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'Repair of thalassemic human f-globin mgNé in mammalian cells

by antisense oligonucleotides 3
(RNA splicing/gene therapy)
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Communicated by Y. W. Kan, University of California, San Francisco, CA, September 3, 1996 (received for review April 4, 1 996)

ABSTRACT In one form of B-thalassemia, a genetic blood
disorder, a mutation in intron 2 of the B-globin gene (IVS2-
654) causes aberrant splicing of B-globin pre-mRNA and,
consequently, B-globin deficiency. Treatment of mammalian
cells stably expressing the 1VS2-654 human S-globin gene
with antisense oligonucleotides targeted at the aberrant splice
sites restored correct splicing in a dose-dependent fashion,
generating correct human B-globin mRNA and polypeptide.
Both products persisted for up to 72 hr posttreatment. The
oligonucleotides modified splicing by a true antisense mech-
anism without overt unspecific effects on cell growth and
splicing of other pre-mRNAs. This novel approach in which
antisense oligonucleotides are used to restore rather than to
down-regulate the activity of the target gene is applicable to
other splicing mutants and is of potential clinical interestj

B-Thalassemia, a genetic blood disorder, affects a large num-
ber of people in the Mediterranean basin, Middle East, South
East Asia, and Africa. Close to 100 thalassemic mutations
causing defective B-globin gene expression and B-globin defi-
ciency have been identified, but no more than 10 mutations are
responsible for =~90% of cases worldwide (1). Of the fre-
quently occurring mutations, the ones that cause aberrant
splicing of intron 1 of the human B-globin gene are predom-
inant in South Eastern Europe, Cyprus, Lebanon (mutation
IVS1-110), India, Malaysia, and Indonesia (I1VS1-5). Addi-
tional splicing mutations in intron 1 (IVS1-6) as well as in
intron 2 of the B-globin gene (1VS2-745) are also common in
the above countrics, while 1VS2-654 is frequent among
B-thalassemia patients in China and Thailand (1-8). All of
these mutations activate aberrant splice sites and change the
splicing pathway even though the correct splice sites remain
potentially functional. We hypothesized that blocking of the
aberrant splice sites or other sequence elements involved in
splicing with antisense oligonucleotides may force the splicing
machinery to resclect the correct splice sites and induce the
formation of 8-globin mRNA and polypeptide, hence restoring
the gene function.

Although we have previously effected correction of splicing
by antisense oligonucleotides in cell-free extracts from HeLa
cells (9), it was not at all clear whether the oligonucleotides
delivered into the cell could enter the nucleus, hybridize to the
aberrant splice sites in competition with the splicing factors,
and promote the formation of the spliceosome and subscquent
splicing at the correct splice site. Here we report that correct
splicing was cfficiently restored when phosphorothioate 2/-0-
methyl-oligoribonucleotides were targeted to the aberrant
splice sites of 1VS2-654 pre-mRNA expressed in mammalian
cells stably transformed with this mutated human B-globin
gene. This is a novel approach since antisense oligonucleotides

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicatc this fact.

have been used mostly as sequence specific down-regulators of
gene expression (10).

MATERIALS AND METHODS

Cells. Human B-globin gene carrying a thalassemic mutation
[VS2-654 was cloned under the cytomegalovirus promoter
(11). The plasmid was cotransfected with a ncomycin resis-
tance plasmid by lipofection with Lipofectamine (GIBCO/
BRL) into HeLa and NIH 3T3 cells, and the cells stably
expressing the IVS2-654 B-globin gene were isolated by G-418
antibiotic selection. Control cells expressing the wild-type gene
were obtained in a similar manner. HeLa and NIH 3T3 cell
lines were grown in MEM supplemented with 5% fetal calf and
5% horse sera and in DMEM, high glucose, with 10% filtered
Colorado calf serum, respectively. For all experiments, cells
were plated in 24-well plates at 105 cells per well 24 hr before
treatment.

Oligonucleotide Treatment. The phosphorothioate 2'-O-
methyl-oligoribonucleotides (prepared and purified at Hybri-
don) were used. The cells were treated with oligonucleotides
complexed with Lipofectamine for 10 and 6 hr for HeLa and
NIH 3T3 cell lines, respectively (12, 13). In Figs. 1 Band C, 34,
and 4B, the cells were harvested 36 hr later and were subse-
quently analyzed. The oligonucleotides 5'ss-GCUAUUAC-
CUUAACCCAG and 3'ss-=CAUUAUUGCCCUGAAAG
were targeted to the aberrant 5’ splice site and the 3’ cryptic
splice site, respectively. Oligonucleotides with random or
scrambled sequences were used as controls. An oligonucleo-
tide, CCUCUUACCUCAGUUACA, targeted to positions
696-713 of B-globin intron 2, encompassing thalassemic mu-
tation IVS2-705 (8), was uscd as an additional control.

RNA Analysis. Total RNA was isolated with TRI-Reagent
(Molecular Research Center, Cincinnati) and analyzed by
reverse transcription-PCR (RT-PCR) using rTth DNA poly-
merasc as suggested by the manufacturer (Perkin-Elmer).
Forward and reverse primers spanned positions 21-43 of exon
2 of the human B-globin genc and positions 6-28 of exon 3,
respectively. The RT-PCR products were separated on 7.5%
nondenaturing polyacrylamide gel. To ascertain that the pro-
tocol is suitable for quantitative analysis, the RT-PCR was
carried out with [«-3?P]JdATP for no more than 18-20 cycles.
Under these conditions, the amount of the PCR product is
proportional to the amount of input RNA as are the relative
amounts of PCR products generated from aberrantly and
correctly spliced RNA (ref. 14 and data not shown). No
product is detectable without the reverse transcription step.

Protein Analysis. Hemin (10 uM, Fluka) treatment was in
serum-free medium for 4 hr immediately preceding the isola-

Abbreviation: RT-PCR, reverse transcription-PCR,

TOn leave from: The Institute of Biochemistry and Biophysics, War-
saw, Poland.

§To whom reprint requests should be addressed at: Lincberger Com-
prehensive Cancer Center, University of North Carolina, CB# 7295,
Chapel Hill, NC 27599. ¢-mail: kole@med.unc.edu.
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tion of RNA or protein. Blots of protcins scparated on a
Tricine-SDS/10% polyacrylamide gel (15) were incubated
with polyclonal affinity-purificd chicken anti-human hemoglobin
1gG as primary antibody and rabbit anti-chicken horseradish
peroxidasc-conjugated IgG as secondary antibody (Accurate
Chemicals). Subsequently, the blots were developed with the
Enhanced Chemiluminescence detection system (Amersham).

All autoradiograms were captured by a DAGE-MTI (Mich-
igan City, IN) CCD72 video camcra, and the images were
processed using National Institutes of Health IMAGE 1.47 and
MACDRAW PRO 1.0 softwarc. The IMAGE 1.47 was also used for
quantitation of the autoradiograms. The final figures were
printed on Tcktronix phaser 440 printer.

RESULTS

Since appropriate cellular or animal models of thalassemic
splice mutants arc not available, we have constructed two cell
lines stably transformed with the TVS2-654 variant of the
thalassemic human B-globin gene. In a HeLa-based cell line,
as in thalassemic patients (1, 3, 4), this mutation created a 5’
splice site at nuclcotide 652 of intron 2 and activated a 3’
cryptic splice site 73 nucleotides upstrcam, resulting in stably
expressed but aberrantly spliced 1VS2-654 B-globin pre-
mRNA (Fig. 1 A4 and B, lane 2). To restore correct splicing of
the RNA, the cells were treated for 10 hr with a complex of
Lipofectamine and the 18-mer phosphorothioate 2'-O-methyl-
oligoribonucleotide (5'ss) targeted to the aberrant 5 splice
site. The 2'-O-methyl derivatives were chosen since they
hybridize well to their target sequences and are very stable in
cellular environment. Morecover, importantly, in contrast to
commonly used oligodeoxynucleotides or phosphorothioate
oligodeoxynucleotides, they do not promote cleavage of hy-
bridized RNA by cellular RNase H (17). The latter property is
the key condition for the success of the experiments since
treatment with an unmethylated oligonucleotide would have
led to degradation of the B-globin pre-mRNA and removal of
the splicing substrate (10, 18).

Fig. 1B shows that treatment with 2-O-methyl phosphoro-
thioates was cffective in blocking the aberrant splice sitc and
restoring correct splicing of B-globin pre-mRNA. Quantitative
RT-PCR analysis (ref. 14; sec Materials and Methods) of the
RNA showed that the amount of correctly spliced B-globin
mRNA increased in a dose-dependent fashion, and at 0.05,0.1,
and 0.2 uM oligonucleotide reached, respectively, 16, 24, and
34% of the total (Fig. 1B, lanes 3-5 and Table 1). There was
no further increasc in the correctly spliced product at 0.4 uM
oligonucleotide (33%), while treatment at 0.6 uM oligonucle-
otide drastically lowered its amount (Fig. 1B, lanes 6 and 7,
respectively). The latter result is possibly due to the fact that
the ratio of Lipofectamine:nucleic acid deviated from a narrow
range necessary for efficient cellular uptake of the complex
(13). The effect of the antisense oligonucleotide was sequence-
dependent since control oligonucleotides cither with random
or with scrambled sequences (Fig. 1B, lanes 11-13) did not
restore correct splicing. Somewhat weaker correction of ab-
errant splicing of 1VS2-654 pre-mRNA (11%) was obtained
when the cells were treated with a 17-mer oligonucleotide
antisense to the 3’ cryptic splice sitc activated by the IVS2-654
mutation (see Table 1). Note that in untreated (Fig. 1B, lane
2) or control (Fig. 1B, lanes 11-13) cells, there was no
detectable PCR product representing the correctly spliced
B-globin mRNA. Therefore, in both 5’ss and 3’ss oligonucle-
otide-treated cells the B-globin mRNA must have been spliced
de novo and the observed band could not have resulted from
preferential RT-PCR amplification of a preexisting shorter,
correctly spliced mRNA.

Analysis of the total protcin from oligonucleotide-treated
cells by immunoblotting with polyclonal antibody to human
hemoglobin showed that the newly generated, correctly spliced
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Fi6. 1. (A) Splicing of human B-globin 1VS2-654 pre-mRNA in the
presence of an antisense oligonucleotide. Boxes, exons; solid lines,
ihtrons; dashed lines, both correct and aberrant splicing pathways;
thick bar, oligonucleotide antisense to the aberrant 5' splice site; thin
bars above and below exon sequences, primers used in the RT-PCR
reaction. The aberrant 5' splice site created by IVS2-654 mutation and
the cryptic 3’ splice site activated upstream are indicated. (B) Cor-
rection of splicing of [VS2-654 pre-mRNA in HeLa cells by antisense
oligonucleotide targeted to the aberrant 5" splice site (5'ss). Analysis
of total RNA by RT-PCR. Lanes: 1, wild-type (WT) HeLa cells; 8,
HeLa cell line expressing normal human B-globin (Bg); 14, RNA from
human blood (Hb); 2-7, 1VS2-654 HeLa cells treated with increasing
concentrations of the oligonucleotide (indicated in micromoles at the
top); 9 and 10, IVS2-654 HelLa cells treated with oligonucleotide
followed by hemin (H) (16); 11-13, TVS2-654 HeLa cells treated with
increasing concentrations of the scrambled oligonucieotide. The num-
bers on the right indicate the size, in nucleotides, of the RT-PCR
products representing the aberrantly (304) and correctly (231) spliced
RNAs. (C) Restoration of B-globin expression by 5'ss oligonucleotide
in IVS2-654 HeLa cells. Immunoblot of total protein with anti-human
hemoglobin antibody. Concentration of the oligonucleotide in micro-
moles is indicated at the top (lanes 2-7); in lane 8, human globin
(Sigma) was used as a marker. (Lower) Cells were treated with hemin
preceding the isolation of proteins. The positions of human g-globin
and the prematurely terminated B-globin 1VS2-654 polypeptide are
indicated. Time of exposure of the autoradiogram in Lower was 1/5th
of that of the Upper.

B-globin mRNA was translated into full-length B-globin. In
agreement with the RT-PCR results shown in Fig. 15, only
samples treated with 0.05-0.4 M oligonucleotide contained
significant amounts of full-length B-globin (Fig. 1C, lanes 3-6).
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Table 1. Quantitation of correct expression of B-globin mRNA

and protein

Target ccll

line and % correct B-globin
splice sitc product
HeLa 5'ss* 34
HeLa 5'sst 14
HeLa 5'ss* 43 (protein)
HeLa 3'ss* 11
NIH 3T3 5'sst 49
NIH 3T3 3'sst 23

The results of the treatment with 0.2 uM antisense oligonucleotides,
the concentration that clicits maximal correction in all experiments,
are shown. The amount of the material in the correct PCR product or
in B-globin protein band was quantitatcd by densitometry of lhq
autoradiograms as described. The results are f:xprcsscd as percent of
the correct product relative to the sum of correct and abcrrant

products. )
*Treatment with oligonucleotide was for 10 hr.

tTreatment with oligonucleotide was for 6 hr.

There was no B-globin in control cells (Fig. 1C, lanes 1 and 2)
and only a small amount in those treated with 0.6 uM
oligonucleotide (Fig. 1C, lane 7). Thus, the significant incrcase
in full-length B-globin, roughly parallel to that of the B-globin
mRNA, is clearly due to the effect of antisense oligonucleo-
tides on splicing. The quantitative analysis of the amount of the
B-globin polypeptide relative to the one truncated due to
aberrant splicing (in the aberrant sequence the stop codon is
located 48 nucleotides downstream from exon 2, resulting in a
B-globin polypeptide containing 104 B-globin and 16 aberrant
amino acids) shows that the amount of B-globin increases from
=230% of the total at 0.05 uM oligonucleotide to 43% at 0.2
puM and 44% at 0.4 uM oligonucleotide. The fact that the
percentage of B-globin protein seems to be slightly higher than
that of the corresponding correctly spliced mRNA may pos-
sibly be due to the differences in the relative stabilities of the
correct and aberrant polypeptides. Nevertheless, the yields of
correct protein provide evidence that the amount of the
correctly spliced B-globin mRNA is not overrepresented in the
RT-PCR assay.

The identity of the generated full-length B-globin polypep-
ticde band was confirmed by the increasce in its intensity upon
posttreatment of the cells with hemin (Fig. 1C Lower, lanes
3-6) (16). Note that hemin treatment had no cffect on the
truncated IVS2-654 polypeptide or background protein bands
(Fig. 1C Upper and Lower, lanes 2-7). Neither did it affect the
level of transcription and splicing pattern of the TVS2-654
pre-mRNA (Fig. 1B, lanes 9 and 10). Thus, the increase in
B-globin band due to hemin is not the result of activation of
globin gene expression, observed for fetal globin genes in
hematopoietic cell lines (e.g., ref. 19 and references therein).
It seems likely that the polyclonal anti-hemoglobin antibody
has greater affinity for the B-globin-heme complex than for
B-globin alone and/or that hemin treatment results in specific
posttranslational stabilization of the full-length B-globin (20).

Fig. 2 shows the time course of restoration of correct splicing
of B-globin pre-mRNA and its translation to protein after
treatment with 0.2 uM 5’ss oligonucleotide. Six hours after
termination of the treatment, there was a trace, if any, of the
correct B-globin mRNA and protein (Fig. 2 4, lanc 3, and B,
lanc 2, respectively) that increased significantly at 24 hr and
persisted for 48 but not 96 hr (Fig. 2.4, lanes 46, and B, lanes
3-5). The B-globin signal was, as expected, stimulated by
hemin treatment of the cells (Fig. 2B, lane 6 versus lanc 3). The
fact that correctly spliced RNA persisted for 48 hr after
termination of oligonucleotide delivery suggests that the oli-
gonucleotides and/or the newly synthesized correctly spliced
mRNA are quite stable in the cellular environment. It is also
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FiG. 2. Time course of restoration of correct splicing and g-globin
expression in HeLa IVS2-654 cells by 0.2 uM 5'ss oligonucleotide. (A4)
RT-PCR assay. (B) Immunoblot. Time after termination of oligonu-
cleotide treatment is indicated at the top. H, hemin treatment of the
cells. All other designations are as in Fig. 1.

possible that the oligonucleotide is recycled after the spliced
out intron is degraded (21).

To test whether oligonucleotides are able to reverse aberrant
splicing in other cell types, analogous experiments were per-
formed using NIH 3T3 cclls stably transfected with the [VS2-
654 B-globin gene. Since 10 hr incubation in the serum-free
medium (used for HeLa cells) was damaging for the NIH 3T3
cells, the treatment was shortened to 6 hr. Even with the
shortened treatment, 5'ss oligonucleotide targeted to the
aberrant 5’ splice sitc in 1VS2-654 pre-mRNA produced
correctly spliced B-globin mRNA at levels ~3-fold higher than
those observed for HeLa cells treated with the same oligonu-
cleotide for the same time (Table 1). As expected, the effects
of the oligonucleotide were dose- and sequence-dependent
(Fig. 34).

R(;pair of aberrant splicing was also obtained, albeit not as
efficiently, by targeting the 3’ cryptic splice site (Fig. 38 and
Table 1). This indicates that the relative accessibility of the 3’
versus 5’ splice site is similar in both HeLa and NIH 3T3 cells.
The time course of the reaction (Fig. 3B) suggests that there
is no major difference in the stability of the B-globin mRNA
and of the two oligonucleotides in the two cell types.

Although the above results clcarly show that the oligonu-
cleotides affect splicing of their target pre-mRNAs in a
sequence specific manner, one cannot exclude the possibility
thflt they may exert other effects on the cells. The oligonucle-
otides may interact dircctly with cellular proteins (ref. 22 and
references therein) or, possibly, inhibit gene expression by
blocking similar splice sites in many other pre-mRNAs and
consequently inhibit the growth of cells. However, the results
presented in Fig. 4 show that under our experimental condi-
tions no unspecific effects were detectable. First, the growth
rate of the HeLa 1VS2-654 cells treated with the Lipo-
fectamine—oligonucleotide complex was no different from that
of cells treated with Lipofectamine alone (Fig. 44). The
oligonucleotides tested included 2'-O-methyl phosphorothio-
ates complementary to the aberrant splice sites or with a
scrambled scquence as well as 5’ss and 3’ss 2/-O-methyl
phosphodiesters. Second, the 5’ ss oligonucleotide that re-
stored correct splicing in HeLa [VS2-654 (Fig. 4B, lane 6) had
no effect on splicing of HeLa cells transfected with a control
construct in which the target aberrant 5’ splice site
(GUAAUA) was modified to match the consensus splice site
sequence (GUAAGU; ref. 23) (Fig. 4B, lancs 2-4). This
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