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Multiple cis elements regulate an alternative splicing event at 4.1R pre-mRNA

during erythroid differentiation

Mireille Deguillien, Shu-Ching Huang, Madeleine Moriniére, Natacha Dreumont, Edward J. Benz Jr, and Faouzi Baklouti

The inclusion of exon 16 in the mature
protein 4.1R messenger RNA (MRNA) is a
critical event in red blood cell membrane
biogenesis. It occurs during late ery-
throid development and results in inclu-
sion of the 10-kd domain needed for stabi-
lization of the spectrin/actin lattice. In this
study, an experimental model was estab-
lished in murine erythroleukemia cells
that reproduces the endogenous exon 16
splicing patterns from a transfected mini-
gene. Exon 16 was excluded in prediffer-
entiated and predominantly included af-
ter induction. This suggests that the
minigene contained exon and abutting

intronic sequences sufficient for splicing
regulation. A systematic analysis of the
cis-acting regulatory sequences that re-
side within the exon and flanking introns
was performed. Results showed that (1)
the upstream intron of 4.1R pre-mRNA is
required for exon recognition and it dis-
plays 2 enhancer elements, a distal ele-
ment acting in differentiating cells and a
proximal constitutive enhancer that re-
sides within the 25 nucleotides preceding
the acceptor site; (2) the exon itself con-
tains a strong constitutive splicing si-
lencer; (3) the exon has a weak 5 ' splice
site; and (4) the downstream intron con-

tains at least 2 splicing enhancer ele-
ments acting in differentiating cells, a
proximal element at the vicinity of the 5

splice site, and a distal element contain-
ing 3 copies of the UGCAUG motif. These
results suggest that the interplay be-
tween negative and positive elements may
determine the inclusion or exclusion of

exon 16. The activation of the enhancer
elements in late erythroid differentiation

may play an important role in the reten-

tion of exon 16. (Blood. 2001;98:

3809-3816)

© 2001 by The American Society of Hematology

Introduction

Protein 4.1R is a critical 80-kd cytoskeletal protein found imf information is available concerning the general constitutive
circulating red blood cells (RBCs). It mediates the formation anmgplicing reactions of simple splicing units, much less is known
maintenance of spectrin/actin complex and anchors the cytoskaibout the molecular mechanisms and cellular factors involved in
eton to the overlying lipid bilayeér.Human 4.1R is encoded by aregulated alternative splicirigf. Studies of vertebrate genes aimed
single genomic locus over 200 kb in lendtand is expressed as at understanding the regulation of alternative splicing have led to
multiple isoforms resulting from complex alternative pre-dentification of a number of pre-mRNA features that influence
messenger RNA (pre-mRNA) splicing pathways. Previous studiaiernative splice selection. These include the sequence of'the 5
have shown that inclusion of a 21-amino acid sequence motif atthed 3 splice sites, the branch point sequence, the upstream
N-terminus of the 10-kd spectrin/actin-binding (SAB) domain ipolypyrimidine (poly[Y]) tract, and specific RNA sequences (en-
required to promote cytoskeletal junctional complex stability. hancers and silencers) located in exons or inti8Eements that
Genomic cloning of both the mouse and human genes confirmgimulate splicing to an adjacent splice site are known collectively
that the 63-nucleotide (nt) motif is encoded by an individual exoms splicing enhancers, whereas elements that repress the use of
exon 16%° The splicing of this exon is therefore regulated in aplice site are known as splicing silencers.
cassette fashion. Exon 16 is omitted from much of the 4.1R mRNA In addition tocis-acting elements present in pre-mRNA, the
of pre-erythroid cells but is included in most of the mRNAgeneral pre-mRNA splicing mechanism is governed by small
produced in late erythroid cells (Figure®)Splicing of exon 16 is nuclear ribonucleoprotein particles (snRNPs) and non-snRNP
thus highly regulated in a differentiation stage-specific manner, asglicing factor<:19 Multiple factors are believed to be involved in
this regulated event is critical for production of 4.1R isoforms thdhe regulation of alternative splicing through a complex network of
sustain the function of 4.1R in circulating RBCs. interactions between the factors and pre-mRNA elements. Factors
Alternative splicing of pre-mRNA is a fundamental mechanisrexert both positive and negative effects on the exon recognition.
for regulating eukaryotic gene expressfdn.many cases, alterna- Moreover, several studies have shown that tissue-specific distribu-
tive RNA splicing contributes to developmentally regulated antion of “constitutive” factors (SR proteins) varies to a certain
cell type-specific patterns of gene expression. Although a great ddafree and that overexpression of SR proteins in vivo alters the
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of the cassette as a 0.7-kb PCR-generated genomic fragment. The resulting
Erythroblast construct will be referred to as wild-type or WT minigene.

Mutant constructs were also preparedBsEIl/Nhd fragments and
subcloned in p(13,17)/CMV. Large sequence substitutions were generated
by the same 2-step PCR metht§d’he first PCR step was performed using
chimeric primers overlapping exon 16 and exon 7 or exon 16 and globin
exon 2, to generate precise insertions of predefined fragments. To construct
point-mutated minigenes, primers were designed to contain the sequence
changes. Each mutant was then generated by the 2-step PCR rHethod.
Alternatively, the mutation was incorporated by a PCR site-directed
mutagenesis procedure using complementary mutant primers and the WT
construct as template (QuickChange Site-Directed Mutagenesis Kit, Strat-
Reticulocyte agene). TheBsEIl/Nhed mutated fragments were further subcloned in
Figure 1. Alternative splicing of 4.1R exon 16 during erythroid differentiation. P(13,17)ICMV Cassette.' —

Exons 14 and 15 are skipped in most tissues. Exon 16 is skipped in lymphoid cells In a,” constructs with base SUbStltl_Jtlons’ except Co_ns_trUCt ,“AA’" th?
and early erythroblasts and retained in terminally differentiated reticulocytes. nucleotide changes created or abolished new restriction sites, which
allowed rapid miniprep selection of the mutant clones. These mutant
constructs were named after the corresponding restriction endonuclease: B
splicing patterr Hence, differences in the activities or amounts ofer Balll: L for Sal; Ul-Xm for upstream intron,Xmd; DI-Pm for
general non-snRNP factors, as well as the presence of “speciﬁ@"_"nStre"’_‘m !ntroanII; gnd so forth. The sequence substitutions are
factors, could modulate alternative splicing pathways. indicated in Figure 2 and listed in Table 1. The cassette, as well as the WT

We h h that 161 f tially included i t and the mutant inserts, were fully sequenced to ascertain the absence of any
€ have shown that exon IS preferentially Included in ma Lj':;:l%ditional mismatch, resulting from PCR or cloning errors, which would

4.1R mRNA in_ino_luced mouse_erythroleukemia (M_EL) Cells., anﬁilterfere with the splicing process or the RNase protection assays (RPAS).
that the protein isoform bearing exon 16-encoding peptide is

preferentially and rapidly recruited in the membrdn&e present Cell culture, induction, and transfection

in this report the identification of sequences in th&Rgene that )

regulate the extent of exon 16 inclusion during differentiationc e MEL cell subclones were used. In most of the transfection
o o S . . experiments described here, we used subclone 745-A. Cells were cultured

stage-specific splicing events occurring in maturing erythroid cell nd induced to erythroid differentiation as previously describea

We developed gs_table tranSfeCt'on Sys_tem that reproduces end@@snectin substratum or in suspension in the absence of fibronectin. For

nous 4.1R splicing patterns, using inducible MEL cells angtapie expression, proliferative cells X210 cells) were transfected prior

transfected minigene constructs bearing exon 16. Furthermore, &limethyl sulfoxide (DMSO) induction with 0.5 to [Lg plasmid DNA

identified multiple splicing enhancers and silencers that lie withusing LipofectAmine (Life Technologies, Gaithersburg, MD) or Escort

exon 16 and close-vicinity intronic sequences. Small changes in {%gma, St Louis, MO) transfection reagents in 35-mm tissue culture plates,

wild-type (WT) sequences altered exon 16 splicing patterns, bficording to the manufacturer’s procedures. Transfected cells were cultured

only certain of these elements seem to modulate exon recognitiBifomplete Dulbecco modified Eagle medium containing B@0G-418/

in a stage-specific manner. Our results suggest that exon sequef _ election of sta_bly_transfected_clon_es was performed by incubation of

and abutting intronic sequences contain both positive and negatllr\'/c(je“"duelI cell colonies in 96-well microtiter plates.

elements that mediate control of altgrnative splic?ng of exon 1§emiquantitative reverse transcription—PCR

These elements must serve coordinately as primary targets to

promote exon skipping in predifferentiated MEL cells and to allowotal RNA was obtained by ultracentrifugation of guanidinium isothiocya-

exon inclusion as the cells differentiate. nate cell lysate on a CsCl cushion, as previously describadusing
Human : CCGTETCACTCTCTGACCATTTCATGTT
CTTOTCTNIOTAATIIATS T
Materials and methods ¢ SACEATITCRTS
UI-Ng ur-Mf
Human: GGCATATGCTGCGCTG-—------======< TGEACATTTATEITTARATATTTT T TGETTTGOCA

Genomic cloning and DNA sequencing T ITTTEIT T T TT T

Mouse: GGCATTTGCTECATCSCACACATTTACTTTTAATTGTTTTCTTITTETTTGTTTGTTTSTTTGCCA

A \Charon human genomic library was screened using a protein 4.1Ff ur-ge vr-ss Uz-¥m
. .- . : ATTTTCAGTET-TTT-CCCGCAAGAACRACATTTTAR - TGTT C

complementary DNA (cDNA) probe pLyr?.Screening, hybridization, and ™" FT7 71T 111 1T T T L

probe-labeling procedures have been previously desctiBeditive clones ~ Meuss:  ATEeCACTIICITICCCCCCARCARCARCATTTTANTITITTTATOC - TTCTOTTTTRCTECeT

containing the SAB domain-encoding exons were isolated and mappe T g E L] a
. - ) . - L Human:  TTCATTTTCACACRARRRCACAGRRACACTAGATOG TGRARACATTTATATC AGACATRGCARTTT
using a nonradioactive Southern blot analysis (Boehringer Mannheim T L, O T T
Indianapolis, IN). Selected exon-containing fragments were subcloned int®*% 0 C e A R A L A A TN AR GEAA T
i i o Aa DI-C1 DI-Hi DI-Sp DI-Bs br-
pBIuescnpt 1l vgctor (Stratagene _Clomng Systems, La Jolla, CA). I_Exon duman: o . .
intron boundaries were determined by double-strand sequencing c LCLLTELCTTO R PR AR LRy FEEEL

recombinant plasmids.

Mouse: {’\]\TGT'I‘GGE?TT_’I‘GTRTGMCT‘TGMU_ TTGTTGCAGTTGETGGCCTGGAACCTTCCGCATTCTS

Be DI-Bb DI-Pm DI-Nz
Human: T@CTGATCCCCTTTTICTTCATTCTETEOTECATTTGETT TIECATGCAATTECATGARGGGACTTE
ini LELLET LT PEERRDE P00 TR TPRTER e e 1 1l
Minigene constructs Mouse: TGCTGACCOCC------ TCACTCTGOGC TECCCTTEEGTTIECATGOCACTGCAT 3TTT
DI-Pv Dr-nda2*

Human: AGGTTTAAAATGCTTITGEATGTTGGTGAACATGAAGATATGCAMMCATCTCGCCTTCTGATTCTT

A splicing cassette (p(13,17)/cytomegalovirus [CMV]) was designed to
contain the 2 adjacent constitutive exons 13 and 17 with their downstrear L e
R . . . R Mouge: AGGTTTAAACTGCTTTIGCATGG TG TARACGTGACGATAAGCACTCATCTCTCCTAGCTTTTAGT

and upstream flanking intron sequences, respectively. A polycloning site i o )
was included at the intron junction. This chimeric DNA fragment Wa§|gure 2. Genomic sequences of exon 16 and surrounding introns in human

db 2 | h . . PCR lifidation and mouse. Exon sequences are boxed. The long poly(Y)-rich sequence and the
generate yfa -step polymerase ¢ _am reaction ( ) amp_l icaaod, particular conserved motifs are underlined (see text). Minigene construct designation
subsequently inserted at thioti/Xba site of pRc/CMV expression Vector and the corresponding targeted nucleotides are shaded. *In DI-Nd2 construct, the

(Invitrogen, San Diego, CA). Exon 16 was inserted atBisé&Il/Nhd site  mutated UGCAUG was inserted in duplicate as ascertained by sequencing analysis.
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Table 1. Minigene construct mutations

cissREGULATORY ELEMENTS OF 4.1R PRE-mRNASPLICING 3811

sequences in Figure 2): (1) an exceptionally long poly(Y)-rich tract

Construct

WT sequence

Mutated sequence of 105 and 121 nt in human and mouse, respectively, upstream of

UI-Ns ATTTATTTTTAAATA ATTTATGCATAAATA the 3 splice site; (2) an exclusive purine sequence containing GAR
Ul-Mf AAATATTTTTTGGTT AAATATCAATTGGTTrepeats at the'ghird of the exon—similar GAR repeat elements
Ul-Ec TTCAGTTTTTTCCCG TTCAGTGAATTCCCGBave been described as splicing enhariée(8) 2 UAG exonic
Ul-Bs CCGCAAGAACAACAT CCGGRCRACAT  triplets—this motif is known to act as a splicing silencer in other
UI-Xm TTTCCCCCCTTTCAT TTTCCCGGGTTTCAEystems through its binding to hnRNP&L(4) a weak 5 splice

R ACAGAAAAAGAGAGA ACA%ATTCGAGA@?%E—aIthough it shows the highly invariable dinucleotide/GT, this
¢ AGAGAGAAAGACTAG AGA%GCTCGACTAq'ice site diverges from the consensussplice site at positions

L ATGGTGAAAACATTT ATGGTGTCGACATTI" 9 m arp

ps ATTTATATCAGACAT ATTTATSAGACAT +3 and +4 where pyrimidines (TT) are present instead of the
B TCAGACATAGCAATT TCAGWETCAATT Usually encountered purines (A[or G] &) and (5) a TGCATG

AA GGAGGTTTGTATGAA GGAGGTAAGTATGAmILIf, which has been found in other pre-mRNA alternative
DI-Cl TGTATGAACTTGAAG TGTATCGAGAAG splicing}8-20present in 3 copies in the downstream intron of both
DI-Hi ACTTGAAGCTTATTT ACTTGATAATTATTThuman and mouse sequences. Each of these particular sequences
DI-Sp TTTCAGTTGGTTGCC TTTCRAGTTTGCC  has been targeted to determine their potential role in exon 16
DI-Bs GCCTGGAACCTTCTG GCCAGACTTCTG gternative splicing.

DI-Bc GCATTCTTTGCTGAT GCATTGATCACTGAT

DI-Bb TTCTGTGCTGCATTT TTCTCTGAACATTT  Alternative splicing of minigene pre-mRNAs is regulated in

DI-Pm GGTTTTGCATGCAAT GGTTTCAGGAAT  induced MEL cells

DI-Nr CAATTGCATGAAGGG CAATGCGAAGGG

DI-Pv GACTTTAGGTTTAAA GACTAGOGTAAA  Exon 16 with about 300 nt flanking intron sequences on each side
DI-Nd2 ATGCTTTTGCATGTT ATGTATGRATGTT

was inserted in a splicing cassette as detailed in “Materials and
methods” (Figure 3). We postulated that the resulting minigene
would contain the minimum sequence for a proper and regulated
splicing and would therefore mimic the behavior of the endogenous
RNeasy Total RNA Kit (Qiagen, Hilden, Germany). The reverse transcrigene. Indeed, evidence suggests that the sequence elements re-
tion (RT) step was performed onug total RNA for 20 minutes at 42°C, quired for splicing of most pre-mRNA species are located within
using random hexamers and 25 U Moloney murine leukemia Virus 300-nt region containing the branch point, the exon itself, and the

(M-MLV) reverse transcriptase (Perkin EImer-Cetus, Norwalk, CT). Afteg, and 3 splice sites on both sides of the exdn

heat inactivation of the reverse transcriptase, the PCR reagents were adde .
The resulting master PCR mixture contained in final concentrations: 1, dThe MEL cells stably wansfected with construct WT were

PCR buffer, 2 mmol/L MgG}, 0.2 mmoliL of each dNTP, 0.gmol/L of induced to erythroid differentiation and mRNA collected after 5
each primer, and 1.2 Uaq polymerase. Two sets of primers were used t§lays of induction. As shown in Figure 3, RPA and semiquantitative
amplify specifically the transcripts deriving from either the endogenod®T-PCR revealed a switch from a predominant exon skipping to a
murine or the transfected human genes. The semiquantitative PCR amppfiedominant exon retention after cell induction. The switch re-
cation was carried out for the cycle numbers discussed later, and the P@Rins partial but very similar to the pattern of endogenous
products quantified as previously descriBéQuantification measurements pre-mRNA arising from the mouse genes. Reticulocytes isolated
were obtained using ImageQuantMac v1.2 software. from peripheral blood produce almost exclusively an mRNA
isoform that includes exon 16. As previously discussete
presence of some mRNA lacking exon 16 in induced cells is likely
Total RNA (5 pg) from transfected MEL cells was analyzed by RPA aglue to the heterogeneity of the cell population, within which only a
previously detailed,using H(13,16) a human-specific probe. H(13,16) wafraction of the cells attain terminal differentiation. These data

generated by RT-PCR of reticulocyte RNA, using the forward primer of theggest that the minigene contains sequences that are sufficient for
cassette (SAAGGTGGCGTCCTAGATGCCTCTGCTS] and a reverse gpicing regulation of that particular exon in an erythroid context.

primer within exon 16 (SACATTAAATTGCTATGTCTG-3). The result- | yace experiments on WT sequences, as well as in experiments
ing PCR fragment was subcloned into the pCR Il vector (Invitrogen). It is

noteworthy that the forward primer of the cassette (which is also used ag%rrled C_)Ut on most mutant constructs (see below), vye tested at
sense primer in the PCR amplification of the transfection products [Sl@St2 different stable clones per construct. We noted differences in

above] and as a forward primer to design the RPA probe), contains a 123 level of total pre-mRNA transcription but not in the qualitative
human-specific sequence at its éhd. This sequence is absent from thepattern (splicing) expression. Exon inclusion was also measured in
mouse 4.1 cDNA. This feature allowed us to distinguish (RPA) or selecdifferent transfection experiments using either a pool of G-418-
(RT-PCR) the RNA products derived from the transfected minigene fropesistant cells, or individual stably transfected clones. No signifi-
those arising from the endogenous modsiRgenes. cant difference in the pattern was observed (not shown). All of
these data argued against any artifacts arising from the integration
site or transcriptional efficiency of the minigetle We also
conducted a comparative analysis of RPA and RT-PCR as methods
of tracking the changes in splicing patterns. We found that the
changes in exon inclusion were basically of the same magnitude in

We isolated a human genomic clone containing exon 16 aR@th cases (Figure 3).

adjacent intron3.The corresponding genomic fragment in th,ream intron enhancer elements are required for exon

mouse has also been isolafelihtron sequences were determineqecognition and its splicing regulation

(Figure 2). In addition to a highly conserved exon sequence, several

characteristics, remarkably conserved in both human and mougbe sequence upstream of tHesBlicing site displays an unusually
have been found within and surrounding the exon (underlindoing stretch of poly(Y). Substitution of this poly(Y)-rich region by

Deviations from the WT sequences are underlined.

RPA

Results

Potential cis-elements within and surrounding exon 16
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logues on globin intron 1. Three regions have been targeted (Figure
4): (1) the proximal region, “a,” from-25 to the 3 splice site; (2)

the branch point region, “b,” from-55 to —25 (this sequence
contains either the WT or the heterologous branch point); and (3)
the distal region, “c,” from th8siEll site to —55 upstream of the’'3
splice site. Sequence changes at the branch point region, construct
Gl(b), dramatically inhibited exon inclusion. The exon inclusion is
completely abolished when both the branch point region “b” and
the distal region “c” were replaced by heterologous sequences.
However, the only change of the proximal sequence, construct
Gl(a), led to complete exon skipping in predifferentiated cells and
throughout cell induction.

Thus, the upstream intronic sequences seem to act positively
on exon 16 splicing. To know whether this stimulatory effect
abolished in constructs Gl is due to suppression of a 4.1R
splicing enhancer(s) or insertion of globin silencer, we tested 5
additional constructs where the poly(Y)-rich sequence was
altered by single nucleotide substitutions (constructs Ul, Figure
4). As was true with the constructs containing large fragment
substitutions, exon inclusion was virtually abolished in con-
struct UI-Xm (region a) in both predifferentiated and differenti-
ated cells, whereas it was dramatically reduced in constructs
UI-Bs (region b), and Ul-Ec, UI-Mf, and UI-Ns (region c). In
the 2 latter constructs, the reduction occurred most specifically
in induced cells (Figure 4). These data suggest that upstream
poly(Y)-rich intron sequences contain 2 enhancer elements: a
distal element within region ¢, which stimulates exon inclusion after
induction, and a proximal element that resides within the first 25 nt

Construct Exon 16 inclusion { %)

Uninduced  Induced

Figure 3. Experimental model for exon 16 erythroid-regulated splicing.

(A) Minigene construct. Exon 16 is inserted as an internal exon, together with its
flanking intron sequences in the 4.1R cassette p(13,17)/CMV (WT construct). DNA
fragment sizes are given in base pairs. (B-C) Differential splicing of transfected exon

The +16 and —16 indicate the inclusion or exclusion of exon 16, respectively. Neg
indicates negative. (C) RPA using probe H(13,16). Mock uninduced (1) and induced

(2) MEL cells; uninduced (3) and induced (4) MEL cells transfected with WT
construct; uninduced (5) and induced (6) MEL cells transfected with the p(13,17)/

CMV cassette without the 0.7-kb exon 16 fragment. Y, yeast RNA; M, size markers; P, 13
undigested probe. The lower diffused band corresponds to the endogenous

4.1R mRNA.

13

(S
. . . . . . 13

16. (B) Semiquantitative RT-PCR analysis on polyacrylamide gel electrophoresis. N
13

NS

heterologous intron sequences, which are efficient for constitutive

splicing of B-globin exon 2 (construct GI, Figure 4), led to &

complete skipping of the exon in both uninduced and induced cells

We asked whether this constitutive skipping results only fromﬁ

intronic sequence changes or a cooperative interaction with th
weak B splice site by testing 2 mutant constructs where either on¢gs
or both elements were altered (Figure 4). Substitution of the WT
pyrimidines at positionst3 and +4 by purines (AA construct) i3
strengthened the Splice site and led to constitutive exon inclusion

in both uninduced and induced cells (Figure 4). Surprisingly, a
minigene incorporating both changes (eg, globin intron and AA
changes; GI/AA construct in Figure 4), behaved like the Gl
construct; exon recognition during induction was not rescued by
the strengthening of the’5splice site. In keeping with our
preliminary observation®, these data suggest that exon recegni

E:‘
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UL-ME 175 2225
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tion requires the upstream intronic sequences, both in WT conte>..
as well as in the presence of a strorigplice site.

To locate more precisely the upstream intronic region that exeSt cells: In construct Gl, as well as in Gl(@),

Figure 4. Effect of upstream intron mutations on exon 16 splicing in induced
Gl(b), Gl(b,c), and Gl(a,c), globin

. . . . . Cin onic fragments (open boxes) were substituted for 4.1R sequences. Data are
a StImUIatory and dominant effect on exon inclusion, we de5|gne A)ressed as percentage of exon 16 inclusion in both uninduced and induced cells.

constructs by substituting 4.1R intronic sequences for their hommrese percentages were averaged from 3 independent RT-PCR experiments + SD.
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upstream of the exon (region a) and that activates exon inclusimerference effect by an enhancer element within the heterologous
in a constitutive manner. globin sequences.

To distinguish between these 2 possibilities, 5 mutant constructs
were made (Figure 5); in R and C constructs, A triplets were
mutated to disrupt the putative purine-rich enhancer element at the

We next searched for a possible role for exon sequences. Exon 18'i§nd of the exon. Similarly, the downstream part of the exon was
expected to be an intrinsically poor splicing substrate because@$0 targeted by triplet substitutions; in constructs L and B, an A
the weak 5 splice site (see above). To address the contribution 8fPletand a UAG element were targeted, respectively. Construct Ps
putative exonic regulatory elements that would enhance ex@grived from a single base substitution between these upstream and
inclusion after cell induction, we first tested 2 different constitutiveownstream parts of the exon. Again, care was taken not to
exon sequences. To do so, exon 16 was precisely substituteddgyierate sequences known to affect splicing, such as cryptic splice
humanp-globin exon 2 (construct GE, Figure 5) or 4.1R exon #ites and stop codons. Exon substitution in construct R seemed to
(construct E7). In the E7 minigene, the wholecBnsensus splice have a slight stimulatory effect in uninduced cells and a slight
site including the last codon at thé &nd of the exon was derived inhibition effect on the regulated exon inclusion after cell induc-
from exon 16; however, the donor Splice site in construct GE tion. In construct Ps, only a little inhibitory effect, if any, was
displayed a consensus (AGG/guuugu) that is potentially weak@pserved after cell induction. In contrast, in the C, L, and B
than the WT consensus (GAG/guuugu). Surprisingly, the internle-mRNA substrates, the internal exon was preferentially incorpo-
exon 7 was excluded in both uninduced and induced cells, wheréated into the mature mRNAs in predifferentiated cells. Interest-
globin exon 2 was constitutively and fully included (Figure 5)ingly, a regulatory effect of induction is partly preserved in the C,
These results suggest that exon sequences are essential for spliei@d B MRNAs; indeed, the isoform bearing exon 16 accumulates
regulation, at least in this particular intronic nucleotide context. ata higher amountin differentiating cells than in proliferating cells.
Exon 16 contains a purine-rich sequence in itedf (Figure 2). Onthe other hand, it is noteworthy that construct 15GE appeared to
Such purine-rich sequences within exons have been describec@bine the effects observed in R and C constructs; exon selection
splicing enhancers in both constitutive and alternative exons (s&@s increased in uninduced cells (C effect) at a level that was not
“Discussion”). Also, the exon sequence contains several AAfrther enhanced following induction (R effect).
trinucleotide stretches, which are found at a relative high frequency Finally, the CLB region of exon 16 was inserted in fhglobin
in alternatively spliced exorf.In construct 15GE, the whole exon 2 (construct Ch1, Figure 5), and the splicing of the chimeric
purine-rich tract was substituted by thel% nt of 3-globin exon 2. €xon was tested in transfected cells. Consistent with the negative
In construct 42GE, this purine stretch was kept intact but th&23 effect observed in the WT minigene, this sequence also exhibited a
nt of the exon were replaced by the& nt of globin exon 2. The silencing effect in a heterologous sequence context. Inclusion of
chimeric exon sizes and reading frames were unchanged. In 158, internal exon was dramatically reduced in construct Chl, as
substitution dramatically enhanced the exon selection in uninduce@mpared with construct GE (Figure 5).
cells. This effect was even more pronounced in the 42GE mutant; Altogether, these results suggest the presence of an inhibitor
exon skipping was completely de-repressed both in uninduced céllsment encompassing the region mutated in constructs C, L, and B
and throughout differentiation (Figure 5). These data suggest thed containing the 2 UAG elements. This latter sequence inhibits
presence of either a negative element in WT exon 16 or &ne exon selection in uninduced cells, acting therefore as a
constitutive exonic splicing silencer.

A silencer element within the exon acts in a
constitutive manner

Construct  Internal exon inclusion (%) . . . .
Downstream intron sequences enhance exon inclusion in

tnftiend et induced cells
13 16 17
N - — 4 e To determine the contribution of the downstream intron sequences
AN in the regulated splicing event, we tested a series of single mutants
SR A E7 -0 ~0 (DI constructs, Figure 6), 4 of which were designed to alter the
UGCAUG elements. All these mutations led to a significant
1 = A LU e/ L decrease of exon inclusion in induced cells. In construct DI-Pm/Nr,
2 of the 3 UGCAUG elements were targeted by mean of
o el 2 cumulating DI-Pm and DI-Nr mutations. This led to a more
pronounced inhibiting effect. In agreement with previous data,
16GE 647 57+6 .
these results suggest a dose-enhancing effects of the UGCAUG
42GE ~100 ~100 element§?
Moreover, DI-Bs and most remarkably DI-Bc and DI-Bb
showed a strong splicing inhibition of the exon at both
i BEEIE  CRISE predifferentiated and differentiated stages. Interestingly, Bc
o) 1755 84s8 mutation alters a UCUU sequence. Such a pyrimidine sequence
L 478 586 functions in most cases through a competitive binding to PTB
c 59:6  70s10 over U2AF upstream of the'3plice site and prevents selection
R 2946 35+6 of the downstream exo#f:2>
Figure 5. Effect of exon mutations on exon 16 splicing during MEL cell In any case, our data suggest the presence of enhancer elements

induction. In constructs E7 and GE, exon 16 was substituted by the constitutive 41R  spanning a region from the’ £onsensus splice site to the last
exon 7 or B-globin exon 2, respectively. In construct Ch1, the putative exon splicing UGCAUG repeat element downstream. Among these elements, the
silencer from exon 16 was inserted in the globin exon. In all these constructs, the

flanking intronic sequences are identical to the WT intronic context. See also the sequence encompassed by DI-Bc and DI-Bb seems to have a strong

legend to Figure 4. impact at the constitutive exon recognition, whereas the regulated
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Construct  Exon 16 inclusion (%) sequences, that is, elements acting constitutively and others acting

Unioduced Tnduced more specifically in induced cells.
13 1 17 The analysis ofcis-elements required for exon 16 splicing
— s 175 57=14 revealed several important features within the exon and its
\— DI-Nd2* st 1251 surrounding intron sequences. In exon 16, the@ice site is in a
DLPv 1343 98s4 sequence context similar to the consendigowever, the 5splice
DLNr (253 24e4 site is a weak splice site; the critical positiors3 and +4 are
DIPm 1723 12:3 pyrimidine residues that deviate from the consensus putines.
L PN 43 624 Strengthening of this'Ssplice site to consensus sequence as in AA
— 522 5a3 construct led to the selection of the upstream exon 16 in a
DLBe 51 7e3 constitutive manner (Figure 4 and Baklouti and colleagfeBoth
DERs a2 1de5 the 5 and 3 splice sites are required for spliceosome complex
LS 95e7 2942 formation in which the 5splice site is recognized by U1 snRNA
DL 18e1 5.8 base pairing and associated with SR splicing factors, and 'the 3
—_ 1ie3 2645 splice site is recognized by U2 auxiliary factor (U2AF). Mutation

Figure 6. Effect of downstream intron mutations on exon 16 splicing in induced of a weak 3 splice site toward U1 SnRNA c_o_mplementarlt)_/ has
MEL cells. In constructs DI-Nd2, DI-Pv, and DI-Nr, the 3 UGCAUG motifs were ~ been shown to enhance exon selectibfhe ability of SR proteins
targeted. *Construct DI-Nd2 contains the mutated UGCAUG in duplicate. Note that  to direct the use of alternative’ Sphce site by promoting the
the effect on exon inclusion occurs more specifically ln‘ |nd_uced cells fqr rnosF of the binding of ULl snRNP to 5 splice site has also been docu-
mutants. For constructs DI-Bb and DI-Bc, exon selection is clearly inhibited in both 0.31 R X )
uninduced and induced cells. See also the legend to Figure 4. mentec?®3! It seems that the weak 5p|lCe site contributes to the
omission of exon 16 prior to induction. In the induced cell,
conditions must be created that permit thesplice site to be used
splicing appears to be under the control of sequences presenteficiently.
both sides of this region. The cis-acting enhancing elements that direct the splicing
machinery to proximal, usually suboptimal, splice sites fall into 2
general groups, intronic and exonic. A number of intronic
splicing enhancers from both vertebrates and invertebrates that
influence alternative splicing in a cell-specific manner have been

Several studies have shown that the expression of exon 16d§scribed?®2%-323¢In the majority of these, 2 recurring types of
protein 4.1R during late erythroid differentiation is required for it§equence elements mediate alternative splice usage: poly(Y)
interaction with spectrin and actit:6” However, little is known tract§2%¢ and short sequence repe#t$? The upstream intron
about the developmental regulated alternative splicing mechanisgfluences of exon 16 contain an unusually long poly(Y) stretch
that governs the selection of exon 16 during erythroid differentiéFigure 2) in both mouse and human 4.1R. Similar features have
tion. In this study, we established an exon 16—-minigene systemhifien found in thex-and -tropomyosin TM) genes (Gallego and
MEL cells that mimics endogenous exon 16 splicing patterf@workerd?and references therein). We examined the effect of the
during DMSO-induced erythroid differentiation. Moreover, wdong poly(Y) sequences on exon 16 splicing by replacing the
used mutagenesis analysis and demonstrated that a compiBstream intron with globin intron 1 (GI construct). The replace-
interplay of positive and negative regulatory signals present in theent prevented exon 16 inclusion in both uninduced and induced
RNA controls the developmental stage-specific splicing of exon 1¥EL cells. Furthermore, splicing of exon 16 could not be rescued
Protein 4.1R exon 16 splicing has been examined previouslyliy concomitant strengthening of the WT $plice site (Figure 4
Xenopusocytes and the HeLa systéfilranscripts from an exon GI/AA) when the upstream intron was replaced with globin intron
16 minigene resulted in exon 16 inclusion when microinjected infb These data suggest that the presence of upstream positive
Xenopusoocytes and exclusion in HelLa nuclear extracts. Thigtronic elements are required for exon 16 recognition regardless of
difference suggests that specific alternative splicing factors angluction status.
present differently in oocytes and HelLa. These 2 splicing systems Another recurring downstream intronic enhancing element is
may or may not reflect the same mechanism responsible e hexamer TGCATG, which are found near exon 16. The
alternative splicing of exon 16 during erythroid differentiationsequence has been demonstrated to function as an enhancer in the
MEL cells have been shown to successfully reproduce the erythr@itiernative splicing of exon I11B of thébronectingene!®1°and the
pattern of regulated pre-mRNA splicing @fspectrid” and 4.1R-22  neuron-specific 18-base N1 exon of the moasecgene?’ These
(and present data) albeit with a partial shift from a predifferentiate@lements are well conserved near exon 16 between mouse and
to a differentiated splicing pattern after cell induction due to human (Figure 2). There are 3 UGCAUG elements; the alteration
heterogeneous cell populati&hOur results showed that whenof these inhibited exon inclusion in induced cells. These UGCAUG
~60% of the induced MEL population is benzidine positive, 4.1Rotifs seem also to function in tissue- and developmental-specific
mRNA includes exon 16 to a high degree in induced cells (57%annerg820
versus 17% before induction). This makes MEL a useful model Exon size and sequence play critical roles in the selection of
system for the study of regulated alternative splicing of exon 18plice sites’ -3 The different splicing patterns observed with GE
Indeed, the minigene bearing exon 16 and its flanking upstream arl E7 constructs (Figure 5), that is, with 2 different constitutive
downstream intronic regions mimicked endogenous exon 16 spl&xons positioned within the same flanking intron sequences, further
ing patterns in transfected MEL cells, suggesting that elemersispport this view.
needed for exon 16 selection are present within these sequences. IIMost exonic enhancers are composed of purine-rich sequences,
addition to the identification of theis-elements, the MEL experi- which are thought to mediate their activity mainly through the
mental model led us to distinguish between 2 classes of regulatdipding of constitutive SR proteiri$.Purine-rich sequences at the

Discussion
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5" end of exon 16 match most of the consensus octamer RGAAR exon is recoghized as a whole unit and that the sum of the
GAAC proposed as an ASF/SF2 enhancer core elefedirik- strength of the splicing elements is the key determinant of exon
ingly, disruption of this element in constructs C and 15GE, led todefinition. In addition to theis-elements, the basis for differentia-
dramatic increase in exon recognition rather than exon skippitign stage-specific splicing of exon 16 probably also involves exon
(Figure 5). In addition to this Spurine-rich sequence, exon 1616-specific splicing factors that are uniquely present (or increased)
contains 2 copies of UAG triplet, which is known as a core elemeirt the late erythroid cells and absent (or reduced) in early $fede.
for hnRNPA1-binding exon splicing silenc¥ri°The 42 base pairs We hypothesize that such differentiation-specific factors would
at the 3 of exon 16 is conserved across many species, includingeract with both stimulatory and inhibitorgis elements to
human, mouse, rat, andenopussuggesting their importance in promote exon 16 splicing.
regulated splicing. The substitution of this region with correspond- Several erythroid differentiation stage—specific alternative splic-
ing sequences frof-globin exon 2 results in the inclusion of exoning phenomena have been reported. The third enzyme of the heme
16. It has been demonstrated in a number of test cases that syRthesis pathway, porphobilinogen deaminase, is expressed both
proteins and hnRNPA1 antagonistically affecisplice site recog- as a “housekeeping” form present in all cell types, and a second
nition and that subtle changes in the relative concentrations of th@aform expressed only in erythroid cetfs.Erythroid-specific
types of factors can be determinative for gplice site recogni- splice forms involving the first 3 exons of the second (5-
tion** Hou and colleagué$ have recently reported in in vitro aminolevulinate dehydratast)and the fourth (uroporphyringen
splicing assays that selection of exon 16 correlates with hnRNPAL synthase}” heme biosynthesis enzymes have also been de
in a concentration-dependent manner. Addition of excess hnRNPAdribed. These data suggest that erythroid-specific cell develop-
leads to exon exclusion, and partial depletion of hnRNPAL resulisent depends in part on regulated splicing. Many mutations result
in exon inclusion. in splicing defects by destroying splice sites, creating cryptic splice

The MEL cell model used in this work suggests that exon 1§ites, or altering splicing enhancer or silencer elements. Erythroid
skipping is the default pathway, occurring in predifferentiategenes whose expression is affected by such mutations include
erythroid cells. It would result from a predominant, and possiblyrotein 4.1R* The elucidation of the mechanisms controlling
cooperative, effect of the exon splicing silencer and the wealiternative splicing of 4.1R pre-mRNAwill enhance our understand-
downstream 5splice site. The regulatory pathway providing foring of the role of regulated splicing in RBC membrane biogenesis,
splicing in differentiating cells could result from a stimulatoryand possibly in the expression of other key erythroid protein forms
effect that acts through interactions between the upstream and #figing late erythropoiesis.
downstream intron enhancers and possibly the exonic purine-rich
element. These positive interactions would overcome constitutive
inhibition following cell commitment.
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flanking introns has been described in the neuron-specific and
developmental splicing regulation of the 24-nt exon of the GABA(A)Ve thank Dr V. T. Marchesi and Dr J. Delaunay for their constant
receptory2 pre-mRNA?* Our study further supports the view thatsupport, and H. Cheng and P. Graham for technical assistance.

References
1. BennettV, Gilligan DM. The spectrin-based mem- mRNA during erythroid differentiation. Blood. Breathnach R. hnRNP Al recruited to an exon in
brane skeleton and micron-scale organization of 1996;87:3934-3941. vivo can function as an exon splicing silencer. Mol
the plasma membrane. Annu Rev Cell Biol. 1993; 8. Lopez AJ. Alternative splicing of pre-mRNA: de- Cell Biol. 1999;19:251-260.
9:27-66. velopmental consequences and mechanisms of 17. Reed R. Initial splice-site recognition and pairing
2. Baklouti F, Huang SC, Vulliamy TJ, Delaunay J, regulation. Annu Rev Genet. 1998;32:279-305. during pre-mRNA splicing. Curr Opin Genet Dev.
Benz EJ Jr. Organization of the human protein 9. Smith CW, Valcarcel J. Alternative pre-mRNA 1996,6:215-220.
4.1 genomic locus: new insights into the tissue- splicing: the logic of combinatorial control. Trends ~ 18. Huh GS, Hynes RO. Regulation of alternative
Zpecmc_altejr.ggt;\l/;gs.gggnsgogf the pre-mRNA. Biochem Sci. 2000;25:381-388. pre-mRNA splicing by a novel repeated hexa-
enomics. SEeETRe 10. Hastings ML, Krainer AR. Pre-mRNA splicing in nucleotide element. Genes Dev. 1994;8:1561-
3. Home WC, Huang SC, Becker PS, Tang TK, the new millennium. Curr Opin Cell Biol. 2001;13: 1574.
Benz EJ Jr. Tissue-specific alternative splicing of 302-300. 19. Lim LP, Sharp PA. Alternative splicing of the fi-

protein 4.1 inserts an exon necessary for forma-

: ; 11. Graveley BR. Sorting out the complexity of SR bronectin EIlIB exon depends on specific TG-
tion of the ternary complex with erythrocyte spec- .
trin and F-actin élood p1993-82-2£8_25yé3 P protein functions. RNA. 2000;6:1197-1211. CATG repeats. Mol Cell Biol. 1998;18:3900-3906.
4. Discher DE, Winardi R, Schischmanoff PO, Parra 12~ Tang TK, Qin Z, Leto T, Marchesi VT, Benz EJ Jr. 20. Modafferi EF, Black DL. A complex intronic splic-
’ M, Conboy :JG Mohan&as N Mechanoche’mistry Heterogeneity of mMRNA and protein products ing enhancer from the c-src pre-mRNA activates
ofyprotein 4 1’51 spectrin-actinl-binding domain: arising from the protein 4.1 gene in erythroid and inclusion of a heterologous exon. Mol Cell Biol.
ternary corﬁplex interactions. membrane bind.ing nonerythroid tissues. J Cell Biol. 1990;110:617- 1997;17:6537-6545.
network integration, structural strengthening. 624. 21. Cramer P, Caceres JF, Cazalla D, etal. Coupling
J Cell Biol. 1995;130:897-907. 13. Maillet P, Delaunay J, Baklouti F. Chimeric probe- of transcription with alternative splicing: RNA pol
5. Huang JP, Tang CJ, Kou GH, Marchesi VT, Benz mediated ribonuclease protection assay for mo- Il promoters modulate SF2/ASF and 9G8 effects
EJ Jr, Tang TK. Genomic structure of the locus lecular diagnosis of mRNA deficiencies. Hum Mu- on an exonic splicing enhancer. Mol Cell. 1999;4:
encoding protein 4.1. Structural basis for complex tat. 1996;7:61-64. 251-258.
combinational patterns of tissue-specific alterna- 14. Moriniere M, Ribeiro L, Dalla Venezia N, et al. 22. Baklouti F, Zhou J, Delaunay J, Huang SC, Benz
tive RNA splicing. J Biol Chem. 1993;268:3758- Elliptocytosis in patients with C-terminal domain EJ Jr. Characterization of cis-elements modulat-
3766. mutations of protein 4.1 correlates with encoded ing alternative splicing of exons encoding the
6. Chasis JA, Coulombel L, Conboy J, et al. Differ- messenger RNA levels rather than with alter- spectrin/actin binding domain in protein 4.1 pre-
entiation-associated switches in protein 4.1 ex- ations in primary protein structure. Blood. 2000; MRNA [abstract]. Blood. 1994;84(suppl 1):361a.
pression. Synthesis of multiple structural isoforms 95:1834-1841. 23. Stamm S, Zhang MQ, Marr TG, Helfman DM. A
during normal human erythropoiesis. J Clin In- 15. Tanaka K, Watakabe A, Shimura Y. Polypurine sequence compilation and comparison of exons
vest. 1993;91:329-338. sequences within a downstream exon function as that are alternatively spliced in neurons. Nucleic
7. Baklouti F, Huang SC, Tang TK, Delaunay J, a splicing enhancer. Mol Cell Biol. 1994;14:1347- Acids Res. 1994;22:1515-1526.
Marchesi VT, Benz EJ Jr. Asynchronous regula- 1354. 24. Chan RC, Black DL. Conserved intron elements

tion of splicing events within protein 4.1 pre- 16. Del Gatto-Konczak F, Olive M, Gesnel MC, repress splicing of a neuron-specific c-src exon in

20z AN 81 uo 3senb Aq 4pd-608€0 1L 0FZ8U/ESY6.91/608E/E L/86/4Pd-B[0NIE/POO|qARU SUOKED!IgNdYSE//:dBY WOl papeojumoq



3816 DEGUILLIEN etal

25.

26.

27.

28.

29.

30.

31.

32.

vitro [published erratum appears in Mol Cell Biol
1997 May;17(5):2970]. Mol Cell Biol. 1995;15:
6377-6385.

Gooding C, Roberts GC, Smith CW. Role of an
inhibitory pyrimidine element and polypyrimidine
tract binding protein in repression of a regulated
alpha-tropomyosin exon. RNA. 1998;4:85-100.
Gee SL, Aoyagi K, Lersch R, Hou V, Wu M, Con-
boy JG. Alternative splicing of protein 4.1R exon
16: ordered excision of flanking introns ensures
proper splice site choice. Blood. 2000;95:692-
699.

Chu ZL, Wickrema A, Krantz SB, Winkelmann
JC. Erythroid-specific processing of human beta

spectrin | pre-mRNA. Blood. 1994;84:1992-1999.

Orkin SH, Harosi FI, Leder P. Differentiation in
erythroleukemic cells and their somatic hybrids.
Proc Natl Acad Sci U SA. 1975;72:98-102.
Dirksen WP, Hampson RK, Sun Q, Rottman FM.
A purine-rich exon sequence enhances alterna-
tive splicing of bovine growth hormone pre-
mRNA. J Biol Chem. 1994;269:6431-6436.
Eperon IC, Ireland DC, Smith RA, Mayeda A,
Krainer AR. Pathways for selection of 5" splice
sites by U1 snRNPs and SF2/ASF. EMBO J.
1993;12:3607-3617.

Zahler AM, Neugebauer KM, Lane WS, Roth MB.

Distinct functions of SR proteins in alternative
pre-mRNA splicing. Science. 1993;260:219-222.

Gallego ME, Gattoni R, Stevenin J, Marie J, Ex-
pert-Bezancon A. The SR splicing factors ASF/
SF2 and SC35 have antagonistic effects on in-
tronic enhancer-dependent splicing of the beta-
tropomyosin alternative exon 6A. EMBO J. 1997;
16:1772-1784.

33.

34.

35.

36.

37.

38.

39.

40.

41.

BLOOD, 15 DECEMBER 2001 » VOLUME 98, NUMBER 13

Carstens RP, McKeehan WL, Garcia-Blanco MA.
An intronic sequence element mediates both acti-
vation and repression of rat fibroblast growth fac-
tor receptor 2 pre-mRNA splicing. Mol Cell Biol.
1998;18:2205-2217.

Cooper TA. Muscle-specific splicing of a heterolo-
gous exon mediated by a single muscle-specific
splicing enhancer from the cardiac troponin T
gene. Mol Cell Biol. 1998;18:4519-4525.

Kosaki A, Nelson J, Webster NJ. Identification of
intron and exon sequences involved in alternative
splicing of insulin receptor pre-mRNA. J Biol
Chem. 1998;273:10331-10337.

Markovtsov V, Nikolic JM, Goldman JA, Turck
CW, Chou MY, Black DL. Cooperative assembly
of an hnRNP complex induced by a tissue-spe-
cific homolog of polypyrimidine tract binding pro-
tein. Mol Cell Biol. 2000;20:7463-7479.

Reed R, Maniatis T. A role for exon sequences
and splice-site proximity in splice-site selection.
Cell. 1986;46:681-690.

Watakabe A, Tanaka K, Shimura Y. The role of
exon sequences in splice site selection. Genes
Dev. 1993;7:407-418.

Tacke R, Manley JL. The human splicing factors
ASF/SF2 and SC35 possess distinct, functionally
significant RNA binding specificities. EMBO J.
1995;14:3540-3551.

Si Z, Amendt BA, Stoltzfus CM. Splicing effi-
ciency of human immunodeficiency virus type 1
tat RNA is determined by both a suboptimal 3’
splice site and a 10 nucleotide exon splicing si-
lencer element located within tat exon 2. Nucleic
Acids Res. 1997;25:861-867.

Caceres JF, Stamm S, Helfman DM, Krainer AR.

42.

43.

44.

45.

46.

47.

Regulation of alternative splicing in vivo by over-
expression of antagonistic splicing factors. Sci-
ence. 1994;265:1706-1709.

Hou VC, Gee SL, Wu M, Turck CW, Mayeda A,
Conboy JG. Developmentally-regulated expres-
sion of hnRNPA1 can regulate alternative splicing
of protein 4.1R exon 16 through an interaction
with an exonic splicing silencer [abstract]. Blood.
2000;96:441a.

Ashiya M, Grabowski PJ. A neuron-specific splic-
ing switch mediated by an array of pre-mRNA
repressor sites: evidence of a regulatory role for
the polypyrimidine tract binding protein and a
brain-specific PTB counterpart. RNA. 1997;3:
996-1015.

Huang SC, Baklouti F, Cheng H, Benz EJ Jr. Dif-
ferential expression of the SR protein splicing fac-
tors and alternative splicing of protein 4.1R exon
16 during erythroid maturation [abstract]. Blood.
2000;96:592a.

Chretien S, Dubart A, Beaupain D, et al. Alterna-
tive transcription and splicing of the human por-
phobilinogen deaminase gene result either in tis-
sue-specific or in housekeeping expression. Proc
Natl Acad Sci U S A. 1988;85:6-10.

Kaya AH, Plewinska M, Wong DM, Desnick RJ,
Wetmur JG. Human delta-aminolevulinate dehy-
dratase (ALAD) gene: structure and alternative
splicing of the erythroid and housekeeping
mMRNAs. Genomics. 1994;19:242-248.

Aizencang Gl, Bishop DF, Forrest D, Astrin KH,
Desnick RJ. Uroporphyrinogen Ill synthase. An
alternative promoter controls erythroid-specific
expression in the murine gene. J Biol Chem.
2000;275:2295-2304.

%20z AN 81 uo 1senb Aq 4pd-608£01L0FZ8U/ESY6.91/608E/EL/86/4Pd-8[01E/POO|qABU sUOREDIIgNdYs.//:diYy Woly papeojumoq



