechanism for regulating gene expression. These
alternative splicing events are often developmentally
regulated and/or exhibit tissue-speci®c variations. One of
the major challenges in the ®eld is to de®ne the molecular
mechanisms whereby splicing factors with splicing
enhancer or silencer activity help regulate alternative
pre-mRNA splicing in the appropriate developmental
patterns.

In many cases, the primary sequence of an alternative
exon plays a dual role: not only does the sequence perform
an obvious protein-coding function, but it also often serves
as binding sites for speci®c splicing factor proteins that
regulate post-transcriptional processing. Alternatively
spliced exons commonly are associated with both posi-
tively and negatively cis-acting elements that determine
the usage of the (typically weak) ¯anking splice sites. A
great deal of work over the past several years has been
devoted to identi®cation of exonic splicing enhancer
(ESE) elements in both alternative exons (reviewed in
Reed, 1996; Hertel et al., 1997; Wang and Manley, 1997)
and constitutive exons (Mayeda et al., 1999; Schaal and
Maniatis, 1999).

Many alternative exons also possess negatively acting
sequences termed exonic splicing silencer (ESS) elements
that can antagonize splicing enhancer function and prevent
exon inclusion until the appropriate developmental stage.
Recently, a number of alternative exons have been shown
to contain ESS elements (Graham et al., 1992; Amendt
et al., 1995; Del Gatto and Breathnach, 1995; Staffa et al.,
1997; Konig et al., 1998; Si et al., 1998; Caputi et al.,
1999; Kan and Green, 1999; Mayeda et al., 1999). Among
the trans-acting factors that appear to be capable of acting
through silencer elements to mediate a repressive effect
are snRNP complexes (Nelson and Green, 1990; Siebel
et al., 1992; Kan and Green, 1999) and members of
the hnRNP family such as the A/B proteins or hnRNP I/
polypyrimidine tract binding protein (PTB) (Ashiya and
Grabowski, 1997; Chan and Black, 1997; Caputi et al.,
1999; Del Gatto-Konczak et al., 1999; Matter et al., 2000;
Bilodeau et al., 2001; Tange et al., 2001; Zhu et al., 2001).

The cytoskeletal protein 4.1R gene exhibits several
developmentally regulated alternative splicing events in
erythroid, epithelial and muscle cell types (Conboy, 1999).
In particular, a regulated splicing switch involving exon 16
(E16) during erythroid differentiation plays a critical
physiological role in establishing the appropriate red cell
membrane material properties. E16 is skipped in early
erythroid progenitors but included ef®ciently in mature
erythroblasts (Chasis et al., 1993), leading to synthesis of
4.1R protein isoforms that bind spectrin and actin and
assemble stably into the membrane skeleton (Horne et al.,
1993; Discher et al., 1995; Schischmanoff et al., 1995).
E16 also encodes part of a nuclear localization signal and
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is thus an important determinant of subcellular localization
in certain nucleated cell types (Luque et al., 1998; Gascard
et al., 1999).

We have developed a heterologous system in which
the alternative splicing of E16 can be reconstituted in
the context of a three-exon model pre-mRNA, and the
sequence determinants for ef®cient inclusion can be
explored (Gee et al., 2000). These studies yielded
evidence for an ordered splicing model in which the
intron downstream of E16 is removed preferentially prior
to excision of the upstream intron. Coordinated interaction
of regulatory elements in a speci®c spatial and temporal
manner is postulated for proper regulation of E16 inclu-
sion/exclusion during erythrocyte development. One of
these key regulatory elements is the suboptimal 5¢ splice
site (5¢ss) adjacent to E16 (Gee et al., 2000), which
prevents constitutive splicing of the exon. Recent parallel

studies have indicated the involvement of additional
regulatory elements in exon 16 itself as well as the
¯anking intron sequences (Deguillien et al., 2001). In this
report, we characterize an exonic RNA element that is
involved in E16 splicing regulation, a phylogenetically
conserved silencer element in E16 that functions through
the binding of the hnRNP A/B proteins to repress E16
inclusion. Importantly, down-regulation of hnRNP A/B
protein expression temporally correlates with the acti-
vation of E16 splicing during erythropoiesis, suggesting
that this is the functional switch for activation of E16
expression in the 4.1R gene during erythropoiesis.

Results

Alternative splicing of 4.1R E16 is conserved among three
vertebrate orders (Winardi et al., 1995; Conboy, 1999).

Fig. 1. Conservation of 4.1R E16 and ¯anking intron sequences. Conserved sequence elements are boxed. M, mouse; h, human; f, frog; c, chicken;
b, bovine; introns are in lower case and exons in upper case.

Fig. 2. Mutation of CE16 activates E16 inclusion. (A) 4.1R minigene and E16 wild-type sequence with 4.1/PRE16-dsx, and linker-scan sequence substi-
tutions (underlined) in E16 aligned below. All mutant constructs are the same length as the wild-type minigene. (B) RT±PCR assay of spliced products
from wild-type 4.1R minigene and the PRE16-dsx substitution mutation. In vivo splicing in transfected HeLa cells (lanes 1±3), in HeLa nuclear extract
(lanes 4 and 5) and in Xenopus oocytes (lanes 6 and 7) with the E16 inclusion/exclusion ratio. (C) RT±PCR results of in vitro splicing of CE16 linker-
scanning mutations of the 4.1R minigene in HeLa nuclear extract (lanes 8±15).
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With the assumption that splicing regulatory sequences
might be phylogenetically conserved, we compared the
nucleotide sequences around E16 in the mammalian
(human, mouse and bovine), amphibian (frog) and avian
(chicken) genes (Figure 1). Several candidate regulatory
elements were identi®ed, including a conserved 3¢ss, a
weak 5¢ss (Gee et al., 2000), a purine-rich element within
the 5¢ portion of E16 (PRE16) and a highly conserved
element (CE16) of ~40 nucleotides spanning most of the
remainder of the exon. As shown below, some of these
elements appear to play a cooperative role in regulating the
ordered splicing of the introns ¯anking E16.

We previously reported that the 5¢ss of 4.1R E16 in the
mouse gene was suboptimal, and that substitution of a
consensus 5¢ss sequence resulted in greatly increased E16
inclusion (Gee et al., 2000). Here we show (Figure 1) that
the 5¢ss in the mouse, human and frog genes is diverged
similarly from consensus by virtue of having pyrimidine
nucleotides at the +3 (frog) or +3 and +4 positions (human
and mouse) of the intron. Therefore, a weak 5¢ss is a
consistent feature of E16 in several species.

Identi®cation of an exonic splicing
silencer element
Two distinct domains are evident within E16: a 15
nucleotide purine-rich element (PRE16), whose primary
sequence varies among species but whose purine-rich
nature is conserved; and a 42 nucleotide element (CE16) in
which the primary sequence is extraordinarily conserved

(Figure 1). Indeed, the sequences are invariant in four of
the ®ve species, with a single transition present in the
chicken exon. This strict sequence conservation suggests
that constraints in addition to coding for protein must
govern the evolution of this sequence. Functional experi-
ments shown below support the hypothesis that the CE16

domain of E16 functions as an ESS.
As an initial attempt to determine whether CE16

contains splicing regulatory elements, a substitution
mutation was made in the 4.1R minigene (Gee et al.,
2000), in which most of CE16 was replaced with an equal
length of dsx exon 4 sequence to generate construct 4.1/
PRE-dsx (Figure 2A). This dsx sequence was demon-
strated in previous studies to lack active enhancer or
silencer elements (Watakabe et al., 1993; Lynch and
Maniatis, 1995). Splicing of the modi®ed 4.1R pre-mRNA
was tested in three different splicing assays. Transfection
of HeLa cells showed that the level of E16 inclusion in the
wild-type minigene (Figure 2B, lane 2) was greatly
enhanced in the dsx substitution mutant (lane 3). Since
the substituted region of dsx exon 4 lacks enhancer
activity, the improved inclusion of E16 is most probably
due to the loss of an ESS in CE16. Similar results were
obtained in in vitro splicing assays and in microinjected
Xenopus oocytes (compare lanes 4 and 5 and lanes 6 and 7,
respectively), suggesting that the regulatory machinery has
been evolutionarily conserved, and that the process is
reproduced accurately in cell-free systems amenable to
more detailed analysis.

Fig. 3. 4.1R E16 sequence elements were tested for exonic splicing enhancer (ESE) and exonic splicing silencer (ESS) activities in a heterologous pre-
mRNA context. (A) Schematic diagram of the dsx constructs with the position of primers used for RT±PCR indicated by arrows. (B) RT±PCR assay
of splicing for each of the dsx constructs. Splicing was performed in microinjected oocytes.
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To de®ne boundaries of the ESS element further, linker-
scanning mutagenesis of CE16 was performed in the
context of the 4.1R minigene. Seven mutants were
generated, each containing three to ®ve nucleotide substi-
tutions (Figure 2A). In vitro splicing reactions in HeLa cell
nuclear extract revealed that one of these mutants (mutE)
almost completely destroyed silencer activity, resulting in
very ef®cient inclusion of exon 16 (lane 12). Notably, this
mutation altered a sequence motif (UAG) that is charac-
teristic of binding sites for the splicing silencer protein
hnRNP A1 (Del Gatto et al., 1996), and its disruption
quantitatively mimicked the effect of complete substitu-
tion of CE16 sequences observed in pre-mRNA substrate
PRE16-dsx. Together, these observations demonstrate that
the region altered in mutE comprises a critical part of the
silencer element. However, the strong evolutionary con-
servation of CE16 and the ®nding that other mutations in
this region partially disrupt silencer activity (Figure 2C,
lanes 5±12) suggest that additional sequences affect the
function of the putative A1-binding site.

The next experiments tested whether CE16 silencer
activity can function in a heterologous context, in dsx-
based pre-mRNAs used previously to demonstrate splicing
enhancer activity (Figure 3A; Watakabe et al., 1993;
Lynch and Maniatis, 1995). dsx DPRE, an enhancerless
construct from which the endogenous enhancer elements
have been deleted (Lynch and Maniatis, 1995), has a weak
3¢ss and splices poorly unless provided with a splicing
enhancer such as the endogenous dsx E4 purine-rich
element (dsx-PREdsx) (Figure 3B, lanes 1 and 2). When
tested in parallel under identical conditions, the PRE16

element of E16 also signi®cantly enhanced splicing of dsx
pre-mRNA (lane 3). A double enhancer PREdsx-16 (lane 4)
had even higher levels of splicing. Importantly, juxtapos-
ition of CE16 to the enhancer(s) in all three of these test
constructs led to complete repression of splicing activity
(lanes 5±7). The repressive activity of CE16 can thus

counteract at least two distinct enhancers, and can function
up to 143 nucleotides from an upstream 3¢ss (the distance
in pre-mRNA dsx-PREdsx-E16). Similar results were
obtained in two different assay systems employing
microinjected oocytes (Figure 3) and HeLa cell nuclear
extract (not shown), indicating that the CE16 silencer can
function in different cell types and species. Moreover,
recent studies have shown that a partial silencing effect is
observed when this E16 region is inserted into a
heterologous b-globin exon (Deguillien et al., 2001).

Fig. 4. 4.1R pre-mRNA splicing in the presence of excess CE16 RNA
competitor (A) or in HeLa cell nuclear extract depleted with CE16 RNA
(B). (A) Splicing was performed in the absence of competitor (lanes 1
and 6) or in the presence of increasing amounts of CE16 RNA competi-
tor (lanes 2±5) or control RNA (lanes 7±10). Amounts of competitor
added are indicated above each lane (pmol), and the E16 inclusion/
exclusion ratio is shown below each lane. (B) Splicing was performed
in complete nuclear extract (lane 11), in nuclear extract depleted by
pre-incubation with 10 or 20 pmol of CE16 RNA (lanes 12 and 13), or
in extract mock depleted with control RNA (lane 14).

Fig. 5. CE16 RNA af®nity isolation of candidate silencer protein(s).
(A) Coomassie Blue stain of proteins eluted from CE16 RNA after incu-
bation in HeLa nuclear extract. Bands of ~33±35 kDa are hnRNP A/B
proteins (lane 1) as identi®ed by nanospray mass spectrometry. SA,
streptavidin from magnetic beads. Lane 2 shows molecular weight
standards. (B) Western blot analysis of HeLa nuclear extract (lanes 3
and 6) and of proteins eluted from CE16 and control RNAs performed
with antibody against hnRNP A1/A1B (lanes 3±5) and hnRNP A2/B1
proteins (lanes 6±8). (C) Western blot of proteins eluted from biotinyl-
ated CE16 and silencer mutant RNAs performed with antibodies against
hnRNP A1 and A2.
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Addition of competitor CE16 RNA or depletion of
CE16 RNA-binding proteins leads to increased E16
inclusion in vitro
To determine whether the CE16 ESS functions through
interaction with trans-acting protein factors, biotinylated
CE16 RNA was utilized in splicing assays as a competitive
inhibitor of silencer activity. In the absence of competitor,
E16 skipping was the predominant pathway (Figure 4A,
lane 1). Addition of competitor CE16 RNA to in vitro
splicing assays increased E16 inclusion in a dose-depend-
ent manner up to 4.5-fold (lanes 2±5). Addition of equal
amounts of a control RNA known to bind hnRNP H
protein (Bagga et al., 1995) had no effect on E16 inclusion
(lanes 7±10). These results suggest that a titratable trans-
acting silencing factor is necessary for CE16 ESS function.
To con®rm this ®nding, varying concentrations of
biotinylated CE16 competitor RNA were pre-incubated in
nuclear extract, then removed together with any bound
proteins to generate depleted extract. 4.1R pre-mRNA
spliced in these depleted extracts exhibited a competitor
concentration-dependent increase in E16 inclusion
(Figure 4B, lanes 12 and 13), similar to levels seen in
the competition assay (Figure 4A, lanes 4 and 5).
Depletion with control RNA had no effect on E16
inclusion (compare lanes 11 and 14).

HnRNP A/B proteins bind speci®cally to CE16 RNA
The CE16 RNA af®nity-captured proteins were resolved by
SDS±PAGE and characterized by immunological and
biophysical techniques to identify candidate silencer-
binding proteins. Coomassie Blue staining revealed the
presence of several distinct bands (Figure 5A, lane 1).
Intriguingly, nanospray mass spectrometry indicated that
the major ~34 kDa protein is hnRNP A1, an abundant
nuclear protein that has been implicated previously as a
regulator of alternative splicing in vitro and in vivo (Fu
et al., 1992; Mayeda and Krainer, 1992; Mayeda et al.,
1993; Caceres et al., 1994; Yang et al., 1994; Bai et al.,
1999). Western blot analysis con®rmed the identity of
hnRNP A1 (Figure 5B, lane 5), and also showed that the
related proteins hnRNP A2/B1 bound to CE16 RNA (lane
8). Neither hnRNP A1 nor hnRNP A2/B1 bound to control
RNA beads used in the binding assays (lanes 4 and 7). As
shown below, hnRNP A/B proteins have substantial
silencer activity in 4.1R pre-mRNA splicing assays. In
contrast, although hnRNP H and hnRNP I (PTB) were also
detected in the CE16 eluates, no evidence for their
functional relevance was obtained in later experiments
(data not shown).

If binding of hnRNP A/B proteins to CE16 is essential
for silencer activity, then mutations that interfere with
silencer activity should exhibit reduced binding of A/B
proteins. Using wild-type CE16 RNA and three mutant
RNAs, a good correlation was observed between silencer
activity and hnRNP A1 binding (Figure 5C). The strongest
silencer mutation (mutE) bound ~23% as much hnRNP A1
in nuclear extract as did wild-type CE16; the second
strongest silencer mutant (mutC) bound ~32% as much
hnRNP A1; and a weak silencer mutant (mutF) bound
~66% as much A1. Signi®cant reduction in binding of
hnRNP A2 to RNAs with silencer mutations was also
observed (Figure 5C).

Recombinant hnRNP A/B proteins exhibit E16
splicing silencer activity
Because reproducible and dramatic changes in E16
inclusion/exclusion ratios were observed under conditions
in which signi®cant residual hnRNP A/B proteins
remained in the depleted extracts (not shown), it was
important to test whether A/B proteins indeed represented
the major active silencer factor(s). Figure 6 shows that
addition of recombinant hnRNP A1 protein to an in vitro
splicing reaction restored the silencer effect in CE16-
depleted HeLa cell nuclear extract in a concentration-

Fig. 6. Inhibition of E16 splicing by recombinant hnRNP A/B proteins.
(A) In vitro splicing assay. Recombinant hnRNP A1 protein silences
E16 splicing in CE16-depleted extract (lanes 1±3) and in complete ex-
tract (lanes 4±6). (B) In vivo splicing assay. HeLa cells were trans-
fected with 4.1R minigene alone (lane 8) or co-transfected with 4.1R
plus either pCG-hnRNP Al expression plasmid (lane 9) or the empty
pCG expression vector (lane 10). Lane 7 is a mock transfection. (C) In
vitro splicing assays with the indicated recombinant hnRNP A1 vari-
ants. Splicing was performed in HeLa nuclear extract in the absence of
added A1 (lanes 11 and 15), or in the presence of wild-type A1 (lanes
12 and 16), A1 with mutant RRMs (lanes 13 and 17) or truncated UP1
variant (lanes 14 and 18). (D) In vitro splicing assays in the absence of
added A1 (lanes 19 and 24) or with the indicated recombinant hnRNP
A/B protein isoforms (lanes 20±23 and 25±28).
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dependent manner, reducing the levels of E16 inclusion
(Figure 6A, lanes 1±3). These add-back experiments were
performed with amounts of recombinant A/B proteins
nearly identical to those employed in studies of the HIV tat
exon 2 silencer, and are within the range of endogenous
hnRNP A1 protein estimated to be present in HeLa cell
nuclear extracts (Caputi et al., 1999). Addition of hnRNP
A1 protein to complete extract reduced E16 inclusion to
even lower levels (lanes 4±6). These results suggest that
E16 inclusion is very sensitive to the levels of the hnRNP
A/B family of proteins. Control experiments showed that
substrates with a mutated CE16 domain and reduced A1
binding were much less sensitive to added A/B proteins
(not shown).

To validate the silencing effect of hnRNP A1 proteins
observed in vitro, a comparable experiment was performed
using transfection to alter hnRNP A1 levels in intact cells.
Overexpression of hnRNP A1 in transfected HeLa cells
signi®cantly decreased inclusion of E16 in a co-
transfected 4.1R minigene (compare lanes 8 and 9).
Control experiments showed that co-transfection with the
empty expression vector had little effect on E16 inclusion
(lane 10).

To determine which domains of hnRNP A1 are required
for silencer activity, variant hnRNP A1 proteins (Mayeda
et al., 1994) were tested in splicing assays. In contrast to
the strong silencer activity of wild-type hnRNP A1
(Figure 6C, lanes 12 and 16), hnRNP A1 protein with
mutated RNA recognition motifs (RRMs) had no silencer
activity (compare lanes 12 and 13 with lanes 16 and 17).
The C-terminal truncation variant UP1, which lacks the
glycine-rich protein±protein interaction domain of hnRNP
A1 but has wild-type RRMs, was also inactive for silencer
activity (lanes 14 and 18). These results indicate that both
RNA±protein and protein±protein interactions are required
for the splicing silencer activity of hnRNP A1.

Silencer activity among other members of the hnRNP
A/B family of proteins was also investigated. In agreement
with results reported for splicing of exon 2 in human
immunode®ciency virus (HIV) tat pre-mRNA (Caputi
et al., 1999; Bilodeau et al., 2001), the alternatively
spliced isoform of hnRNP A1, hnRNP A1B, effectively
silenced protein 4.1R E16 inclusion (lanes 21 and 26).
Similarly, hnRNP A2 and its alternatively spliced isoform
hnRNP B1 exhibited strong silencing activity in parallel
assays (lanes 22 and 27, and lanes 23 and 28, respectively)
compared with the control splicing reactions (lanes 19
and 24).

Down-regulated expression of hnRNP A/B proteins
in developing erythroblasts correlates with
E16 inclusion
A mouse model system for erythropoiesis was used to
examine whether a change in the expression of hnRNP A/
B proteins could be responsible for the alternative splicing
switch of E16 seen during erythroid differentiation.
Immature erythroblasts isolated from the spleen of
Friend virus-infected mice differentiate in culture in an
erythropoietin-dependent fashion, with the majority of
cells enucleating to reticulocytes between 40 and 48 h.
These cells undergo the 4.1R E16 splicing switch and
permit determination of temporal correlations in the level
of candidate splicing factors. 4.1R RNA in immature
erythroblasts at 0 h of culture showed very little inclusion
of E16 (Figure 7A, lane 1). Inclusion remained low during
a proliferative stage of growth through 16±22 h (lane 2).
However, by 30±32 h, the erythroblasts have differentiated
further and E16 inclusion can now be clearly seen (lane 3).
E16 inclusion continued to increase at the 44 h time point
(lane 4). Consistent with this analysis of 4.1R RNA,
western blot analysis with an anti-peptide antibody
showed that 4.1R protein isoforms containing the E16-
encoded peptide increase over the same time period
(Figure 7B, upper panel). In marked contrast, the levels of
hnRNP A/B proteins exhibited a very different expression
pattern (Figure 7B, middle panels). hnRNP A/B protein
expression was strong at 0 h as assessed by blotting with
anti-hnRNP A1 monoclonal antibody (9H10) and anti-
hnRNP A2/B1 monoclonal antibody (DP3B3). A/B
expression was maintained at a high level during the
proliferative growth phase but declined sharply at the
30±32 and 44 h time points, coinciding with the observed
increase in E16 inclusion. It should be noted that, while
cells have begun to enucleate at 44 h, the released nuclei
are still present in the cultures in intact (undegraded) form.
Nuclear proteins are thus recovered together with the
cellular proteins and analyzed in the western blots (Koury
et al., 1989).

Because erythroid cells are undergoing many alterations
in nuclear function at the late stages of erythropoiesis, it
was important to examine whether the observed decrease
in hnRNP A/B proteins was speci®c. Control immunoblots
on subcellular fractions demonstrated that essentially all of
the A/B protein in the differentiating erythroid cells was in
the nucleus, supporting the hypothesis that a real decrease
in nuclear A1 levels correlated with the splicing switch.
Western blot analysis of other hnRNP proteins with known
splicing regulatory activity, including hnRNP H and PTB,
revealed no obvious changes in expression that correlated

Fig. 7. Temporal relationship between 4.1R E16 splicing and the
expression of hnRNP A/B proteins in differentiating mouse erythro-
blasts. (A) RT±PCR analysis of E16 splicing patterns in erythroblasts
cultured for 0±44 h in the presence of erythropoietin (lanes 1±4).
(B) Western blot analysis of expression of 4.1R + E16 and splicing fac-
tors in erythroblasts cultured for 0±44 h (lanes 5±8). Protein 4.1R iso-
forms including the peptide encoded by E16 were detected using anti-
peptide antibody 10-1; splicing factors were assayed using antibodies
against hnRNP A1, A2/B1, hnRNP H and hnRNP I/PTB.
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temporally with the E16 splicing switch (Figure 7B, lower
panels). Together, these data implicate the modulated
expression of the hnRNP A/B proteins as the develop-
mental switch responsible for activation of exon 16
inclusion during erythropoiesis.

Discussion

The present study provides insight into the molecular
mechanism responsible for a pre-mRNA alternative spli-
cing switch that operates during erythroid differentiation
to induce physiologically important changes in the struc-
ture and function of protein 4.1R. Activation of E16
inclusion is critical for establishment of normal membrane
mechanical stability during erythropoiesis, as red cell
membranes assembled with protein 4.1R isoforms pos-
sessing a complete spectrin±actin-binding domain (trans-
lated from mRNAs including E16) exhibit considerable
resistance to shear forces. In contrast, membranes assem-
bled with 4.1R bearing a truncated spectrin±actin-binding
domain (translated from mRNAs excluding E16) are
unstable in shear assays, and may result in hemolytic
anemia due to increased fragmentation in the circulation
(Takakuwa et al., 1986; Conboy et al., 1991b; Discher
et al., 1993; Horne et al., 1993).

Analysis of 4.1R pre-mRNA splicing supports a model
in which exon 16 splicing is regulated primarily by
modulation of hnRNP A/B protein levels in differentiating
erythroid cells. In early erythroid progenitors, high levels
of hnRNP A/B proteins are present, leading to repression
of exon 16 splicing. Then, as the cells differentiate into
mature erythroblasts, a dramatic decrease in levels of
hnRNP A/B proteins leads to derepression of splicing and
activation of exon 16 inclusion in mature 4.1R mRNA.
This model is supported by in vitro and in vivo data
showing that hnRNP A/B proteins bind to a conserved
splicing silencer element in exon 16, that the ef®ciency of
exon 16 inclusion in functional splicing assays is correl-
ated directly with the levels of hnRNP A/B proteins and
that a speci®c decrease in hnRNP A/B proteins correlates
with the activation of exon 16 inclusion in differentiating
erythroid cells. These ®ndings are consistent with previous
studies demonstrating that hnRNP A/B proteins can
function as ESS-responsive negative regulators of splicing
(Caputi et al., 1999; Del Gatto-Konczak et al., 1999;
Matter et al., 2000; Bilodeau et al., 2001; Zhu et al., 2001),
and that changes in the relative amounts of hnRNP A/B
proteins and SR proteins can alter either the alternative
splice site choice or the inclusion/exclusion ratio of
selected alternative exons (Fu et al., 1992; Mayeda and
Krainer, 1992; Mayeda et al., 1993; Caceres et al., 1994;
Yang et al., 1994; Bai et al., 1999; Blanchette and Chabot,
1999). The most novel ®nding in the current study is the
demonstration that a natural developmental change in the
level of endogenous hnRNP A/B proteins in differentiating
erythroid cells can mediate an important pre-mRNA
splicing switch.

Proper regulation of exon 16 ordered splicing, in which
downstream splicing precedes excision of the upstream
intron (Gee et al., 2000), requires mechanisms to prevent
inappropriate splicing of the ¯anking introns. We propose
that the CE16±hnRNP A/B interaction plays an important
role in regulating both upstream and downstream intron

splicing. This is demonstrated most easily in the case of
upstream splicing: in vitro experiments with model 4.1R
pre-mRNAs (Gee et al., 2000) and heterologous dsx pre-
mRNAs (Figure 3) indicate that upstream splicing is
inef®cient in the presence of intact CE16. In vivo, this
activity may be critical to prevent premature splicing of
the upstream intron in nascent 4.1R pre-mRNA transcripts,
because disruption of the normal `downstream ®rst'
ordered splicing would lead to inappropriate activation
of a cryptic splice site and to the generation of aberrant
mRNAs (Gee et al., 2000). With regard to splicing of the
downstream intron, we have shown previously that this
step is inef®cient in the absence of a strong exon 16 3¢ss
(Gee et al., 2000). Therefore, inhibition of 3¢ss function by
hnRNP A/B bound at the splicing silencer may indirectly
block activation of the downstream 5¢ss, perhaps by
interference with critical exon-bridging interactions
(Berget, 1995).

The ®nding that CE16 is essentially identical among
mammalian, avian and amphibian species clearly indicates
that this region of exon 16 is critical to proper 4.1R gene
expression. At least two speci®c functions can now be
ascribed to this domain. First, CE16 is important for protein
function, because it encodes a protein domain that is
essential for interaction of 4.1R protein with spectrin and
actin in the erythroid membrane skeleton (Horne et al.,
1993; Discher et al., 1995). Secondly, CE16 plays a key
role in 4.1R pre-mRNA processing by negatively regulat-
ing E16 splicing in cells where it may be important to
prevent expression of an intact spectrin±actin-binding
domain. A similar dual constraint on exon sequence
evolution has been proposed earlier in the case of exonic
splicing enhancer elements (Liu et al., 1998; Schaal and
Maniatis, 1999).

Future studies will focus on identi®cation of the
mechanism by which hnRNP A/B protein(s) binding to
the CE16 silencer can block recognition and/or splicing of
E16 by the nuclear spliceosomal machinery, and what role
these interactions play in the ordered splicing of introns
¯anking E16 (Gee et al., 2000). Most probably, proper
regulation requires additional interactions among hnRNP
A/B proteins (Ding et al., 1999) or between hnRNP A/B
proteins and other splicing factors, acting in a concerted
fashion to orchestrate the developmental switch in E16
splicing during erythropoiesis. In particular, it will be
important to clarify the possible function of SR proteins in
E16 splicing, the role of enhancer activity in PRE16 and
potential interaction(s) between PRE16 and CE16.
Moreover, important cis-acting elements are likely to be
located not only in E16, but also in the ¯anking intron
sequences (Gee et al., 1998; Deguillien et al., 2001).
Further characterization of these elements and their
cognate interacting proteins will be necessary to gain a
better understanding of the mechanism(s) by which E16
splicing is regulated during erythropoiesis.

Materials and methods

Construction of plasmids
4.1R minigene substitution mutation, 4.1/PRE16-dsx and 4.1/PRE16-
dsx(pcDNA) for transfection. Splice overlap extension PCR was used to
replace the E16 silencer element with an equal length of Drosophila dsx
exon 4 sequence containing no known splicing enhancer or silencer
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activity. A 5¢ fragment containing 4.1R exon 13, the upstream intron and
part of exon 16 fused to dsx sequences was ampli®ed using
oligonucleotides T7, 5¢-TAATACGACTCACTATAGG-3¢ and CE-DSX
3¢, 5¢-GTCATAGATATTCAAATTATGTTGACGGGAGTACTCATT-
ATCTAGTCTCTCTCTCTTTTT-3¢. The 3¢ half of the construct
containing dsx sequences linked to the last two nucleotides of exon 16,
plus the downstream intron and exon 17, was ampli®ed using primers
CE-DSX 5¢, 5¢-AATGAGTACTCCCGTCAACATAATTTGAATATCT-
ATGACGAGGTTTGTATGAACTTGAAG-3¢, and E17.1, 5¢-GCG-
AATTCCCGGGATTCAGT-3¢. A mixture of the two fragments,
containing an overlap of 39 nucleotides (underlined), was ampli®ed
with primers T7 and E17.1 to create the full minigene (4.1/PRE16-dsx)
with a substituted silencer region.

4.1/PRE16-dsx(pcDNA) was made by amplifying the above minigene
with primers E13, 5¢-AGCCATTGCTCAGAGTCAGG-3¢, and E17.1
using Pfu polymerase (Stratagene) to make a blunt-ended insert. After T7
polynucleotide kinase treatment, the insert was ligated into the plasmid
pcDNA 3.1 (Invitrogen) that had been digested with BamHI and EcoRV
and the ends made blunt with mung bean nuclease.

dsx plasmid constructs dsx-PRE16, dsx-E16, dsx-PREdsx-CE16, dsx-PREdsx-16

and dsx-PREdsx-E16. A series of modi®ed dsx constructs containing
elements PRE16 or CE16 was generated by annealing complementary
oligonucleotides into the ClaI site of plasmid pdsxT7 (Lynch and
Maniatis, 1995). For dsx-PREdsx-16, dsx-PREdsx-CE16 and dsx-PREdsx-E16,
the same annealed oligonucleotides were made blunt with mung bean
nuclease and then subcloned into pCSC-PU (Lynch and Maniatis, 1995)
linearized with SmaI. The following oligonucleotides were used: PRE16

sense, 5¢-CGAAAAAGAGAGAGAGA-3¢; PRE16 antisense, 5¢-CGT-
CTCTCTCTCTTTTT-3¢; CE16 sense, 5¢- CGGTGAAAACATTTATA-
TCAGACATAGCAATTTAATGTTGGAG-3¢; CE16 antisense, 5¢-CGC-
TCCAACATTAAATTGCTATGTCTGATATAAATGTTTTCAC-3¢; E16
sense, 5¢-CGAAAAAGAGAGAGAGACTAGATGGTGAAAACATTT-
ATATCAGACATAGCAATTTAATGTTGGAG-3¢; and E16 antisense,
5¢-CGCTCCAACATTAAATTGCTATGTCTGATATAAATGTTTTC-
ACCATCTAGTCTCTCTCTCTTTTT-3¢.

4.1R CE16 linker-scanning mutants. A BstBI restriction site (TTCGAA)
was engineered into the 4.1R minigene at 6 bp increments across CE16

using the QuikChange kit described above. A representative oligonucleo-
tide primer pair used to generate the 4.1R mut-A mutation is given.
Mutations mutB through mutG used the same methodology and primer
design outlined. A1, 5¢-TTCACAGAAAAAGAGAGAGAGACTAG-
TTCGAAAAAACATTTATATCAGACATAGCAAT-3¢; and A2, 5¢-
ATTGCTATGTCTGATATAAATGTTTTTTCGAACTAGTCTCTCT-
CTCTTTTTCTGTGAA-3¢.

Genomic sequencing of Xenopus 4.1R E16
A Xenopus genomic library (lFIX II, Stratagene) was screened by
hybridization to radiolabeled Xenopus 4.1R cDNA. A 5 kb DNA fragment
hybridizing to E16 was subcloned and ¯anking introns were sequenced
using Xenopus-speci®c primers located within E16. Mouse and human
genomic sequences at the intron/exon ¯anking E16 (Huang et al., 1993;
Baklouti et al., 1997) and avian E16 sequence (Yew et al., 1987) have
been published previously.

Synthesis of pre-mRNAs and microinjection into oocytes
Synthesis of capped RNA transcripts was done using the mMESSAGE
mMACHINE (Ambion, Inc., Austin, TX) in vitro transcription kit
according to the manufacturer's protocols. 4.1R and b-globin plasmids
were linearized and transcribed as described previously (Gee et al., 2000).
dsx constructs were linearized with BamHI and transcribed using the T7
promoter kit. Transcripts were puri®ed using RNeasy (Qiagen, Valencia,
CA) columns and microinjected into oocytes as described previously
(Gee et al., 2000).

In vitro splicing assays
HeLa cell nuclear extract was prepared as described (Mayeda and
Krainer, 1999b). The 25 ml splicing reactions, containing 6.25 fmol of
RNA substrate in 40% HeLa cell nuclear extract, 3.2 mM MgCl2, 1 mM
ATP, 20 mM creatine phosphate, 3.1% polyvinyl alcohol and 40 U of
RNasin (Promega Corp., Madison, WI) were incubated 2 h at 30°C
(Mayeda and Krainer, 1999a). All in vitro splicing experiments were
performed at least three times.

Competitor splicing assays were performed by adding a 46 nucleotide
5¢-biotinylated RNA (Dharmacon Research, Inc., Lafayette, CO)
containing the conserved element of E16 (CE16) plus the two ¯anking

nucleotides on each end with 2¢O-methyl group modi®cations. A
biotinylated RNA containing a high-af®nity hnRNP H-binding site, 5¢-
AAGGGGGAGGUGUGGGUC-3¢ (Bagga et al., 1995), was used as a
control. Depleted nuclear extract was generated by pre-incubating the
splicing mixture with up to 28 pmol of biotinylated RNA for 30 min at
4°C, then removing RNA and bound proteins by a 15 min capture step at
4°C with 150 ml of streptavidin MagneSphere paramagnetic particles
(Promega) pre-washed in buffer D [20 mM HEPES±KOH pH 8, 100 mM
KCl, 0.2 mM EDTA, 20% (v/v) glycerol, 0.5 mM phenylmethylsulfonyl
¯uoride (PMSF), 1 mM dithiothreitol (DTT)]. Recombinant hnRNP A1,
A1B, A2, B1 and mutants A1-M(RRM1,2) and UP1 proteins were
expressed in Escherichia coli and puri®ed as described previously
(Mayeda and Krainer, 1992; Mayeda et al., 1994).

Transient transfection of HeLa cells
HeLa cells were grown to ~80% con¯uency in six-well plates and
transfected using lipofectamine (Gibco-BRL, Gaithersburg, MD) accord-
ing to the manufacturer's protocol. In brief, 1 mg of each plasmid DNA
was used in 10 ml of lipofectamine and transfected for 18 h before
removal and addition of fresh media. Total RNA was then isolated after
48 h of incubation. The plasmid pCG-hnRNP A1 was used for
overexpression of hnRNP A1 as described previously (Caceres et al.,
1994). Control co-transfection experiments were performed using the
empty expression vector pCG.

RT±PCR analysis of spliced pre-mRNA
Analysis of splicing reactions was carried out as described previously
(Gee et al., 2000) using DNA primers in protein 4.1R exons 13 (forward)
and 17 (reverse). Twenty-®ve cycles of PCR were used routinely to
analyze the products of the splicing reactions; this condition was in the
linear range of ampli®cation since similar exon inclusion/exclusion ratios
were obtained even after 35 cycles. As described previously (Gee et al.,
2000), duplicate splicing reactions exhibited very little intra-experimental
variability when processed in parallel under identical conditions.
Although inter-experimental variability in absolute splicing ef®ciencies
was observed, relative splicing ef®ciencies among various pre-mRNAs
remained extremely consistent. Moreover, the relative splicing
ef®ciencies of various pre-mRNA substrates was very similar in splicing
assays with microinjected oocytes or transfected HeLa cells. Together,
these results strongly support the validity of the RT±PCR results for
in vitro splicing assays.

Image and densitometry measurements were done using the IS 1000
digital imaging system and software (Alpha Innotech Corp., San Leandro,
CA). All labeled bands in the ®gures have been con®rmed by sequencing.
DNA primers used for analysis of dsx RNAs were located in exon 3
(sense) and exon 4 (antisense), as follows: E3, 5¢-GGAGCTGATG-
CCACTCATGTATG-3¢; and E4, 5¢-GCTCACCCCCGTCATAGATA-
TTC-3¢. The E4 primer was used for both the RT±PCRs.

Erythroblast cell procurement and culture
Erythroid cells obtained from the spleens of mice infected with the
anemia-inducing strain of Friend erythroleukemia virus were isolated and
cultured as described previously (Koury et al., 1984; Sawyer et al., 1987).
Cells at t = 0 h are mainly proerythroblasts, which then differentiate over
~48 h into late-stage erythroblasts and enucleated reticulocytes. Total
RNA was isolated from cell pellets using RNeasy columns, and proteins
prepared by lysing cells in 53 protein sample buffer (Conboy et al.,
1991a) at a concentration of 20 000 cells/ml. Western blot analysis was
done as described previously (Conboy et al., 1991a). Protein from 2 3 106

cells per sample was loaded for 4.1R + E16 (anti-SAB antibody)
detection, and 5 3 105 cells per sample for hnRNP A/B (9H10 and
DP3B3 monoclonal antibodies, respectively). Control blots were
performed using anti-PTB and anti-hnRNP H antibodies (kindly provided
by Doug Black).

Nanospray mass spectrometry
Bands of interest were excised and subjected to in-gel tryptic digestion
(Hellman et al., 1995). Tryptic peptides were extracted from the gel
pieces and cleaned using a gel-loader pipet tip ®lled with 100 nl of
POROS C18 resin (PE Biosytems, Foster City, CA). The peptide mixture
was eluted into a nanospray glass capillary (PROTANA, Odense,
Denmark) using 500 nl of 60% methanol/5% formic acid, then peptide
solutions were infused into an LCQ Iontrap mass spectrometer
(FinniganMat, San Jose, CA) at a ¯ow rate of 10 nl/min. Individual
peptide ions were isolated and subjected to MS/MS analysis. The
acquired MS/MS spectra were then subjected to protein and DNA
database searches using the SEQUEST program (Eng et al., 1994).
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